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Abstract

Australian research into TPH and BTEX test methods has, to date, not been coordinated and
no standard methods have been agreed to. Overseas research also lacks acceptable solutions
for the standardisation of TPH and BTEX methodologies. Since Ausfralia carries out many
thousands of analyses of TPH and BTEX on contaminated soils annually research into and
assessment of current methods is required to demonsfrate the effects on outcomes of method
choice. In the Australian context the problem of developing standard methods for the analysis
of hydrocarbon contamination of soil, and establishing a more scientific basis for commercial
operations has been addressed in this thesis.

In particular, problems associated with

establishing TPH and BTEX analysis have been critically examined with a view to exposing
shortcomings and suggesting possible solutions.
The study includes an assessment of the relationship between measurements in the field and
in the laboratory for TPH (C6-C9) and BTEX; an area where there are known to be frequent
disagreements. This study confirms this problem and aims to educate practitioners of the
limitations of field measurement.

Studies on the choice of extraction technique includes the assessment of Soxhlet, sonication,
tumbling and soaking on TPH (C10-C36) measurements. These techniques are employed
across many laboratories in a non-standard way. This work will demonstrates the variability
in measurements that can arise and recommends suitable exfraction techniques. Specific areas
investigated are as follows. The optimisation of solvent ratios - most laboratories in Ausfralia
use a variety of mixed extraction solvents. Therefore it is important to determine if this
results in significant differences in measurement. Another area investigated for a given set of
exfraction conditions is the influence of soil moisture content on measured TPH (C10-C36)
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concenfrations. The variation in extraction cycles has also been addressed with a view to
minimising analysis time.

The choice of GC detectors such as the FID and the MSD to determine TPH (C6-C9), TPH
(C10-C36) and BTEX levels has been investigated. It has been demonsfrated that comparable
concentrations of TPH and BTEX are measured using the different detectors.

The

comparison between different BTEX techniques namely P&T GCMSD, Headspace GCMSD
and solvent exfraction GCFID commonly used in Australia are also assessed to determine and
recommend if one method is more suitable than another in obtaining proper concenfration
estimates. A method has been developed and validated to simultaneously determine TPH (CeC9) and BTEX since it has been shown that when two methods are used for these analysis the
results cannot be readily related to each other.

A study has been conducted to establish the most suitable extraction solvent, among
DCM/acetone v/v, (1:1), DCM alone or isopropanol, for TPH (C10-C36) exfraction from soil.
It was concluded that the DCM/acetone is the superior solvent closely followed by DCM
alone, the least effective being isopropanol.

For two exfraction techniques compared by assessing the TPH (C10-C36) concentrations
obtained from clay soils, Soxhlet extraction was capable of producing higher recoveries than
sonication. However, the statistical variation of TPH (C10-C36) concenfrations exfracted from
sandy soils and soils containing very low clay content had very little variation upon varying
exfraction technique from Soxhlet to sonication to tumbling. It was found that varying the
DCM/acetone (v/v) ratio between 1:9 and 9:1 made no difference to TPH (C10-C36) extraction;
single or multiple sonication exfractions made no difference to TPH (C10-C36) exfraction;
changes in the moisture content from 3 to 21% does not influence TPH (C10-C36) extraction
by sonication.
vii

Studies were conducted to determine appropriate roles for GCFID vs GCMSD in TPH
analysis. It was demonsfrated that the TPH (C10-C36) concenfrations obtained by GCFID
with a given set of calibration standards were statistically different to those obtained by the
GCMSD. The GCFID required a lesser number of calibration standards to obtain more
reHable TPH (C10-C36) concentrations compared to the GCMSD. However the GCMSD
produced more reliable identification of the TPH (C10-C36) components in any given sample.
During the volatile TPH (C6-C9) analysis thisfindingwas again confirmed, this time by using
a split detector system on samples purged and trapped prior to the GC step then analysed by
GCMSD and GCFID.

For volatile BTEX it was demonsfrated that P«&T GCMSD is a superior method to headspace
GCMSD and solvent exfraction GCFID. Therefore the same method was modified and
developed for the analysis of TPH (C6-C9). The method was then validated and shown that
concentrations obtained for TPH (C6-C9) and BTEX on any given sample of soil was
technically comparable and the analysis can be simultaneous carried out.
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Abbreviations and Terms

AGAL

Australian Government Analytical Laboratories

AIP

Australian Institute of Petroleum

ANZECC

Australian and New Zealand Environmental and Conservation Council

BFB

4-Bromofluorobenzene

BTEX

Benzene, Toluene, Ethyl benzene and ortho-, meta and para- isomers of
Xylenes

C10-C14

Fraction of Hydrocarbon Measured from the beginning of n-Cio to the end
ofn-Ci4

C10-C36

Fraction of Hydrocarbon Measuredfromthe beginning of n-Cio to the end
ofn-Cse

C10-C40

Fraction of Hydrocarbon Measured from the beginning of n-Cio to the end
ofn-C4o

C15-Q28

Fraction of Hydrocarbon Measuredfromthe beginning of n-Ci5 to the end
ofn-C28

C29-C:
29-^36

Fraction of Hydrocarbon Measured from the beginning of n-Cag to the end
ofn-Cas

Cg-Cg

Fraction of Hydrocarbon Measxiredfromthe beginning of n-Ce to
beginning of n-Cio

C8-C21

Fraction of Hydrocarbon Measured from the beginning of n-Cg to the end
ofn-C2i

ccc

Calibration Check Compound

CV (%)

Coefficient of Variation, Measure of the Spread in a Group of Resuhs
Calculated by Dividmg the Standard Deviation by the Mean (can also
multiply by 100 to obtain a percent value)
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DCM

Dichloromethane

DBLMTAS

Department of Environment and Land Management Tasmania

DEPWA

Department of Environmental Protection Western AustraUa

DRO

Diesel Range Organics

ECD

Electron Capture Detector

EICP

Extracted Ion Current Profile

EILs

Ecologically-Based Investigation Levels

EQL

Estimated Quantification Limit

FID

Flame lonisation Detection

GC

Gas Chromatography

GCECD

Gas Chromatography with Electron Capture Detection

GCFID

Gas Chromatography with Flame-Ionisation Detector

GCMS

Gas Chromatography Mass Spectrometry

GCMSD

Gas Chromatography with Mass Selective Detector

ORG

Gasoline Range Organics

HHPID

Hand Held Photo lonisation Detector

HIL

Health-Based Investigation Level

HP

Hewlett Packard

IS

Intemal Standard

kg

Kilogram

kPa

Kilo Pascal

MS

Mass Spectrometry

MSD

Mass Selective Detection

NARL

National Analytical Reference Laboratory

NATA

National Authority of Testing Authorities

NEPM

National Environmental Protection Measure

EV

Electron volts

m/z

Mass to Charge Ratios

xu

Amu

Atomic Mass Units

EI

Election Impact

P&T

Purge and Trap

PAH

Polycyclic Aromatic Hydrocarbon

PCB

Polychlorinated Biphenyl

PEG

Polyethylene Glycol

% RSD

Percent Relative Standard Deviation

PID

Photo-Ionisation Detector

ppm

Parts Per Million

PTFE

Polytetrafluoroethylene

QC

Quality Control

R

Average Recovery

RF

Response Factor

r.f

Reference Frequency

RRT

Relative Retention Time

Rt

Retention Time

SAEPA

South Australian Environmental Prol

SD

Standard Deviation which is the Dev
Population

Semi-volatile TPH Total Petroleum Hydrocarbon Determined in the C10-C36
SFE

Supercritical Fluid Extraction

Soaking

A Procedure where a Test Portion of Soil is Placed with Solvent (without
Agitation) to Extract the Target Chemical to be Analysed

Sonication

A procedure where a Test Portion of Soil is Mixed with Solvent and
Placed in an Ulfrasonic Bath and the Soil is Agitated at 40 kHz by
Vibrating 40,000 Times per Second) to Facilitate the Extraction of the
Target Chemical to be Analysed

Xlll

Soxhlet

A procedure where a Test Portion of Soil is Extracted with Solvent in a
Soxhlet Apparatus to Facilitate the Extraction of the Target Chemical to
be Analysed

SPCC

System Performance Check Compound

SR

Standard Deviation of Recovery

ss

Surrogate Standard

SW-846

Series of testing Methods PubUshed by the United states Environmental
Protection Authority

TCE

Trichloroethene

Tetraglyme

Tetraethylene Glycol Dimethyl Ether

TIC

Total Ion Chromatogram

TPH

Total Petroleum Hydrocarbon

Tumbling

A Procedure where a Test Portion of Soil is Mixed with a Solvent and
Turned End Over End to Facilitate the Extraction of the Target Chemical
to be Analysed

U

Uncertainty

UCM

Unresolved Complex Material

ULP

Unleaded Petrol

USA

United States of America

USEPA

United States Environmental Protection Agency

VicEPA

Victorian Environmental Protection Authority

VOC

Volatile Organic Compounds

Volatile TPH

Total Petroleum Hydrocarbon Determined in the C6-C9 range

v/v

Volume/Volume

w/v

Weight/Volume
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1.1 Soil Contamination by Petroleum
Petroleum is the fossilised organic remains of microscopic marine plants and animals that
settled to the sea floor millions of years ago''^. Products derived from pefroleum are complex
mixtures containing primarily hydrocarbons'"^, and other material including compounds
containing atoms such as sulfiir, nitrogen, or oxygen and even small concenfrations of
metalHc constituents^ Classes of hydrocarbons in pefroleum are given in Figure l . l \
The hydrocarbon fractions of petroleum which contaminate soil and which are
enviroiraientally significant require monitoring under legislation in many countries around the
world.

The monitoring parameter most widely used is the so-called Total Petroleum

Hydrocarbon (TPH). In some parts of Europe, this parameter is referred to as the "Mineral
Oil Content". In Ausfralia, various methods are in use for determining TPH. The TPH
fraction can be divided into sub-groups including the TPH (C6-C9), TPH (C10-C36), TPH (CioC14), TPH (Ci5-C2g), TPH (C29-C36), and benzene, toluene, ethylbenzene, ortho, meta and para
xylenes, referred to as TPH/BTEX. The polycyclic aromatic hydrocarbons, which are also a
fraction ofTPH are referred to as PAH. Pefroleum products are obtained from the distillation
of crude oil or blends from distillation fractions^. Examples of major products are gasoline,
naphtha/solvents, aviation gasoline, jet fiiels, kerosene, diesel fiiel, fiiel oils and lubricating
oils. Due to the large number and variety of components in petroleum, characterisation is
conducted using the boiling range of the mixture and the carbon number rather than referring
to individual components ^ For example, diesel is regarded as the fraction boiHng between
200-325 °C and is represented as C8-C21. A description ofthe various fiiels derived from
pefroleum mixtures is given in Figure 1.2 and the accompanying notes.
Since the widespread use of petroleum products, soil contamination has caused significant and
complex problems. Such contamination may be generated, for example, by the activities of
factories, service stations and oil refineries^"^. The extent and character of these problems is

now being recognised throughout the world.

Countries including North America, The

Netherlands, Canada, Australia, France, Germany and Japan have established soil quality
guidelines, which are directed towards ensuring that this contamination is identified and
Q 1 R

ultimately remedied ' . High concentrations can affect ground water and may be toxic to
humans'^'^^ The problem is especiaHy significant at a time when many contaminated sites
are being re-developed and used for housing. Contamination of soil, water and air by
pefroleum products is generated in a nimiber of ways. Service stations, railway yards, air
force bases, airports, factories, oil refineries, terminals, depots and other facilities have
inherent environmental liabilities^'^. The common causes of contamination at service station
sites generally include tmderground storage tank ruptures, cracked or broken fiiel lines,
tarmac and forecourt rainwater runoff, workshop accidents and, most frequently, motorists
overfilling their petrol tanks^. Apart from the unpleasant smell, leaking petroletim products
can be explosive, toxic to humans, animals and plants, and can cause pollution in creeks,
rivers, bore waters and ground water wells, foreshores, and forests^. The major hydrocarbon
parameters tested in soil collected from oil industries contaminated sites are TPH and BTEX "
^^. They are given a higher priority compared to other types of industrial contaminants due to
their abimdance in the environment, higher mobility through the soil into ground water and
demonsfrated toxicity to humans and animals''"^^
The contamination of soil by constituents of pefroleum hydrocarbons presents a major
problem to coimtiies throughout the world. Given the indispensable significance of oil and
pefroleum to the whole process of industiiaHsation and the use of motorised ftiel engines, it is
hardly surprising that industiialised countiies such as The Netherlands, United Kingdom
(UK), Ausfralia and the United States of America (USA) have given great emphasis to
identifying and remediating such contamination'"'^^. The problem of contamination is also
great in developing countries which, in their attempts to achieve rapid economic growth, often

ignore the consequences of soil contamination, and usually lack both the expertise and the
resources which would enable them to address such problems'^.
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Figure 1.2: Petroleum mixtures used as fiiels. Descriptive notes on each of these are
provided in Appendix 1 \
1.2 What is Total Petroleum Hydrocarbon (TPH) ?
There are no consistent definitions for TPH. The most commonly referenced method for
analysing hydrocarbon contamination in soil is known as "«-hexane exfractable material
(HEM)" which is the definition used by the United States Environmental Protection Agency
(USEPA) SW-846 series, metiiod 9071B 5. Method 9071 B specifies exfracting contaminated
soil with n-hexane, drying and evaporating and determining the residue by gravimetry ' . Due
to the difficulty in obtaining a solvent, which can selectively remove the required TPH from
soil, co-exfraction of a range of compounds (including animal lipids, pesticides, ethers,
alcohol, amino acids, carboxylic acids, aldehydes and ketones) occurs. Therefore, when an
analysis of soil is conducted using gas chromatography (GC), unless individual components
are identified, the TPH concenfration is assumed to be the total response by the flame
lonisation detector (FID) falling within a specified chromatographic range. In Ausfralia and
in many other parts of the world there are no uniform definitions for TPH ^^'^^. One of the
definitions used in Ausfralia for TPH is the parameter computed by summing the total

chromatographic area between normal hexane (n-Ce) peak and normal hexacontane (n-C^e)
peak. This is called TPH (C6-C36), although the soil exfracts may contain non-hydrocarbons
which are also detectable by GCFID. Fractions of TPH reported for soil contamination
assessments are listed in Table 1.1. Some ofthe European countries extend the range to TPH
(C6-C40). In some states of the USA TPH is defined according to the fiiel type i.e. diesel
range organics, gasoHne range organics, etc. There is little or no consistency in the way that
hydrocarbon contamination is determined in AusfraHa and most likely in many other parts of
the world.

For example TPH in many Australian states are defined as total pefroleum

hydrocarbons. However the real definition due to the exfraction techniques used is the total
solvent extractable material.
Table 1.1: Reported TPH fractions.
TPH Fraction

Sources

C6-C9
Including BTEX

Gasoline and solvents

C10-C14

Distillates, components of kerosene, jet and diesel fiiel

C15-C28

Fuel oil and lubricants

C29-C36

Sealant for roofing and road material

Components within each ofthe fractions presented in Table 1.1 are required to be confirmed
to avoid reporting non-hydrocarbons as TPH. BTEX is one significant group of hydrocarbon
components within the TPH (Ce-Cg) fraction. There are a number of analytical methods used
for the BTEX and TPH analysis in soil around the worid^^'^l hnportant factors used in the
selection of a method includes cost, availability of technology and expertise. Some of the
more popular methods applied in testing TPH and BTEX are based on the USEPA SW 846
series of methods^'^"*"^". They include the analysis of BTEX by purge and frap (P&T),
exfraction and detection by GC with photoionisation detection (PID), FID or mass selective
detection (MSD).

The P&T technique is unique for extracting volatile components by replacing them from a
given sample with an inert gas and concentrating the volatile material in a frap made out of a
stationary phase. These components are desorbed by heating the frap and transferring them to
a GCMSD, a GCFID or a GCPID. Hi particular the analysis ofTPH fractions C6-C9, Cio-Cu,
C15-C28 and C29-C36 is usually performed by solvent exfraction and detection is by GCFID.
Consideration should be given to the analysis of the TPH (C6-C9) fraction since it contains
BTEX and many volatile components similar to BTEX. Therefore the P&T technique is
required to be applied for both BTEX and the TPH (C6-C9)fractionto obtain results which are
comparable. For example, the BTEX concentration of contaminated soil is a part of the TPH
(C6-C9) fraction because BTEX contains aromatic hydrocarbons which lie within the carbon
numbers ofthe fraction. If BTEX is determined by P&T extraction and GCMSD analysis but
TPH (C6-C9) is determined by a different method such as that used for the analysis of semivolatile TPH (C10-C36) fraction (which is a common practice), then the concentration of
BTEX can appear greater than the TPH (C6-C9). This is due to P&T being the better
technique for the analysis of volatile components involving minimum losses. Instrument
distiibutors such as Hewlett-Packard (HP), 01 Analytical, Tekmar and Perkin-EHner are
developing and changing analytical approaches to TPH and BTEX analysis by updating
instrumentation when appropriate. For example, the static and dynamic headspace exfraction
methods used in BTEX exfraction is a major recent development with its automation and
increased capacity to handle large numbers of samples in batch processes ' .

The accuracy of a site assessment is crucial in determining the subsequent stages of clean up.
Additionally, tiie coherence and effectiveness ofthe assessments are largely dependent on the
validity ofthe analytical techniques used in testing the contamination^ . This whole process
poses enormous and, as yet, unresolved problems. In broad terms, TPH concenfrations may
vary considerably depending on:

(i)

the techniques used to identify and collect samples from the field;

(u)

the way the analysis is conducted;

(Hi)

the nature ofthe constituents in the soil;

(iv)

the manner in which the soil is prepared for analysis; and

(v)

the amount of moisture present in the tested soil sample^*^.

The current literature acknowledges this problem, and research has been conducted on some
of these aspects ' . For example, the ways in which the baseline construction for the
quantification of TPH was investigated since it has been a contentious issue in Ausfralian
Laboratories. Figure 1.3 contains a pair of chromatograms one with integration done on
baseline-to-baseline and the other on peak-to-peak.

Of these two baseline construction

techniques the more accurate technique is suggested to be the baseline-to-baseline integration
technique^ The baseline-to-baseline integration represents the total area between a retention
time range which includes all components eluted in the chromatogram. There are many
unresolved peaks which are an important part of the chromatogram because pefroleum
contains large numbers of isomers and compounds which co-elute. Therefore to avoid
underestimation ofTPH the baseline-to-baseline integration method needs to be applied.
There is a growing concern among professionals involved with contaminated site assessments
regarding the analytical approaches used in determining TPH in contaminated soil " .
Significant variation in methods with variations in results is a major issue. In this regard, a
study conducted by the Victorian Environmental Protection Authority (VicEPA) in 1996
highli^ts the need for a standard method for the analysis of TPH ' ' . To establish
standard methods valid data is required on the performance ofthe various existing methods.
1.3 Petroleum Hydrocarbons and Health Hazards
A number of hydrocarbons have been identified to be significant health hazards to humans.
They range from benzene and hexane, which are volatile hydrocarbons to benzo(a)pyrene,

which is a semi-volatile PAH. Some examples of health hazards are classified according to
types of hydrocarbon are listed in Table 1.2^^"^°.
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Figure 1.3: Baseline-to-baseline and peak-to-peak integration ofTPH.
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1.4 Environmental Fate of Hydrocarbon Contaminants
The environmental fate of TPH and BTEX is one of the most important issues confronting
environmental authorities around the world due to possible paths of fransformations.
Petroleum products released into the environment undergo changes with time and these
changes are called "weathering"^ Figure 1.4 gives an example ofthe effect of weathering on
the chromatogram of diesel ^ The weathering process includes evaporation^ leaching ofTPH
and BTEX by fransfer to an aqueous phase through solution and entertainment^ chemical
oxidation and microbial degradation .
Table 1.2: Hydrocarbons and health hazards.
Hydrocarbon
Benzene

Health Hazards

19

Can produce interference in the
formation of red blood cells in the
bone marrow linked with leukaemia
in individuals having long-term
occupational exposure

Fractions of catal5^ically cracked petroleum oils and
coal tars

Tests conducted on mouse skin have
shown tumourigenic potential

Air containing particles of semi-volatile hydrocarbon
fractions between Cio and Ci6 can contain higher
concentrations of PAH^^'^"*'^^'^^

Potentially carcinogenic

Semi-volatile olefins can also decompose by photo
oxidation producing peroxides

Can cause tumours

PAH containing 4, 5 and 6 benzenoid rings,20,24,27,29

Implicated as a factor in causing lung
cancer

The rate of weathering is highly dependent on environmental conditions. For example,
gasoline can evaporate readily in a surface spill, while gasoline released below 3 m of clay
topped with asphalt will tend to evaporate slowly and the weathering process may not be
detected for years^ Leaching processes carry TPH and BTEX into ground water by then
dissolution in rainwater mass flow. Aromatic compounds, especially benzene and its
derivatives, are tiie most soluble fraction of petroleum^. During a storm event, benzene can
10

reach ground water quicker than the other petrol components. Therefore if the ground water
is tested after such an event, benzene can be detected much earlier than the other
components .
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Figure 1.4:

Un-weathered (top) and weathered (bottom) profiles of diesel (Weisman,

1998)^
The major problem confronted by different approaches to TPH analysis world-wide is the lack
of comparative data between methods used for the analysis of an any given parameter. If a
number of specific methods are tested against each other by statistically comparing results of
TPH using contaminated these results can be used to present a better understanding of the
capability of each of the methods. This information is essential if specific methods are to be
implemented for TPH and BTEX analysis. The Netiieriands legislation, although one of the
first in the world, does not provide a standard method for such testing. Similarly the UK,
Germany, France, Canada, USA, Japan and Ausfralia do not have standard TPH and BTEX
test methods specified by legislation ^•^^. In the USA and the UK there are a significant

11

number of pefroleum hydrocarbon impacted sites. Figure 1.5 depicts examples of human
exposure pathways^^
The evaluation and remediation of these sites are also regarded as difficult due to the
complexity of the regulatory, scientific and economic issues. For example, in the USA most
of these investigations are regulated on a state by state basis with different requirements in
investigation methodology, action levels, and clean-up criteria^^. Therefore, there is a
demand for the evaluation of analytical methods to obtain comparisons between data to
properly nominate suitable methods for TPH and BTEX analysis. Although the above
countries have not specified or legislated the required methods of analysis, most have
nominated the concentrations ofTPH and BTEX in soil which requires the implementation of
a clean-up. Due to variation in methods used in obtaining the TPH and BTEX concentrations,
these specified concenfrations may not be determined accurately and consistently.
1.5 TPH and BTEX Assessments
1.5.1 Assessment in the Netherlands
One ofthe first countries to address hydrocarbon contamination in soil was The Netherlands.
Soil protection policy in The Netherlands identified major categories of contaminated sites
1n

which was presented at the first International Conference on Contaminated Soil in 1985 .
This work was called "Dutch Soil Contamination Criteria" and was also referred to as the
"Soil Clean-up Interim Act".
The publication contains a list of soil contaminants with concentrations specified for
background,fiirtherinvestigations, and clean-up. The action values for BTEX and mineral oil
are included in tiiis list. This document refers to TPH as mineral oil. During the time this
publication was prepared the analysis was based on infrared (IR) specfrometiy after a freonbased exfraction. Since freon was banned from use due to greenhouse issues the Dutch Soil
Contamination Criteria changed to GCFID analysis of soil exfracts. Although there are no
12

official standard definitions for mineral oil the "unofficial" definition in the Netherlands is the
GCFID chromatographic area between n-Cio and n-C4o obtained by the solvents used for the
exfraction. The exfraction is carried out using a mixture of acetone and pefroleum ether and
the clean-up is achieved with FlorisH'''"'^. BTEX analysis is carried-out either by using the
headspace or a P&T sampling with a GC analysis.
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Figure 1.5: Exposure to hydrocarbon contamination (Vorhees et al. 1999)

These initial criteria applied in the Netheriands were used in establishing most of the UK,
European, Ausfralian and the USA soil clean-up criteria. The Dutch criteria were based on
defined levels, including background level of contaminants (A level), investigation threshold
(B level) and tiie action level (C level); the C level indicating that clean-up and management
13

plans are required to be implemented. An updated version of "Dutch Soil Contamination
Criteria", called the "New Dutch Soil Contamination Criteria" was presented to Ausfralian
scientists at a seminar in November, 1994''^ as a part of a seminar series to environmental
scientist around the world. This presentation included more recent criteria and priority setting
in The Netherlands, the history and overview, ecotoxicologically-based methodology and
human health-based criteria . The new Dutch criteria defines the concenfrations as A, B and
C levels in a similar manner to the previously published criteria. Furthermore, the C level
concenfrations are regarded as quite critical and are termed the "intervention values" which
indicate serious soil contamination with unacceptably high risk to humans and the
environment. The contaminants listed in the Dutch guidelines, especially the organic species,
are much more detailed and comprehensive than those in most other guidelines around the
world. The Dutch guidelines have specific values for benzene, toluene, ethylbenzene, xylene,
fiiel and mineral oil, which are usefiil as indicative contamination levels for site assessments.
Presently, the Dutch B levels are used as reporting Hmits for environmental testing in
Ausfralia since they are more comprehensive. However, the levels for TPH are classified
under Dutch guidelines only asfiieland mineral oil.

The Dutch criteria officially do not specify the values for TPH by carbon chain number
(which relates to boiling point, not length is the commonly used reporting processes within
Ausfralia and a number of other countries) and do not specify testing methods. The TPH
carbon chains are grouped in ranges C6-C9, Cio-Cu, C15-C28 and C29-C36 for contamination
site assessment in Ausfralia.
Anotiier important drawback of the listings in the Dutch criteria is the lack of appropriate
update with respect to expanding the Hst of contaminants, as data become available. This is
particularly important in regard to the volatile hydrocarbons which are present in pefroleum
products and may include iso-octane, 2-methylpentane, hexane, l-ethyl-2-methylbenzene,
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1,3,5-tiimethylpentane, methylcyclopentane, heptane and 1,2,4-tiimethylbenzene.

These

components are commonly detected during site assessments. Netiieriands have standard
methods NEN 5732 for volatile TPH and NEN 5733 for muieral oil C10-C40.
1.5.2 Assessment in UK
In the UK there is no standard method for either TPH or BTEX analysis in sod. TPH is
measured by solvent exfraction and GCFID analysis^^. BTEX is usually analysed by adapting
a P&T or headspace with a GC method. The solvents used for exfraction of TPH (C6-C40)
include dichloromethane (DCM), DCM/acetone, pentane or pentane/acetone. Due to the lack
of comparative data, a standard method is not currently available. In the UK, there is no
legislative requirement as contaminated land assessment is based on a risk assessment
process.

In essence, this requires that testing be undertaken for potentially hazardous

contaminants, which may be present on a particular site, as identified by a desk study of the
site history. Within the UK, at present, the regulator, the Environment Agency, does not
prescribe methods. This leads to the use of a wide variety of methods and conditions, and
poor data comparability. The UK Environment Agency is presently producing performance
standards for the analysis of contaminated soils and, as in the case of The Netherlands, during
many personal communications the author has determined the need for substantial amounts of
data on method comparisons prior to implementing standard methods^^'^^. As examples the
assessment of data obtained by various exfraction methods, detection methods, and
quantification methods of TPH in contaminated soil needs to be clearly known prior to the
implementation of a standard.

1.5.3 Assessments in Germany and Japan
In Germany, TPH is referred to as THC and usually analysed by IR. The legislators are
currentiy infroducing TPH and BTEX analysis by GC^"*. This suggests that Germany is in an
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early stage of development with regards to such analysis. In Japan, the analysis (based only
on oil and grease) is performed by gravimetric methods across various laboratories^^.
1.5.4 Assessment in USA
In the USA, each state regulates TPH and likewise sets its own analytical requfrements^^ The
TPH working groups has kept track of some ofthe individual state's requirements, some of
which are presented in the TPH working group documentation (volume 5)^' and include
Massachusetts, Alaska, Louisiana, North Carolina, and Michigan. The lack of standardisation
in the USA as well deficiencies in the TPH analysis is clearly evident^\
1.5.5 Assessment in Australia
The expansion of contaminated sites in Australia began with European settlement in the early
1800s and the subsequent increase in agricultural and industrial practices. The total number
of contaminated sites in Ausfralia is not accurately known''.

According to 1995-1996

estimates by state environmental protection authorities, there are in excess of 30,000 sites in
the most populous states of New South Wales (NSW) and Victoria (Vic) and approximately
400 in Tasmania (least populous state)^. The majority of these sites are contaminated by
TPH. These statistics pubHshed by the Victorian State Environmental Protection Authority
(VicEPA) have not been coHected by the environmental agencies since 1998^^"^''. Therefore
presently there are no compiled data on the number of existing contaminated sites, percentage
proportion of total areas, the distribution of contamination and actual risks posed due to the
existing contamination. Among the various classes of contaminated sites, the ones most
frequentiy assessed include those that arise due to pefroleum hydrocarbon contamination by
8-9

land used for automobile service stations, refineries, gas works and fiiel storage areas .
According to the AustraHan Institute of Petroleum (AIP), the Ausfralian oH industiry began the
rationalisation of service station sites in the early 1970s^. At the time, there were about
20,000 operating service stations in the counfry. In 1994 there were about 9,000 service
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stations estimated to be operating. According to the uidicated frend, by the first half of 2002
there will be approximately 6,500 stations in operation. Among the decommissioned service
station sites, those with elevated levels of petroleum products could pose unacceptable risk to
human health and the environment, especially if the land use is changed from industrial to
housing development' . Therefore, prior to re-development, planning authorities such as
local councils require site assessment and remediation where necessary as part of the
conditions of redevelopment approval^°. Assessment of old service station sites should
conform to the Ausfralian and New Zealand Environmental and Conservation Council
(ANZECC) and National Health and Medical Research Council (NH&MRC) draft guidelines^
and the National Environmental Protection Measure (NEPM) for assessment of site
contamination^^. A major part of the assessment involves the testing of soils collected from
these sites for BTEX and TPH contamination.
1.6 Australian Guidelines
The assessment of TPH and BTEX in Australia comes under the legislation of individual
states. Each state or territory has its own environmental regulator, which implements the
guidelines. The conclusions of a VicEPA study conducted on the analysis ofTPH and BTEX
are":
(i)

a wide range of analytical methods are used for the measurement of TPH and BTEX;

(ii)

the type of data and sensitivity varies with each technique;

(iii)

positive and negative biases are possible when necessary precautions are not taken;
and

(iv)

inter-laboratory and methodology variations can lead to widely differing assessments
of site contamination.

Therefore, there is a need for a standardised procedure for TPH analysis". Areas that need
standardisation include:
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(i)

solvents such as acetone, DCM and methanol that are used in soil exfractions for the
analysis of BTEX and TPH;

(ii)

exfraction techniques such as sonication, Soxhlet, and tumbHng;

(iii)

clean-up techniques prior to the determination steps;

(iv)

calibration standards that are used in the determination of such species as n-alkanes
and aromatics;

(v)

chromatogram baseline construction method for the determination and identification
ofthe amoimt ofTPH present; and

(vi)

confirmation techniques such as GC coupled to MS.

The VicEPA review did not consider the use of an intemal standard (IS) in the semi-volatile
TPH (C10-C36) analysis because ofthe difficulty in determining such a peak using a GCFID
among the range of peaks which are commonly found in TPH. The study described the
unusual chromatographic profiles found in TPH analysis especially the semi-volatile fraction
consisting of unresolved complex material (UCM). Due to the UCM most TPH peaks cannot
be baseline separated. Therefore the IS can be lost or co-eluted with TPH components making
the identification and detection very difficult by a GCFID analysis. Figure 1.6 contains a
chromatographic profile of TPH containing the UCM, which includes an aggregation of
components.
Contributing to the lack of standardisation across AusfraHa is the fact that environmental
protection is a state responsibility and each state has its own policy on site assessment and
related measurements. The organisations tabulated in Table 1.3 have all published various
soil criteria.
The ANZECC/NH&MRC have recognised the need to develop an AustraHan approach to the
assessment and management of contaminated sites in the form of national guidelines . The
objectives of the ANZECC/NH&MRC guidelines are to provide a framework for the proper
18

assessment and management of contaminated sites. The framework is designed to ensure the
implementation of standards for all contaminated sites and to provide assurance to the
community that public health and environmental concerns are being addressed.
The guidelines comprise three parts:
(i)

a policy document summarismg the strategicframeworkfor the assessment and
management of contaminated sites;

(ii)

a supporting document providing background information and methods for assessing
and decontaminating potentially contaminated sites; and
reconunended soil quality criteria. The long-term aim ofthe guidelines is to include

(iii)

information on specific levels similar to the Dutch criteria (A, B and C)^'^ and types of
contaminants.
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Figure 1.6: TPH chromatogram containing UCM.
The levels will include A level for Ausfralian soils which best represent background
concenfrations; this being defined as the level of contaminants typically found in the locality
away from a specific activity or site. Since A levels are regarded as background levels these
should be achieved after the clean-up of a contaminated site. Classifications for action are
presentiy being developed and these include B and C levels. The B level will represent an
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investigation threshold. The C level wiU be used to classify those soils that require specific
management sfrategies.
Current ANZECC/NH&MRC guideline values referring to BTEX and TPH are limited to
values for benzene and toluene.

Therefore, these guideHne levels for BTEX and TPH

analyses cannot be used comprehensively in their present form. Therefore similar to the
Dutch criteria, the A, B and C levels for components such as the benzene, toluene,
ethylbenzene, xylene and the TPH fractions (C6-C9, Cio-Cu, C15-C28 and C29-C36) needs to be
established urgently for application to Australian situations. The guidelines do not specify
analytical methods and therefore a range of methods are used for TPH and BTEX analyses.
This may lead to the possibility of variations in calibration standards used for the analysis,
detection, and even the reporting procedures between different laboratories.

Table 1.3: Organisations involved in Ausfralian site assessments.
Organisation

Document

New South Wales Environmental Protection Authority

Guidelines for Assessing Service Station Sites

(NSWEPA)
VicEPA

Guidelines for Assessing Contaminated Sites

National Environmental Protection Council (NEPC)

Guidelines for Assessing Contaminated Sites

Queensland Department of Heritage (QLDDH)

Guidelines for Assessing Contaminated Sites

South Australian Environmental Protection Authority

Guidelines for Assessing Contaminated Sites

(SAEPA)
Department of Environmental Protection Western

Guidelines for Assessing Contaminated Sites

Ausfralia (DEPWA)
National Association of Testing Authorities (NATA)

Accredits Laboratories and Methods Used for
Testing
Testing for TPH and BTEX,

Australian Government Analytical Laboratories
(AGAL)
National Analytical Reference Laboratories (NARL)

Reference Materials and Conducting
Proficiency Studies

Commercial Laboratories

Analysis

Universities and Tertiary Institutions

Research and Development
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1.6.1 Guidelines for Service Station and Distribution Depots
Guidelines for service station and distribution depots were prepared by a working group
established by the AIP^. These guidelines are applicable to any oil industry site irrespective
of ownership or occupancy, and include a policy statement that recommends procedures for
identifying and managing contaminated sites. They do not replace statutory regulations,
which vary between states. The guidelines state that the levels specified should be used as
minimum levels and should be read in conjunction with the 1992 ANZECC/NH&MRC
recommendations^.
The AIP guidelines identify hydrocarbon contaminants and specify common products that are
easily distinguished by hydrocarbon chain lengths. These are represented by gasoline TPH
(C6-C9) and BTEX, distillates (C10-C14), fuel oil and lubricants (C15-C28) and asphalt and tars
(>C28) chains. This identification system is unique to service station and distribution depot
guidelines. Although the BTEX components are included, the service station guidelines fail
to consider the additional aromatic hydrocarbons found in gasoline, which may have
significant toxicity. Furthermore, the guidelines do not specify the analytical techniques
which should be employed for soil analysis thereby leaving open options in the selection of
methods, which may generate variation in results.
1.6.2 Contaminated Site Guidelines for Service Stations
These guidelines were prepared by the NSWEPA in December 1994^ for assessing and
remediating service station sites in order to provide ongoing environmental protection and to
minimise the risk to public health. The guidelines specify threshold concenfrations in sods for
"sensitive" land use. The volatile TPH fraction, C6-C9 and the BTEX components are
designated relatively low threshold concentration values compared to TPH fractions between
C10-C14. The guidelines define approximate ranges for petroleum hydrocarbon fractions i.e.
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C6-C9 as petrol, Cio-Cis as kerosene, C8-C21 as diesel, > C18 as lubricating oil. However, the
recommended analytical methods fail to detail confirmation techniques that are critical for the
determination.
The VicEPA survey indicates that current guidelines vary considerably in terms of standards.
The guidelines are ambiguous and are open to interpretation especially in BTEX and TPH
analytical methodology. They can function effectively only if implemented by a consistent,
uniform and accurate set of analytical techniques. Similarly, the North American, Canadian
and British guidelines have significant differences between different states or regions and
these differ to Ausfralian guidelines. For example, the measurement of TPH in North
America is reported as either gasoline range organic (GRO) and diesel range organic (DRO)
using calibration standards of reference gasoline and reference diesel. The Ausfralian way of
reporting TPH is by using normal alkane calibration standards and the concenfration referred
to as TPH (C6-C36). This in itself can be misleading unless the definition is changed because
the total material exfracted from the soil by the solvent is assumed to be TPH.
1.6.3 National Environmental Protection Measure
The National Environment Protection (Assessment of Site Contamination) Measure 1999
(NEPM) was established and pubHshed to standardise site assessment guidelines across
Australia^^. Schedule B ofthe measure contains ten sub-schedules numbered from B (1) to B
(10). Sub-schedule B (1) covers the investigation levels for soil and ground water. It
recommends the application of investigation levels for soil assessment for a particular site and
proposed land use, on a site-specific basis. Thus professional judgement wiH necessarily form
a part of the decision. Furtiiermore, soil assessments are to be carried out by determining
health-based investigation levels (HILs) and ecologically-based investigation levels (EILs).
For example, if the values for TPH based on NSWEPA criteria for a given site are exceeded,
then an appropriate site-specific assessment is required. When soil concenfrations exceed the
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site-specific response levels, the actions will include informing landowners and users about
the nature of contamination and applying appropriate site management plans, to affect largescale remediation.

Volatile contaminants such as BTEX in soil are considered as

"complicated" due to their complex environmental interactions and the absence of a generally
accepted model that can be used to determine maximum exposure levels.
The moisture content determination of a soil and the conversion of a contaminant
concenfration on a moisture-free basis are not discussed under the results reporting criteria.
These details are included under the pre-freatment Sections 5.3.2 and 5.3.3.2 ofthe document.
The quality assurance work conducted on a sample matrix by spiking a known concenfration
of TPH has only a limited value depending on the level of natural TPH contamination in the
sample.

When TPH is spiked (at the limit of reporting which is a relatively low

concenfration) into a soil sample heavily contaminated with TPH, the spiked amount will be
completely masked by the gross contamination already present. Therefore matrix spikes will
provide only a very limited amount of information unless testing is done on contaminant free
soil or lightly contaminated soil. The NEPM discusses the confirmation of the TPH and
BTEX by a second technique such as the GCMSD. These confirmatory techniques should be
included in quality assurance protocols to minimise the possibility of false BTEX positives.
Minimum reporting requirements on analj^ical results need to be clearly specified, to obtain
uniformity across laboratories.
1.7 Characterisation of BTEX and TPH in Soil
Chi-Yuan Fan et al.^^ reviewed various analytical techniques available for the analysis of
contaminated soils. The review considered the application of GCPID and GCFID for the
analysis ofTPH. The GCPID was used in determining the volatile components, especially the
BTEX. The confirmation technique, which requfred the application of GCMSD, was not
discussed in that stiidy. The use of GCMSD in place of either GCFID or GCPID for the
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confirmation of BTEX is important to avoid the inaccurate identification of the nonhydrocarbon components from the hydrocarbon components.

The GCFID identifies

components in a given sample extract only by retention time. The GCMSD has the advantage
of identifying the specific ions in addition to the retention time. Additionally, a GCFID
profile of a polychlorinated biphenyl (PCB) mixture and a GCFID profile of a weathered,
mixed, pefroleum hydrocarbon can be misidentified as TPH without a GCMSD confirmation
using selected ions.
Xiang et al.^^ conducted a study on TPH and BTEX in gasoline and diesel contaminated soils
by capillary GCMSD. Multiple groups of ions were monitored to obtain reliable data. The
study did not consider the possible variations of responses by the GCMSD and the GCFID
when the TPH standards and samples were analysed nor did it consider the possible variations
in the concentrations that been determined. This variation between detector responses needs
to be tested to determine if the concenfrations of TPH from the two techniques differ
significantly.
The Manchester Environmental Laboratory has pubHshed a method on the analysis of semivolatile petroleum products in contaminated soil and water^^.

The method enables

identification of the TPH by pattern matching of semi-volatfle components and the
quantification using various types of semi-volatile TPH mixtures. These mixtures included
kerosene, diesel, jet fuels, fiiel oil, lubricating oil, hydrauHc fluids, mineral oils and insulating
oils. The study attempts to identify the presence of these mixtures in unknown sample
extracts and then quantify tiie concentrations using an IS. The IS is used to negate the
uncertainty due to possible injection volume errors during the analysis of a batch of samples.
The application of an IS in TPH analysis appears to be fiitile with a GCFID. Previous work
carried out by Magore et al.^"^ has shown the difficulty in identifying the IS among the peaks
generated by TPH during GCFID analysis. Therefore, to apply the IS for TPH analysis it
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requires a more complex detector system such as the GCMSD and compounds containing
unique ions. The research carried out for this thesis avoided the use of IS with the GCFID but
monitored the errors due to injection volume by measuring the response of a calibration
standardfrequentlywithin a batch of analysis.
Characterisation of Cs to C35 pefroleum hydrocarbons in soil was conducted by Rhodes^^.
The method involved extraction, of the TPH with n-pentane and determination by GCFID.
Interference by other organic compounds including vegetable and animal oils, organic acids,
chlorinated hydrocarbons, phenols and phthalate esters were discussed in that study.
Confirmation by the GCMSD was not used in that method.

The identification and

confirmation of the TPH in Rhodes paper is by matching the peak patterns of the unknown
samples with the peak patterns of the known fuel oils. Standards such as kerosene and petrol
were used as the calibration standards. However, the method does not resolve situations when
the pefroleum hydrocarbons are partly degraded or mixtures containing various fiiel oils at
unknown ratios (i.e. kerosene and diesel). The chromatograms of weathered diesel in Figure
1.4 demonsfrate the difference between weathered and pure diesel. Therefore, using pure
hydrocarbon products such as diesel, kerosene and petrol to confirm TPH is of limited value
for soil which are contaminated by various TPH products over a period of time. This current
study has used specific hydrocarbons of known concenfrations as the calibration standards for
most ofthe work.
Rhodes does not use the P&T technique for the sampling ofthe C6-C9 volatile fraction. Using
the same exfraction as for the C10-C36 (semi-volatile) TPH fraction can cause substantial
losses of the C6-C9 fraction due to the volatility of the components. This loss of volatUe
hydrocarbons will generate inaccurate data. The method uses pentane to exfract TPH from
contaminated soils. However, pentane is not efficient in removing all the TPH from the soil
because the polarity variation between the moisture content in the soil and the pentane limits
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the ability of pentane to reach the TPH within the soil. The study addresses such issues by
determining changes in concentrations with changes in methods.
The Total Petroleum Hydrocarbon Working Group sponsored by the Association of American
Railroads, BP Oil Company and the United States Air Force Armstrong Laboratory,
Occupational Medicine Division, published a five-volume series consisting of TPH and
BTEX research'' ' .

The first volume comments on the possible variations in

concentrations with various analytical techniques. However, it does not recommend the use
of GCMSD as a requirement to confirm TPH. The section relating to the GC resolution is of
high significance to hydrocarbon analyses. This is due to pefroleum being made up of many
compounds each with its own set of isomers, especially those above the n-Cg. These
compounds are known to be difficult to separate due to co-elution with components with
similar retention times. The UCM are legitimately a part ofthe petroleum signal, and unless
regulations specify otherwise, should be quantified. Quantifying UCM requfres a baseline-tobaseline integration mode rather than a peak-to-peak integration mode. This series of books,
although informative and interesting as an overall study of TPH, do not contain a critical
assessment of analytical methods. Most Australian laboratories typically use the UCM in
their calculation ofTPH in Australia.

Nadim et al. (1991 f^ presented a comparative study of TPH from soil and water exfracts
using IR and GCFID. They exfracted semi-volatile TPH contaminated soil with Freon-113
and DCM. The exfracts were then analysed by IR and GCFID. For the GCFID stiidy an IS
was not applied and the identification ofTPH was achieved by observing the peak pattern and
relating it to a known TPH profile such as diesel. The calibration standards were normal
alkanes. The conclusions of the study were that DCM is a better solvent than Freon-113 in
exfracting TPH, especially the heavier components. The GCFID results were more reHable
than those achieved by IR. This was due to "outside interference" causing unacceptably
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higher concenfrations. The paper did not discuss reasons for excluding the IS or if there were
any steps taken to compensate for the IS. The normal aUcanes used as external standards in
the study were not detailed by nominating the components and the concenfration ranges.
Guerin, (1999)^^ conducted a number of comparison studies of PAH analysis in AustraHa and
concluded that DCM/acetone (1:1, v/v) mix is a better solvent than hexane/acetone (3:1, v/v).
Although the exfraction was carried out for 48 h, that study did not specify the number of
extraction cycles/h required to obtain the above result. Additionally, the study did not
measure the optimum time required to obtain the maximum exfraction which can be 4-8
hours. An extraction time of 48 h appeared to be somewhat higher and impractical for
commercial testing requirements, which usually require faster turnover times. Additionally,
Guerin's study did not specify the number of contaminated soils that were analysed although
the exfractions were conducted in duplicate.
The Guerin's study did not include alcohols, which are used as a common solvent in the
exfraction of lighter TPH fractions. The sonication extraction was not applied continuously
over the 48 h period but intermittentiy for 2 min for every hour after the first 15 min
sonication. Therefore, the extraction may have taken a longer time than necessary. The
minimum power of the ulfrasonic bath required to obtain the optimum extraction was not
specified in that study. The clean-up technique used with hexane appears to be of concern
due to the limited solubility or TPH and PAH in hexane. Additionally, the use of GCFID for
the determination and confirmation of PAH is inadequate. To confirm individual components
such as BTEX or PAH among tiie possible range of peaks commonly found in TPH exfracts,
GCMSD is essential. The study concludes that sonication extraction is a more effective
technique than Soxhlet exfraction. One ofthe reasons given is that during Soxhlet exfraction
there are possible losses ofthe more volatile PAH. However, this statement was not vaHdated
by multiple analysis of contaminated soil samples to overcome possible errors due to non-
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homogeneity. The study does not state tiie requfred rate of exfraction but mentions that the
stronger binding of PAH requfres good extraction efficiency to obtain good recoveries. The
procedure used in monitoring surrogate spikes is not detailed. The paper discusses the
possible presence of tar particles amongst the soil in the shape of balls, which can further limit
homogenisation. However, the ways to achieve homogeneity in such situations are not
discussed.
Work carried out by Vandegrift and Kampbell (1988)^^ on the analysis of JP-4 jet fuel
concludes that acceptable recoveries were obtained for spiked, medium-grained sand for a
number of hydrocarbons including 2-methylhexane, heptane, toluene, 3-methyUieptane,
octane, m/p-xylenes and a number of other volatile and semi-volatile hydrocarbons.
Recoveries for benzene, ethyl benzene and o-xylene are not reported in the study.
Additionally, there was no testing of clay-type soil, which is regarded to be more difficult for
the recovery of hydrocarbons. No IS was included in this method and no vapour separation
techniques, such as the static headspace or the P&T technique, were appHed prior to the
GCFID analysis to maximise the recovery ofthe volatile BTEX.
Roe and co-authors (1989)^^ published a study on manual headspace analysis of volatile
aromatic compounds in gasoline from ground water and soil. The work does not discuss
recovery rates or present any validation data on the method.
A study by Richards and Campbell (1998)^^ on the comparison of supercritical fluid
exfraction (SFE), Soxhlet and sonication methods for the determination of priority pollutants
in soil concluded that among the 18 components of acid and base, neutral types tested, almost
all the components produced higher recoveries by the Soxhlet extraction technique compared
to the sonication extraction.
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Trends in P&T was discussed in a paper authored by Abeel et al. (1994)^°. The detailed
explanation of various aspects and stages of the analysis using the complex P&T technique
was informative but did not include application details for volatile TPH analysis.
Xie and co-workers (1999)^^ conducted a study on TPH quantification and interpretation in
sediments by GCMSD, and compared the results with a rapid field method. It was found that
the use of an IS produces reliable results but the paper does not discuss the need to use
GCMSD in order to accurately identify the IS among the other components when present as a
cluster of peaks. Further more, data obtained by the GCMSD and the relationship between
the responses due to the calibration standards and the responses due to the sample components
were not discussed.
The work conducted by Schwab et al. (1999) on the extraction of pefroleum hydrocarbons
from soil included the extraction by mechanical shaking and comparing the results with
Soxhlet exfraction. However, the types of soil and the volatility of the TPH components
present in the sod was not discussed. The conclusion ofthe work is that the shaking method
appeared to produce comparable TPH concentrations to the Soxhlet exfraction method. The
analysis ofTPH using GCFID included an IS. The technique used to identify the IS and the
results obtained by using it were not specified.
Hias (1992) investigated the isolation, identification and quantification of fuel contaminants in
soil'^. The method is claimed to work for a range of fuels from low to high boiling point.
However, a major limitation of the method is its use of fuels such as petrol and kerosene as
standards for the assessment of contamination levels in soil. Any given fuel, such as pefrol,
contains a group of hydrocarbons that are collectively called a "hydrocarbon profile". When
fuels are exposed to the environment as a contaminant in soil, various physical, chemical and
biochemical processes change the original profile and so it will not be comparable to the
original profile ofthe material due to weathering as described in Section 1.4. It is therefore
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possible to generate inaccurate identification and quantification if pefrol and kerosene are
used as standards. Figure 1.7 represents an example of a crude oil determined by the GCFID
usmg a temperature program to efficiently elute the components'"^.

A number of studies related to TPH have been undertaken at the AustraHan Government
Analytical Laboratories (AGAL) to address the concerns highlighted by various state
environmental authorities of Ausfralia. The studies are still xmder review and they include
investigations into topics included in Table 1.4.
Table 1.4: Studies undertaken at AGAL on TPH analysis
Topic

Study Aims

Results

Stability of BTEX in soil f

Assessment the losses during Loss of BTEX was controlled
fransport and storage.
using Teflon'^'^ -lined screw
caps.

Homogenisation f t

Determine the importance of Variability
of
TPH
homogenisation.
concenfrations were reduced
down to 21-50% upon
homogenisation.

Storage stability f t t

Determine if there are No substantial losses within 8
substantial losses of BTEX days,
within 8 days.

Possible reasons for variation Determine
reasons
for
in TPH concentrations
statistical variation in TPH
concenfrations
among
laboratories.

Difference in instrumentation
and conditions.
Baseline
construction
technique.
Grouping ofTPH.
Integration technique.
Calibration standards used.

t Losses of volatile pefroleum components (BTEX) from types of environmental field
sampling jars^^ The results of this stiidy suggest that jars with Teflon™-lined screw caps
contain BTEX components and tiiose with metal screw caps generate a 50% loss. The study
was not extended to investigate the variations in losses due to variations in temperature, the
variations in BTEX concenfration with variation in holding times in the jars, or the way the
jars were fransported from the field to the laboratory;
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ft The variability of laboratory sub-sampling by means of five soil samples contaminated
with pefroleum hydrocarbons. Homogenisation was achieved by stirring the soils with glass
rods'^. The results of the study show that the variability of TPH within sub-samples is
reduced by 21-50% upon homogenisation. The study was limited to five contaminated soil
samples and did not investigate the losses on spiked samples.

Since many of the

homogenisations were conducted on clean soil spiked with TPH, the possibility of naturally
contaminated soils not being totally homogenised was not considered in this study;

ttt The study of storage stability of unleaded pefrol spiked into water and stored at 4 °C and
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20 °C for eight-days showed that, within experimental error, there is no substantial losses .

I study of factors affecting the quantification of pefroleum hydrocarbons using GCFID which
found that methodology remains un-standardised and therefore is subject to the discretion of
the analyst .

XX the variations in results between laboratories which are due to differences in
instiiimentation and conditions, the way the baselines are constructed, the way the TPH
groups are integrated, and the types of calibration standards used. An important factor, which
was not investigated during the AGAL study, is the possible variation in TPH (C6-C9) during
sub-sampling for soil, due to limitations posed by the presence ofvolatile components.
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Figure 1.7: Example of a crude oil chromatogram with a temperature program (Worral,
1996)"^'.
It has been noted that various studies presented in this review shoes confradictions in findings
for example Guerin^^ concludes that the sonication is more efficient to soxhlet exfraction,
Richard and Cambell^^ states the oppersit from Guerin, Schwabb'^ demonsfrates that shaking
is similar to soxhlet and no reports are presented between the GCMSD and the GCFID
determinations.

1.7.1 International Standards Technical Committee
The International Standards Organisation Technical Committee (ISO/TC 190) consists of
members from Germany, AusfraHa, The Netherlands, Japan, Norway, France, Finland and the
UK. This committee is currentiy setting a standard method for mineral oil (TPH) analysis.
The committee met and discussed the first draft (16703 ISO/TCI90/SC3/WG6) at the meeting
of working group 6 in Brisbane, AusfraHa in November 2000^^.
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The method defined TPH as tiie total peak area between n-Cio and n-C4o. According to this
method the soil exfracts are to be cleaned-up using Florasil^M to remove polar material prior
to GCFID analysis. This ISO method is appHcable to mineral oil contents between
100-10,000 mg/kg soil expressed as dry matter. The exfraction of soil in this method is based
on sonication or by shaking, then removing the polar components, which are regarded as nonTPH, using FlorasiF"^. The mineral oil content is determined by GCFID. Soxhlet exfraction
is not used. Although n-Cio and n-C4o hydrocarbons were suggested to be used as an IS, they
were used as TPH components to determine the start and the end ofthe TPHfractionwhich is
referred to as the "boundary". It appears that this step was taken to avoid possible errors due
to incorrect identification ofthe sample components with the intemal standards.
The low solubility ofthe n-C4o will contribute to errors if care is not taken in determinmg the
required conditions to soiubilise the alkane before the analysis. If the n-C4o is used as an IS, it
could affect the calculation of the concenfration due to its partial solubility at room
temperature. Also the clean-up technique is highly likely to remove PAHs which are
relatively polar compared to aliphatic components. Similar clean-up techniques are used in
7S

USEPA methods to separate aliphatic hydrocarbons from the aromatic hydrocarbons . This
issue requires investigation to avoid removing the hydrocarbons with polar, non-hydrocarbon
material. Compounds which are non-polar and still non-hydrocarbons such as chlorinated
material will not be separated from the hydrocarbons by this clean-up technique.
1.7.2 Standards Australia Working Group
Standards AusfraHa is an organisation which co-ordinates the estabHshment of standard
metiiods for analytical testing in Australia. Working group CH/8/2/2 was set up in 1997 to
formulate methods for the analysis of TPH (C6-C36). The members included most of the
commercial laboratories of AusfraHa conducting TPH and BTEX analysis, Ausfralian
environmental consultants, NATA and VicEPA. The need for a standard method is due to

33

inconsistent laboratory methods and practices that are driven by economic considerations
rather than technical requirements. The members agreed to create a benchmark method, one
of the investigations conducted for this study was the appHcation of an IS to check the
consistency of the analytical steps including the injection volume, instiiiment sensitivity and
retention times for chromatographic systems.

The uncertainty in identification and

confirmation of an IS by the GCFID during the TPH analysis was a major drawback. There
are a number of pubHshed TPH methods, which do not include an IS which were discussed
previously in this chapter. Although some methods propose the use of hydrocarbons as IS
they can provide misleading information especially if the IS co-elutes with material from the
sample. This can be a common occurrence since the analyst does not know which type of
material is present in the sample prior to the analysis. Therefore, to include an IS it is
necessary to conduct a preliminary screening to investigate the region where the IS elutes and
determine if this region is free of natural contamination by TPH. Using such procedures
whilst conducting TPH analysis is impractical both in terms of time and cost. One way of
addressing this issue is to use a GCMSD detector to monitor the ions of the IS. A radiolabelled IS such as acenaphthene-dio, chrysene-du and perylene-di2 can be effectively used in
such situations. Another way to address the problem is to avoid the use of an IS but use one
of tiie calibration standards more frequently (eg. one in every four GCFID injections). Using
this procedure the analyst can determine the response of two adjacent calibration standards
and monitor if they hold within 10% which can be regarded to be well witiiin experimental
limits. Investigations conducted to determine the applicability of coronene as an IS were
carried out by the committee^^. Coronene is a high molecular weight PAH, which is not
commonly found in TPH. During this investigation it was demonsfrated that the applicability
of an IS witii the GCFID is inconsistent due to the wide range of TPH peaks and UCM
elution. We are unaware as to the current status ofthe committee.
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1.8 Significance of this Study
This research was designed to investigate reHable, economically viable and cost-effective
techniques for TPH measurements in soil, giving consideration to optimum analysis time.
Since no standard methods are currently implementsed to measure TPH and BTEX, the
investigations were carried out after considering and reviewing a range of techniques. It is
clear that very few comprehensive studies of the area of TPH analysis have been undertaken.
To date only a few publications relating to TPH are to be found in the intemational literature.
This research intends to assist in designing and conducting experiments to bridge gaps in
areas that lacks information in TPH analysis. It will provide a better interpretation of data
with the emphasis on the following areas ofTPH analysis: field and laboratory measurements;
the effects of using polar solvents to penefrate wet soil; the extraction of TPH from
contaminated clay soils using Soxhlet and sonication exfractions; the investigation and
optimisation of TPH extraction conditions to improve efficiency; the development of a
method to analyse volatile TPH by P&T; the comparison of volatile TPH concenfrations
determined by GCFID and GCMSD; and the comparison of three analytical techniques used
for determining BTEX concenfration in contaminated soil. By understanding the limitations
of each procedure, the scientist can interpret the results with a higher degree of confidence.
This, in turn, will result in a cleaner and safer environment. Additionally the outcomes ofthe
study will also provide a more reliable basis for the improvement and development of
appropriate future guidelines, leading to a cleaner environment.

Research carried-out in this thesis is documented in Chapters 2-9 which consists of a number
of methods used in TPH analysis. Specific areas of research include comparison of a number
of exfraction and analysis methods, propose a method for the simultaneous analysis of BTEX
and TPH (C6-C9), analysis ofTPH contaminated soils by a range of methods and demonsfrate
data compatibility by evaluating data using various statistical techniques, demonsfrate the
responses between GCFID against the GCMSD for similar standards, specify procedures
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taken to compensate for omitting IS when the GCFID is used, optimum exfraction time
studies, evaluate BTEX analysis by comparing various methods, comparison studies to
overcome variations due to limited homogeneity in soil, assessment of static headspace
against the P&T techniques, comparison of laboratory and field measurements used for
volatile TPH measurements.
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2.1. Introduction
The first study in this series involves the investigation of field measurements witii the
corresponding laboratory measurements of volatile TPH components. This chapter therefore
will examine a number of aspects of an initial stages of a TPH measurement which will
include the sampling. According to the NEPM 1999 of Australia, "The appropriate use of
investigation levels is an important component in the assessment of existing contaminated
sites" and "Owners and occupiers of sites on which potentially contaminating activities are
occurring are subject to the environmental protection legislation applying in each
jurisdiction" \ In other words, to prepare for the transfer of title of a property, the owner must
ensure that the condition ofthe property meets the relevant legislated criteria for the intended
future use of that property^'^'^. The NEPM are based on the demonstrated toxicological
properties of a range ofvolatile organic contaminants. For example, pefrol contains a number
of toxic components including benzene and toluene^ ^'^^. Such legislative requirements have
spurred property owners in Australia and in many other countries around the world to seek
cost-effective methods for assessing the impact of their activities upon the environment^"^°.
The NEPM also states that "Accurate data collection is the foundation for acceptable
assessment of health and environmental risks associated with site contamination" \ When
conducting an assessment of soil suspected to be contaminated by volatile or semi-volatile
hydrocarbons, the challenge is to accurately quantify the composition, concentration and
extent ofthe contamination that is present in the soil and to minimise the costs involved in the
assessment. The recommended procedure is to conduct an initial assessment by sampling
soil-gas concentrations at various locations on the site^^.

Usually, this involves the

penetration of a vapour exfraction probe into soil samples. Gas from each sample is extracted
through the probe and analysed using an organic vapour analyser to determine the presence
and tiie approximate concenfration of hydrocarbon contamination at that location. The results
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of this initial assessment are then used to determine the best locations for collecting
representative soil samples for subsequent more rigorous analysis. A survey of twenty
environmental consultants across AusfraHa confirmed that hand-held photoionization
detectors (HHPIDs) are in common use for such assessments. Such detectors measure,
display and record the concenfration of airborne photoionizable gases and vapours.
HHPID instmments are sensitive to a wide range of organic vapours. They are intended to
cost-effectively screen soil with minimal disturbance, whilst ensuring that samples that best
represent the condition of the soil are submitted for laboratory analysis. In particular, site
assessorsfrequentlyuse HHPIDs to measure relative concentrations of benzene, toluene, ethyl
benzene and xylenes (BTEX). A limitation of this device is its variable sensitivity to factors
in the soil and the environment, and its restricted range.

Anecdotally, HHPID field

measurements are also considered to show poor correlation with corresponding laboratory
measurements. However, as a result of the drive to reduce the cost of quantifying the extent
of soil contamination, there is an increasing tendency towards reliance on field measurements
alone, with a decreased use of laboratory analysis and very limited legal requirements. An
expectation has evolved on the part of property owners that, for a given sample, there should
be a direct correlation between the measurement of a hydrocarbon concenfration in the field
and the corresponding laboratory measurement. While such an expectation would, on the face
of it, seem justified, it is not surprising that such a direct correlation is problematic, due to the
complexities associated with soil-gas concentration measurements .

Factors that may

influence the correlation of field and laboratory data include weather conditions in the field,
sampling procedures and sample characteristics (e.g. soil type, homogeneity and moisture
content), handling andfransportationfactors (e.g. time between sampling and measurement),
variations in field and laboratory protocols and the experience and expertise of personnel " .
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There are a number of laboratory methods specified by the United States Environmental
Protection Agency (USEPA) Office of SoHd Waste for determining BTEX components in
7^ 77

r^^

soil ' . Two of the methods frequentiy used are solvent extraction followed by purge and
trap gas chromatography with detection by mass specfrometiy (P&T/GCMSD)^' and
headspace analysis/GCMSD^'*. In the first method, hydrocarbon mixtures such as petrol are
exfracted from soil using a solvent (e.g. methanol) by mechanically shaking or sonicating. A
portion of the extract is diluted in water, purged and frapped (P&T) to concenfrate, and the
compounds are then deposited onto an absorbent material and analysed by GCMSD^"^'^^.
Samples containing heavy oils, surfactants and relatively high analyte concentrations (i.e. 100
mg/L or above) can contaminate the trap if proper steps are not implemented. The headspace
analysis method, recommended by the USEPA as a screening method for hydrocarbon
analysis, is applied to soils by placing a sample in a closed vessel, maintaining sufficient room
to allow the gas to expand out of the soil, whilst heating the vessel to drive the volatile
components into the gas phase^"^. The potential for instmment contamination is minimised by
this method as only the volatile compoimds enter the GC. In Ausfralia, as well as in many
other countries, volatile hydrocarbons are frequently analysed in the laboratory using either
P&T or headspace methods as described above. Additionally, soils may be exfracted using a
solvent such as dichloromethane (DCM) and the exfract analysed by a GC coupled to a flameionisation detector (FID)^^. These analytical techniques vary between laboratories and are
usually chosen by the cHent, the consultant or the regulatory authority, with no specific
guidelines directing a particular method.
The goal of this study was to explore qualify of the data when BTEX measurements from a
HHPID are compared to the corresponding laboratory data. HHPID data from case studies
(real field measurements) and from "simulated" field measurements have been used. In the
former experiments, data from three different case studies were examined. These represent
soil assessments carried out by a single environmental consultancy at three different locations
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in Ausfralia. The corresponding laboratory analyses were carried out at three independent
laboratories where one or more ofthe above,frequentlyused, analytical techniques have been
employed. In the latter experiments, various characteristics of the HHPID were investigated
using simulated field samples; namely, BTEX-spiked water or soil. These experiments were
performed under confrolled laboratory conditions. The laboratory monitoring technique used
in all of the above studies was headspace/GCMSD.

Specifically, these studies include

investigations into the linearity and sensitivity of HHPID response to spiked BTEX levels in
pure water, dry sandy loam, dry silt and moist silt; the time dependency of HHPID response;
and a comparison of the responses towards equivalent concenfrations of BTEX and benzene
in sandy loam. Water, silt and sandy loam were chosen for the simulated field experiments to
provide a variation in relative pore space, that could affect VOC vapour release^ ^. Thus,
water was chosen because it has negligible pore space, silt because the pore space is relatively
uniform throughout the sample and sandy loam because the pore space is usually not uniform
throughout the sample.
2.2. Experimental Procedures
2.2.1 Materials, Reagents and Sample Preparation
Double distilled water, suitable for trace organic analysis, was used throughout. Certified
grade (>99.98% pure) BTEX components were obtained from Ulfra Scientific, AustraHa.
Mixed BTEX standards were prepared from the individual components at a range of
concenfrations in double distiHed water; namely 0.6,1.2, 3.0, 6.0,12, 30, and 60 mg/L. These
mixtiires were held at 4 °C for 1 h to maintain stability and to minimise evaporative loss.
Premium grade silt of 30/60 mesh was washed in double distilled water, oven dried at 104 °C
7Q "^Ci

and tumbled to ensure homogeneity. The sandy loam (containing 15.4%) w/w moisture ' )
was dried and homogenized in a similar way. A portion of the homogenized silt was
deactivated (to reduce the available active sites) by the addition of 10% by weight of double
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distilled water. Both the dry and the moisturized silt were spiked in 125 g lots at 1.2 and 6
mg/kg from an aqueous standard stock solution of 10 mg/L BTEX. The sandy loam was
spiked in 125 g lots at 30, 70 and 170 mg/kg from an aqueous standard stock solution of 100
mg/L BTEX.
Measurements were carried out using a brand of HHPID that is in common use in Ausfralia.
Preliminary tests on this instmment confirmed a linear detector response of up to 500 mg/kg
BTEX. For this reason, all laboratory experiments were designed to be within this range. For
HHPID measurements, a 5.0 ml sample of spiked water or a 5.0 g sample of spiked soil was
placed in a 20 ml glass headspace vial with a Teflon'^'^ sleeve, an aluminium crimp top and an
aluminium foil diaphragm. The vial was then heated in a water bath to 60 ^C for approx. 10
min. Following the sample preparation, the cap was removed from the vial, and the PID
probe inserted into the jar through the aluminium foil. HHPID readings were recorded until a
decline in the concenfration occurred. The maximum reading was recorded in ppm (benzene
equivalent).
All spiked samples were satisfactorily monitored by headspace/GCMSD. A Perkin-Elmer
HS-40 static headspace analyser was used along with method 5021^''. A sampling protocol
analogous to that described previously for the HHPID measurements was used (with 5.0 ml
of saturated CaCl2 solution being added to each soil sample). The samples were subsequently
analysed using a Hewlett Packard 5970, Series 2, GCMSD according to the specifications of
USEPA method 8260B^l The chromatographic peaks were identified by comparing the
retention times of the BTEX components present in the calibration standard against the
retention times of the components of the sample. Confirmation of each of the detected
components was achieved by reference to the mass spectra database. Standards for the
calibration ofthe headspace/GCMSD were prepared using the purity-known individual BTEX
components weighed into a 100 ml calibrated standard flask and diluted with nanograde
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methanol to obtain a 100,000 mg/L original stock. This was further diluted with nanograde
methanol to obtain secondary stock solutions of 10,000 and 1000 mg/L. A mixture of intemal
standards consisting of dibromofluoromethane, toluene-J^ and 4-bromofluormethane (each at
50 mg/L) was appHed to every analytical sample. Calibration of the system was carried out
using 5.0 g of clean soil sample inside a 20 ml headspace vial, mixed with 5.0 ml of saturated
CaCb solution '

. Each vial was spiked with 50 pi of the intemal standard mixture.

Calibration levels of 0.2 mg/kg, 2.0 mg/kg and 20 mg/kg were achieved by spiking with 10 pi
ofthe 1000, 10,000, and 100,000 mg/L BTEX stock solutions respectively. A reagent blank,
in the absence ofthe BTEX standard, was used as the zero in the calibration curve. Analyses
conducted in water used equivalent amounts to those used in the soil analyses.
2.3. Results and Discussion
2.3.1 Case Studies - Monitoring of HHPID Field Data by Laboratory Analysis
Sampling for the case studies were carried out in 125 mL glass jars filled to the top with soil
collected from a hand auger from the pre-selected locations by the field scientist.
Comparative data from the three case studies are presented in Table 2.1. The data have been
presented in tabulated form because the correlations are considered to be too poor to be
presented graphically. This is a rather disturbing outcome and highHghts the problems
associated with the reliability of field data. Specifically, for Case Study 1, these results were
reported at the conclusion of a project that involved vaHdation of soil decontamination
activities on a property in Melboume, AustraHa. The primarily clay soil at this property was
contaminated predominantiy with petrol. Soil samples analysed in the field using a HHPID
produced measurements ranging from non-detect to 1390 ppm (benzene equivalent). The
same soil samples tested in the laboratory produced results ranging from non-detect to 10
mg/kg. In this case, there is obviously no correlation between the HHPID measurements and
tiie laboratory measurements. Indeed, the smnple yielding the highest field measurement of
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1390 ppm yielded a non-detect measurement in the laboratory. For Case Study 2, the results
were reported at the conclusion of a project that also involved a land contamination
investigation conducted in Melboume, Australia. The primarily clay soil at this property was
also contaminated predominantly with petrol. In this case, soil samples analysed in the field
using a HHPID produced measurements ranging from non-detect to 2370 ppm.
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The same soil samples tested in the laboratory produced results ranging from non-detect to
170 mg/kg. In this case, although the higher HHPID values tended to correspond to the
higher laboratory results, there is clearly no correlation. These results reflect the outcome for
the previous case study, with many false positive readings suggested by the PID values. For
Case Study 3, the results are from soil samples reported at the conclusion of a project that
involved a property in Melboume, Australia, containing a silt-clay soil contaminated with a
mixture of chemicals including phenol, trichloroethene (TCE), and benzene. Here, soil
samples analysed in the field using a hand-held PID produced measurements ranging from
non-detect to off-scale; the specified instmment range being 2500 ppm (benzene equivalent).
The same soil samples tested in the laboratory produced concentrations ranging from nondetect to 34 mg/kg. As with the previous studies there is clearly no correlation between the
HHPID and the laboratory data, and again there is a preponderance of false positives and
inflated values.
The above three case studies illustrate the danger associated with relying too heavily on
HHPID field measurements to quantify the amount of hydrocarbon contamination in soil, or
even to confirm or mle out the presence of contamination. It is likely that the lack of
correlation of the field and laboratory data may have been the result of a number of factors
associated with outdoor sampling, most notably the weather.

This study goes on to

investigate how HHPID and laboratory data might correlate when field variables such as
temperature extremes, humidity and wind are removed. Consequently, "simulated" field
experiments were conducted and monitored as follows.
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2.3.2 Linearity and Sensitivity of HHPID Response in Pure Water and Moisture-Free
Sandy Loam
Water samples spiked with BTEX were prepared in bulk at 0.0, 0.6, 1.2, 3.0, 6.0, 12, 30 and
60 mg/L and stored at 4 °C for 2 h prior to analysis. Sub-samples were then taken for
headspace/GCMSD analysis " and subsequent HHPID measurements. Appendix 2.6.1 and
Figure 2.1 shows a linearity of detector response up to 60 mg/L and good agreement between
the headspace/GCMSD readings and the expected (spiked) concentrations. This experiment
serves as a check on the monitoring method. However, the GCMSD readings are slight
underestimates of the spiked levels, probably due to evaporative loss. In spite of this, the
monitoring method is considered to be satisfactory.

Figure 2.2 confirms linearity of response up to 60 mg/L when using the HHPID to measure
the spiked samples. However, it should be noted that the HHPID readings have to be scaled
down by a factor of -34 (the slope of the response line) in order to reflect the real level of
BTEX present. The data is shown in Appendix 2.6.2. Therefore, given the observed linearity
of response, this outcome suggests that the actual concenfration may be obtained from the
HHPID measurement by the application of an "instmmental" or seating factor. To determine
whether this factor remains constant when the conditions of measurement change, a similar
experiment was carried out where HHPID measurements were taken from samples of
moisture-free sandy loam spiked at 30, 61 and 170 mg/kg with BTEX.

The spiked

concenfrations were also satisfactorily monitored by GCMSD. Figure 2.3 confirms linearity
of response up to 170 mg/1 but, in this case, the HHPID measurements have to be scaled down
by a factor of -4.9 in order to reflect the spiked concenfrations. The data is shown in
Appendix 2.6.3. Therefore we conclude that the "instinmental factor" is indeed dependent on
the conditions.
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Figure 2.1: Headspace/GCMSD determination of BTEX-spiked water samples.
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Figure 2.2: HHPID determination of BTEX-spiked water samples.
The above experiment suggests that the presence of water might have some amplification
effect on the HHPID response. This notion has been explored fiirther in the following
experiment.
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Figure 2.3: HHPID Determination of BTEX-spiked Sandy Loam.
2.3.3 The Effect of Moisture on HHPID Response
Clean silt was oven dried at 104 °C for 18 h. Blank HHPID measurements on the moisturefree silt confirmed non-detect readings. Moisture was applied to silt samples by the addition
of 10% water by weight. The moisture-free and moisturised samples were both spiked in
duplicate with 1.2 and 6.0 mg/kg of BTEX.

The spiked concenfrations were also

satisfactorily monitored by GCMSD. Figure 2.4 depicts the comparative HHPID responses
and the data shown in Appendix 2.6.4 and 2.6.5.
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Figure 2.4: Comparative HHPID response towards BTEX-spiked silt of different moisture
contents.
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The results presented in Figure 2.4 indicate that tiie silt containing 10% moisture produced
significantiy higher HHPID readings than the same concenfration with no moisture present.
This outcome does suggest that water can amplify the HHPID response. However, there also
appears to be other factors that might contribute to the sensitivity of response under various
conditions. The data of Figure 2.4 may be represented as response lines so as to exfract the
slopes. Figure 2.5.
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Figure 2.5: HHPID measurements of BTEX-spiked silt at different moisture contents.
The slopes of these lines represent the sensitivify of the HHPID measurement(s). It may be
seen that these values are quite different, not only from each other, but also from the slopes
obtained in Figures 2.2 and 2.3. These data are summarised in Table 2.2. This suggests that,
under confrolled conditions, the linearity of response is maintained for a variety of matrices
and moisture contents but the sensitivity ofthe response depends very much on the particular
combination of conditions. However, for a given set of conditions the response may be
related to the actual BTEX level by an established "instrumental" or scaling factor.
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Table 2.2: A comparison of the slopes of four different response curves for HHPID
measurements of BTEX under different matrix and moisture conditions.
Matrix

Slope

BTEX-spiked water

34.279

BTEX-spiked sandy loam

4.9053

BTEX-spiked silt with 0%

43.155

moisture
BTEX-spiked siH with 10 %

186.31

moisture

2.3.4 Time Dependency of HHPID Response
Potential for VOC loss from samples during fransport from the field to the laboratory, this
study was conducted to assess HHPID response over time. The analyses were conducted on
water samples spiked with BTEX, prepared in bulk at 0.0, 0.6, 1.2, 3.0, 6.0, 12 and 30 mg/L
and stored at 4 °C prior to analysis. The first set of samples were equilibrated to ambient
temperature, analysed immediately in quadmplicate, and the mean results were recorded. The
second set of samples was also analysed in quadmpHcate after a delay of 1.5 h and the mean
results were recorded. Figure 2.6 shows the comparative histograms at each concenfration.
Although this appears to show an overall reduction in response over time, a two-tailed t-test
on the data shown in Appendix 2.6.6 indicated that this was not significant at the 95%
probability level (tcaicuiated = 2.14, tcnticai = 2.36). Further studies need to be carried out for
time intervals longer than 1.5 h in order to ascertain when VOC loss becomes significant.
Although this appears to show an overaH reduction in response over time, a two-tailed t-test
on the data indicated that this was not significant at the 95% probability level (tcaicuiated = 2.14,
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tcriticai = 2.36)^^'^^. Further studies need to be carried out for time intervals longer than 1.5 h in
order to ascertain when VOC loss becomes significant.
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Figure 2.6: A comparison between HHPID measurements of BTEX-spiked water samples
taken 1.5 h apart.
2.3.5 Effect of BTEX Mbtture Component Interactions on HHPID Response
This study was conducted to investigate the effect due to multiple contaminants on HHPID
measurements. The foHowing results were obtained from analyses conducted on sandy loam
spiked witii 100 mg/kg BTEX as 6 repHcates and 100 mg/kg benzene as 6 replicates. The
HHPID measurement obtained for neat benzene was off-scale (>2,500 ppm) while the results
ofthe sample spiked with BTEX was below 1000 ppm. This suggests that the presence of
multiple contaminants in a sample might affect the rate of release of VOC vapour, although
more detailed investigations into this phenomenon are warranted.
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2.4. Conclusion
This study supports the widely held concern that field data from HHPID measurements, as
currently reported by typical commercial operators, cannot be relied upon to reflect the true
levels of VOC in soil. Our investigations would suggest that, even for simple screening,
caution should be exercised especially in the light of the large number of exaggerated
readings and false positives that were found. There are a number of factors that could
mfluence both the linearity of response and the reHability of readings in the field. These
include vagaries of weather, sampling procedures and sample characteristics (e.g. soil type,
homogeneity and moisture content), handling and fransportation factors (e.g. time between
sampling and measurement), variations in field and laboratory protocols and the experience
and expertise of personnel. An attempt was made to address some of these issues by carrying
out confrolled experiments in the laboratory (simulated field experiments) where HHPID
measurements were made under a variety of conditions, monitored by headspace GCMSD. It
was found that, although a good linearity of response can be achieved under various
conditions of moisture and matrix, the sensitivity of response is very much dependent upon
the particular combination of conditions. However, it is clear that, given a linearity of
response, the actual concenfration may be obtained from the HHPID measurement by the
appHcation of an "instrumental" or scaling parameter. Clearly, for linearity to be established
in the field, corrections should be made for variations in moistiire content and soil type, and
for other parameters. There is also scope for the design of the HHPIDs themselves to be
improved so as to better address some of these issues.
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3.1 Introduction
The second study in this series involves the investigation of solvents used in exfracting TPH.
This step will be the continuation ofthe soil testing after the soils are collected from the field
and submitted to the laboratory. This chapter therefore wHl examine a number of aspects of
an initial stages of a TPH measurement which will include the sampling. This study is
designed to investigate and demonsfrate if there are statistical variations in TPH
concenfrations when soils are exfracted using some of the morefrequentlyused solvents. To
obtain the TPH concenfration in any given contaminated soil the exfraction from soil is one of
the initial steps^'^. The TPH, a 'lump' parameter, can be easily and rapidly measured and
monitored in the laboratory. The term TPH is a widely used but loosely defined parameter,
quantified by a number of methods determining the total compounds. It is anticipated that
different extraction procedures might produce data which are difficult to compare ' .
Reporting TPH as a lump parameter is an accepted regulatory benchmark widely used to
evaluate contamination^'^'^. Exfraction of TPH can be conducted by various techniques.
These includefransferringTPH from soil into a solvent (for volatile and semi-volatile TPH)^°'
, heating the sample (static headspace)^^, or purging the sample with an inert gas (dynamic
headspace)*^. The last two techniques are specific for the determination ofvolatile TPH.
hi AusfraHa, the TPH is reported as volatile (C6-C9) and semi-volatile TPH (C10-C36)
fractions^'^'l The semi-volatile TPH is defined by some authorities as the diesel range
organic (DRO) and quantified by summing the total response (including peaks and hums
1 1R

produced by aggregation of peaks) between n-Cio and n-Cas or in some cases n-C36' . The
current research will investigate the semi-volatile TPH obtained by sonication exfraction,
using three different solvents^.
The exfraction efficiency of TPH from soil depends on the solvent and the soil matrix.
According to a surveys conducted by the VicEPA^'', solvents such as dichloromethane
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(DCM), DCM/methanol (1:1, v/v), DCM/acetone (1:1, v/v), hexane/acetone (3:1, v/v),
pentane/acetone (1:1, v/v) and various alcohols (including methanol and isopropanol) are used
for soil extractions''^. Figure 3.1 shows results ofthe VicEPA survey, which included 23
laboratories. The survey shows that there is a range of solvents currently used for TPH
extraction across the laboratories. Although the use of freon was originally preferred due to
the regulatory restrictions, altemative solvents have since been used due to there being very
limited information available to help identify a specific solvent which can be used as a good
substitute for freon. The TPH recoveries associated with a change of solvent needs to be
investigated to establish comparability and highlight limitations due to various extraction
efficiencies. In Ausfralia and many other countries the variation isfrequentlyobserved during
proficiency studies using split samples (i.e. samples regarded as portions taken from a single
core sample) for the analysis of TPH'^.

Tetrachloroeth>iene
Hexane/Axtone
Fentane/Acetone
Cyclohexane
DCM/Acetone
Isopropanol
DCM
Freon
0 1

2
3
4
5
Number of Laboratories

6

7

8

9

Figure 3.1: Solvents used for TPH exfractions^.
The exfraction efficiency can be determined by matrix spikes or reference material containing
TPH, A matrix spike is prepared by mixing a known concenfration of TPH with clean soil
thereby producing a quantitatively homogeneous, artificially contaminated soil. The TPH in
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the soil can be measured and the percentage recovered calculated as a percentage. The TPH
contamination m the spiked soil is an artificial system and may behave differently to naturally
contaminated soil. A natural soil can contain numerous variables including non-uniform
particles, moisture, clay content, and organic matter. Options available to homogenise natural
soils without losing analytes are limited due to moisture and TPH instabiHty. Conventional
homogenisation methods such as drying followed by grinding and sieving cannot be applied
to natural soils without the loss ofTPH. Reference soils used in TPH proficiency studies are
prepared by using conventional homogenisation methods because the losses during
preparation are not considered to be important until the final preparation stage is reached.
Therefore, when spiked or reference soils are exfracted using various solvents and tested for
TPH, the statistical variation in concenfration can be within the acceptable limits of
experimental uncertainty. To observe variations of TPH concentrations with a change of
solvent, natural soils need to be tested. Additionally, a reasonable number of samples are
required to obtain a data population sufficient for statistical analysis. For the research
conducted in this chapter, seventy eight contaminated soils were exfracted with three different
solvents.

The resulting concentrations were statistically analysed to determine the

relationship between the TPH recoveries.
The three solvents were chosen from the survey in Figure 3.1 after discussions with many
experts in the TPHfield^*^"^^.Factors including cost, regulatory requirements, extraction
efficiency, toxicity and availability of the solvents were considered as important.

For

example Freon-113 was the preferred solvent but it was removed from production,
distiibution and use due to its ozone depleting properties''^. Since then, DCM has been the
solvent of choice for semi-volatile TPH analysis due to its high exfraction efficiency and
relatively low cost*. The use of DCM/acetone (1:1, v/v) was chosen by some Ausfralian
laboratories with minimum data to support the choice^"^. Alcohols such as methanol and
isopropanol were also chosen to improve the penefration into moist soil due to there being a
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difference in polarity between the moisture and DCM. The relatively low toxicity, lower
disposal cost and concerns over release of chlorinated hydrocarbon residues into the
envfronment were considered to be the advantages of isopropanol over DCM'^^"'^^.
3.2 Materials and Methods
3.2.1 Apparatus
Glassware was purchased from Lab Supply Australia and cleaned by soaking overnight in a
2%, w/w Pyroneg"^"^ solution, rinsed with water, soaked for 2 h in a 1%, w/w chromic acid
solution then washed with water, rinsed with acetone and air dried before use. The glassware
included 250 mL jars with screw cap lids and Teflon'^^* liners, 1 L jars with screw cap lids,
glass rods (typically 6 mm diameter, 15 cm length); volumetric flasks of various volumes and
glass pipettes ranging from 0.5-20 mL, calibrated prior to use. Glass GC vials (2 mL) were
purchased from Prescience (Melboume, Ausfralia) with Teflon'^^* lined crimp caps and a
crimper. A Branson 8210 ulfrasonic bath, with a capacity to hold twenty exfraction jars, 950
W and 47 kHz was used for extracting the TPH. A centrifiige, (MSE Microcentaur) was used
for separating the fine soil particles from the suspension.
3.2.2 Chemicals and Reagents
Acetone, isopropanol and DCM (Omni Solve, chromatography grade) and granular anhydrous
sodium sulfate were obtained from Crown Scientific (Melboume, Ausfralia). Table 3.1
contains a summary of properties of the DCM, acetone and isopropanol^^. Millipore water,
fiirther purified by passing it through four cartridges of a miHi-Q ulfra cartiidge system, was
used to rinse glassware. The glassware cleaning solutions (2%, w/w in water) included,
chromic acid and Pyroneg'^'^ powder purchased from Diversey Lever Ausfralia (Melboume).
The TPH (C10-C36) was defined as the total area of peaks between the retention time of the
start ofthe n-Cio peak to the end-point of n-C36 peak.
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3.2.3 Preparation of Standards
A number of hydrocarbons were chosen to represent the TPH (C10-C36). These normal aUtane
standards were purchased from Sigma, Supelco, and Ulfra Scientific, Melboume, Ausfralia.
They included 99% pure n-CgHio, n-CioH22, n-CuBie, n-CuHso, «-Ci6H34, n-Ci8H38, n-C24H5o,
n-C28H58, n-C3oH62, n-C32H66, and W-C36H74. Each of the individual n-C9H2o, n-CioH22, «C12H26, «-Ci4H3o, «-Ci6H32, n-Ci8H38, /7-C24H50, W-C28H58, n-C3oH62 wcrc weighed and prepared
as 10,000 mg/L standards with DCM in calibrated standard flasks. The n-C^jiriee and «-C36H74
were difficult to dissolve and required the use of a small volume of carbon tefrachloride. The
10,000 mg/L solutions were diluted to achieve calibration and spiking mixed standards each
containing 2,10, 25 and 1000 mg/L hydrocarbon in DCM.
3.2.4 Preparation of Samples
Due to the relatively high volatility and instability of TPH, soils were not prepared using
conventional soil preparation techniques such as drying, grinding and sieving to obtain total
homogeneity prior to sub-sampling^^'^^. Therefore, to homogenise and prepare the soils, a
delicate balance between optimum homogeneity with minimum losses was considered '^. Soil
samples were placed in 250 mL glass jars with screw tops and Teflon^M liners to minimise
losses. These jars were placed in a refiigerator at 4 °C overnight prior to sampHng by removal
of the top 5 cm. Gravel, twigs or other material was removed from the jars. If the samples
werefree-flowing,sandy soil they were end-over-end shaken for 10 min and a composite was
collected from different locations within the jar. If the samples were sticky (clay material) an
apple corer was used to collect sub-samples from different locations within the jar to obtain a
representative composite.
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Obtaining representative soil samples was a challenge due to the heterogeneity of different
soil matrices^'*'^^"^^'^^'^^. Additional difficulties were encountered with types of pefroleum
hydrocarbons in the soil due to the wide range of volatility, solubility, biodegradation and
potential adsorption onto the soil of the individual constituents^^'". The current research
focuses on TPH contaminated soil samples presented to the laboratory and so the field
sampling was regarded to be beyond the scope of this work. The basis for using large sample
numbers (i.e. 36 and 42) was to achieve statistically-based conclusions which offset possible
random errors. Soils were prepared to draw representative and homogenous portions from a
large repository, as needed for the comparative testing. Approximately 0.5 kg of each ofthe
seventy eight contaminated soils were collected from decommissioned service station sites in
and around Melboume, AusfraHa and the samples were individually homogenised. Soils were
numbered sequentially and stored in 1 L glass jars at 4 °C. The possible losses during the
homogenisation process were not investigated here since the study was designed only to
determine TPH concenfrations achieved by using each solvent.
3.2.5 Extraction Process
The TPH (C10-C36) from soil can be exfracted either by shaking or vorfrexing with solvent.
Adding a desiccant helps to break up the soil thus increasing the surface area available for the
removal of bound TPH. The exfraction efficiency depends on the soil type with clay soil
requiring relatively more vigorous exfraction conditions than sandy soil. Soxhlet exfraction
described by the USEPA SW-846 series method 3540^"^"^^ is regarded to be highly efficient.
The sonication exfraction technique based on USEPA SW-846 series method 3550 B
works by using sound waves to enhance analyte transfer from sample to solvent. Sonication
exfraction is regarded by most analysts to be a good substitute and a practical method for
exfracting TPH. Sonication requires relatively less time and solvents than Soxhlet extraction
and is easier to operate.
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3.2.6 Analysis ofTPH (C10-C36)
The semi-volatile TPH (C10-C36) fraction is subdivided into C10-C14 (e.g. kerosene fraction),
C15-C28 (e.g. heavy kerosene and lubricating oils fraction) and C29-C36 (asphalt fraction).
Once the extraction is complete the exfract can be analysed by gas chromatography with
flame ionisation detection (GCFID). The cost differences between the solvents is moderate
but the disposal cost of DCM residues is higher due to its toxicity. Isopropanol, a solvent
with relatively low toxicity was compared with DCM/acetone (1:1, v/v) as requested by the
Victorian Environmental Protection Authority (VicEPA) to limit the production of chlorinated
•2 1

solvent waste . The aim of this study was to statistically compare the TPH (C10-C36)
concentration obtained by extracting each contaminated soil using each of the three solvents.
The toxicity and the environmental significance of DCM and the possible omission of DCM
in fiiture were considered to be significant factors for the isopropanol trial .
The GCFID analyses were conducted by using a Hewlett Packard (HP) 5890 Series II GC
fitted with SGE BPX5 (25m x 0.22 mm I.D. x 0.25 pm film thickness) column, HP 7673A
auto sampler, FID and HP Chemstation software.

The GCFID conditions comprised an

injector temperature of 325 °C, detector temperature of 350 °C, column head pressure of 175
kPa, oven temperature program at an initial temperature of 40 °C, initial hold time of 0.8 °C,
temperature rate of 27 °C/min upto 100 °C, temperature rate of 35 °C/min upto 350 °C and a
final hold time of 5 min. The GCFID was calibrated using tiie 2, 10, 25 and 1000 mg/L
standards. The integration event timetable was programmed to calculate the TPH in the CioC36 ranges. The TPH (C10-C36) concenfrations of 75 mg/kg or greater were collected for the
data analyses. Samples that did not generate TPH (C10-C36) at or above 75 mg/kg were
excluded from the study.
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3.2.7 Moisture Analysis
The moisture content of each of the soils was assessed to obtain the TPH (C10-C36)
concentration on a moisture-free basis. The soil weighing dishes (75 mm diameter and 25
mm deep) were placed inside a drying oven at 105 ± 5 °C for 1 h to remove fraces of
moisture. The dishes were removed from the oven and placed to cool inside a desiccator
charged with silica gel. Using an analytical balance the empty dishes with lids were weighed
and a 10 ± 0.1 g sample of soil was placed in each dish and the mass recorded. The dishes
were removed and placed in the desiccator. This process was repeated until a constant weight
was achieved with the removal ofthe moisture from the soil. Using this method the moisture
content of each ofthe soils was determined in duplicate.
3.2.8 Soil Characterisation Using Northcote Bolus Manipulation
Soil texture was measured by the Northcote bolus manipulation process. The method assesses
the behaviour of a small handfiil of soil, moistened and kneaded into a ball and pressed
between the thumb and forefinger . The method involved a sample of soil, sufficient in size
to comfortably fit onto the palm that was moistened with water (a little at a time) and kneaded
until a ball of soil was formed. The ball should just be wet enough to fail to stick to the
fingers. More soil or water was added to attain the condition known as the sticking point.
Kneading and moistening were continued untH the sod ball was homogeneous, usually
requiring a working time of 1 to 2 min. Following this procedure, the soil ball, or bolus, was
ready for shearing manipulation, but the behaviour ofthe soil during bolus formation was also
indicative of its texture. The behaviour of the bolus and the ribbon produced by shearing
(pressing out) between thumb and forefinger characterised the texture. Nineteen grades of
texture are identified by this method and they have been categorised into three main groups as
defined by the behaviour ofthe moist bolus.
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3.2.9 Comparison Studies
Two studies were conducted using TPH contaminated soil. The soil was exfracted by
sonication technique^''°'^'''^ The contaminated soil samples were divided into two groups,
one group containing 36 samples and the other containing 42 samples. The 36 soils were
exfracted as single samples for each solvent using DCM and DCM/acetone (1:1, v/v) and the
42 samples were exfracted as single samples for each solvent using DCM/acetone (1:1, v/v)
and isoproponol. The soils were prepared by weighing 10 g portions into 125 mL glass jars
with screw cap lids and Teflon'^'^ liners and 20 mL of respective solvents were added. The
samples were mixed using glass rods and each jar was placed in the ultrasonic bath and
sonicated for 10 min. The extracts were dried with anhydrous sodium sulphate (by adding
approximately 10 g while mixing well with a glass rod) and the samples were placed in the
ulfrasonic bath for a fiirther 1 h. Samples were allowed to settle from the solvent fraction and
the supematant was checked for suspended particulate or floating insoluble material. If these
material were present, a portion ofthe supematant was centrifiiged at 13 000 rpm for 5 min.
When the solution was clear a sample of the supematant was transferred to a 2 mL glass
crimp top GC vial and crimped immediately. The exfract was analysed using the HP 1613A
auto-sampler with a calibrated syringe containing a sampling sequence to deliver 1 pL with an
accuracy of ± 0.001 pL.

The samples were analysed by GCFID in batches. Each batch contained extracts based on
one solvent to avoid retention time and chromatographic variations. Each batch of samples
contained calibration standards, one reagent blank representing the solvent, one soil blank
exfracted with the respective solvent and the soil exfracts. Analysis of solvent and reagent
blanks determined if there was interference by artefacts.

Every one in four injections

contained a 2 mg/L calibration check standard to monitor the response for changes and check
for possible variations in the auto-injector. If the response of an adjacent pair of calibration
check standards varied by more than 10% the analysis of the range was repeated. Intemal
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standards (IS) were not used with the GCFID. Further details regarding the exclusion of the
IS are discussed in Chapter 4. Quality assurance studies were conducted by preparing a
recovery sample. The recovery was prepared using contamination free soil (10.0 g) spiked
with 500 pL ofthe 1000 mg/L recovery standard. The spike was delivered by injecting 500
pL of recovery standard just below the surface of the soil on the side of the jar through a
calibrated 1000 pL syringe. The concentration of TPH in spiked soil was at 550 mg/kg.
Once the spike was delivered into the jar the Hd was closed and the contents ofthe jar were
shaken for at least 10 min to obtain proper distribution. The percent recovery of TPH was
determined by comparing the spiked amount with the recovered amount.
A calibration curve was prepared using 2, 10, 25 and 1000 mg/L TPH solutions. The 2 mg/L
standard was used as the calibration check or the working standard. The acceptable recovery
percentages were set between 80-120%) based on USEPA-SW846 criteria^^.
The calibrations were performed whenever there were changes to the operating conditions.
The calibration results were used to construct a calibration table to ensure that the FID was
operating with minimum response factor variations. A calibration check standard (2 mg/L)
was used to obtain the normal alkane retention times. The TPH (C10-C36) fraction was
defined as the retention window ofthe beginning ofthe Cio peak and the end ofthe C36 peak
and the total chromatogram was integrated using the baseline-to-baseline integration
technique. Results for each sample were obtained directly from the calibration report and the
result was corrected to account for the moisture factor.
The proper baseline constmction was essential to obtain an accurate TPH concenfration.
Baseline drift during the oven temperature program was compensated by baseline subfraction
using the column compensation fiinction on the GCFID. Baseline-to-baseHne integration
mode rather than the peak-to-peak integration was used in the quantification to include the
UCM. Peak-to-peak integration mode quantifies only the resolved individual hydrocarbons
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omitting the contiibution by the UCM. The TPH (C10-C36) fraction was calculated after
setting the baselines over the appropriate retention time range.

The integration event

timetable was programmed to calculate the area between the designated time range for the
fraction.
Due to the presence of a UCM in the chromatographic range the use of an IS was not
practical. Additionally if an IS co-eluted with sample peaks accurate measurements would
not be obtained resulting in significant errors. Therefore, in place of an IS the response ofthe
2 ng/pL calibration check standard between every four samples was monitored.
3.3 Calculations
A GC calibration factor was calculated to compensate for the moisture content, sample
extraction volume and sample mass. The formula is:
,^^ ,- .u .• ^ ^
100
* Extraction Volume (0.020L)
GCCalibrationFactor = - - — ;
-*
;
,^\.r., .
[ 1 0 0 - ( % moist)]
Sample Mass (0.010kg)

The TPH (C10-C36) concenfration was obtained from the calibration report.
3.4 Results and Discussion
The results were calculated on a moisture-free basis and reported as TPH (C10-C36) in mg/kg
of soil for each sample. Sample chromatograms are included below to demonsfrate the unique
TPH profiles obtained with a range of peaks including the UCM and demonstrating the need
for a baseline-to-baseline integration technique to be used. Figure 3.2 shows a chromatogram
of a TPH (C10-C36) sub-sample from a homogenised contaminated soil exfracted with
DCM/acetone (1:1, v/v) and Figure 3.3 shows a chromatogram of a second sub-sample from
the same bulk sample exfracted with isopropanol. These two chromatograms demonsfrate the
variation in exfraction efficiency ofthe two solvents.

82

To conduct a comparison between solvents the paired t-test was used'^^. The t-test allows the
determination ofthe variation between methods by restricting the swamping effect caused by
differences between the individual soils. Adopting the null hypothesis that there is no
significant difference in the mean concenfration obtained by the two solvents, the mean ofthe
differences was tested to confirm if they differed significantiy from zero. If the numerical
value for the t-critical obtained for (n-1) degrees of freedom is greater than the calculated t,
the nuH hypothesis is retained and the methods would be deemed to be statistically
comparable. If the calculated t is greater tiian tiie t critical then the null hypothesis is rejected
and the two methods would be deemed to be not comparable.
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Figure 3.2: Sample chromatogram of soil extracted by DCM/acetone (1:1, v/v).
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Figure 3.3: Sample chromatogram ofthe above soil extracted by isopropanol.
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If two methods are comparable using the t-test, the F-test is applied to investigate if one
method is more precise. Calculating the two sample variances the ratio should be such that F
should always equal to 1. The null hypothesis adopted was that the populations from which
the samples were taken are normal, and that the population variances are equal. If the null
hypothesis is tme, the variance ratio should be close to 1. Differences from 1 can occur due
to random variation but if the difference is too great it can no longer be attributed to this
cause. Therefore if the calculated value of F exceeds a certain critical value obtained from
tabulated values then the null hypothesis is rejected.
Appendix 3.7.1 contains the paired t-test results between DCM and DCM/acetone. The t critical
value is 2.04 compared to the t calculated value 0.8156 at p = 0.05. Therefore the t calculated < t
critical and the null hypothesis is retained. The DCM and DCM/acetone (1:1, v/v) solvents
produce comparable TPH (C10-C36) concenfrations. Appendix 3.7.2 contains the paired t-test
results between DCM/acetone (1:1, v/v) and isopropanol. The t critical value is 2.04 compared
to the calculated value 2.77 at p = 0.05. Therefore the calculated > t critical and the null hypothesis
is rejected. The DCM/acetone (1:1, v/v) and isopopanol solvents do not produce comparable
TPH (C10-C36) concentrations. Appendix 3.7.3 contains results of the F-test applied to
establish if there is an advantage of DCM over DCM/acetone (1:1, v/v) in extracting soil
contaminated with TPH (Cio-Cse). The comparison of F critical against the F calculated for DCM
against DCM/acetone (1:1, v/v) showed F critical = L93 compared to
F calculated = L43 at p = 0.05. Therefore the TPH (C10-C36) concenfrations obtained by
DCM/acetone (1:1, v/v) appears to be more precise compared to the data achieved by using
DCM alone. However, the difference is not significant. For the difference to be statisticaHy
significant the F calculated should be greater than F criticalThe TPH (C10-C36) concenfration achieved by the two solvent systems are presented in
Figures 3.4 and 3.5. The comparison of DCM against DCM/acetone (1:1, v/v) was conducted
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on 36 soils classified to be sand, sandy loam and clay. The soils were extracted in duplicate
with each solvent and the TPH (C10-C36) concenfrations were computed on a moisture-free
basis.
The paired t-test results applied to the mean differences demonstrate that DCM and
DCM/acetone (1:1, v/v) solvents do not significantly alter the exfractable concenfration of
TPH(Cio-C36).
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When the F-test was appHed to compare if DCM is a better solvent than DCM/acetone (1:1,
v/v) for TPH recovery, there was only a marginal bias towards the precision of DCM/acetone.
This is most likely due to the ability of acetone as a polar solvent to penetrate wet soil and
assist DCM to dissolve TPH.
Comparing the results of DCM and DCM/acetone, it can be concluded that at high
concentrations ofTPH DCM/acetone appear to give lower results. This can be caused by the
limitation of solubility of TPH components in the solvent.

At lower concenfrations

DCM/acetone give higher concenfrations which is due to the availability of additional solvent.
Because there can be many components including TPH, PAHs, and polar non hydrocarbon
type components it is very difficult to assess if the DCM/acetone was sufficient to exfract the
TPH at higher concenfrations.
3.5 Conclusion
The results ofthe 36 contaminated soil samples which included sand, sandy loam and clay
demonsfrates that TPH concenfrations achieved from DCM/acetone (1:1, v/v) to be more
precise than DCM only concenfrations. However, the difference was not significant. It is
therefore appropriate to use either ofthe DCM and DCM/acetone (1:1, v/v) for the exfraction
ofTPH (C10-C36)fromsod. However, including acetone with the DCM as a 1:1 (v/v) solution
will enable DCM to penefrate the soil even when soils are heavily moisten.
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Chapter Four: Extraction ofTPH from Clay SoUs by Sonication and
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4.1. Introduction
The thfrd step of the anal)/tical process is the extraction technique. Usually the exfraction of
TPH volatile and the semi-volatile fractions are treated differently due to variations in
required extraction conditions.

This chapter will examine some of the more common

extraction methods used for the semi-volatile fractions. Regulatory authorities around the
world use the total pefroleum hydrocarbon (TPH) concenfrations as an indicator for the level
of soil contamination by pefroleum products. Similarly in Ausfralia, TPH analysis of soil is an
integral part ofthe site contanunation assessment^~^. Numerous analytical methods have been
developed to obtain optimum results in response to the problem by the Ausfralian testing
laboratories ~ . Most of the current methods used in the TPH analysis are derived from the
United States Environmental Protection Agency (USEPA)'^. A site may require a clean-up
when the concentrations of TPH present in the soil represent an unacceptable risk to human
health, land use or the environment. The principles for such clean-ups are detaded in the
Ausfralian and New Zealand Guidelines for the Assessment and Management of
Contaminated Sites (ANZECC) and the National Environmental Protection Measures
(NEPM) ^''*. The site specific TPH requiring to be investigated are the total hydrocarbons (Ce~
C36), fractionated hydrocarbon groups including the volatile C6-C9 fraction and the semivolatile fraction (C10-C14, C15-C28 and C29-C36 f. The TPH (C6-C36) is defined as the total of
the above volatile and semi-volatile four fractions. The concenfration of the TPH
contamination in mg per kilogram of moisture free soil is used to decide whether a clean-up is
required^~^.

The semi-volatile TPH fraction in Ausfralia is regarded as the fraction containing C10-C36 .
However, there can be variations to this range of carbon numbers with the change in
guidelines in various parts of the world. For example, in Germany this range is extended to
Cio-C4o^ This fraction is usually exfracted from soil by Soxhlet exfraction^'~^^ or sonication
exfraction'^ Soxhlet extraction is regarded as an efficient exfraction technique commonly
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used in exfracting semi-volatde organic compounds from soil^'^''*~'^. The choice of exfraction
technique is decided on the basis of cost and time considerations. Sonication extraction is
regarded as a faster technique than Soxhlet and requires less solvent and can be conducted in
large batches using a small setting-up area. Therefore, in Ausfralia, sonication extraction is
more popular than the Soxhlet extraction^. The use of sonication and Soxhlet exfractions for
TPH exfraction in soil is regarded as a valid technique by regulators around the world^'''~^''^.
The National Association of Testing Authorities (NATA) of Australia accepts both techniques
when methods are submitted for registration. This work is designed to determine if there are
statistical variations in TPH (C10-C36) obtained by Soxhlet extraction and sonication
exfraction when homogenised samples of clay soils are split into sub-samples, exfracted by
the two techniques and analysed by GCFID. The results of this work will inform the user of
the two methods and assist in understanding the expected variations in order to take adequate
steps to minimise the impact on the results and the decisions based on them. Projects
conducted on contaminated site assessments cannot proceed to the next stage until the soil
assessment results are available. For example during a validation stage of a site the longer the
time taken to conduct analysis the greater the rental cost for excavating equipment which is on
stand by. A review conducted by the Environmental Protection Authority of Victoria,
Ausfralia (VicEPA)^ concluded that among the responding nineteen TPH testing laboratories
ten laboratories used sonication exfraction and six used Soxhlet (Figure4. 1). Table 4.1 is a
summary of significance ofTPH components published by the AIP .

Shake and Stand

9
Number of Laboratories

Figure 4.1: Plot of exfraction technique survey.
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Clay soil contaminated with TPH was chosen for research because contaminated clay is
regarded as the most difficult to homogenise, sub-sample and extract due to their tightly
1 *? 1 fi

packed structures and limited permeabdity ' . This study was conducted on clay soil
coHected from a contaminated site in Southern AusfraHa.

The clay content of all

contaminated soils analysed for this research was greater than 50%.
The research in this chapter included the comparison of TPH concenfrations achieved for
fractions Cio-Cu, C15-C28, C29-C36 and C10-C36 in homogenised sub-samples of soil when
exfracted by sonication and Soxhlet methods and analysed by the

GCFID'''^'^°.

Eighty four

contaminated soil samples were collected from a discontinued refinery site to be used in this
research. The range of TPH in each of the samples were unknown prior to the study and all
the samples were assumed to contain TPH across the chromatographic range of C10-C36. The
concenfration of semi-volatile TPH fractions (C10-C14), (C15-C28) and (C29-C36) were
determined by sonication and Soxhlet extractions^'^"^.
As discussed in Chapter 3, TPH represent a lumped parameter rather than an ensemble of
individual compounds and characterisation relies on the total area (detector response) of the
resolved and miresolved components of pefroleum mixtures ^'^\

The resolution and

quantification ofTPH using GC are unique and different to conventional GC procedures. The
GC separations are usually designed for samples producing sharp peaks with baseline
separations and resolution. For example if six pesticides are monitored in a soil exfract which
isfreeof artefacts, six compounds eluting at specific retention times with baseline separations
can be achieved. However baseline separation is not usually achieved during TPH analyses
due to unresolved complex material (UCM) ^. Therefore the analyst should be able to work
1 9 22-25

within this chromatographic limitation to compute the resulting TPH concenfration ' '
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4.2 Experimental
4.2.1 Soil Sampling
SoU samples were collected from an oil refinery site (manufacturing, storing and processing
pefrol, diesel and lubricating oils) using a hollow-stem auger drilling technique into solvent
washed stainless steel cores. The soils were taken from the top 10-25 cm and the cores were
sealed with Teflon'^'^ tape. The core samples werefransferredwithin 8 h of sampling to the
laboratory at 4 ^'C. Each core sample wasfransferredinto a 250 mL glass jar with Teflon •^'^Imed caps. These soils were homogenised^^, classified^^'^^, tested for moisture^^ and subsamples extracted by the sonication^'^'^^ and the Soxhlet exfraction^ ^•^^. The exfracts were
concenfrated or diluted as required and analysed by GCFID.
4.2.2 Sub-Sampling of Soil
Vigorous homogenisation techniques such as grinding and particle sizing were not applicable
to wet clay requiring to be tested for TPH due to losses. Each of the soil samples were
weighed into four, 10 g lots to be analysed as follows: (i) classification, (ii) moisture analysis,
(in) sonication exfraction and (iv) Soxhlet exfraction.
4.2.3 Apparatus
Glassware used for the study is described in Section 3.2.5.

Additionally the Soxhlet

exfraction apparatiis was assembled using 70 mL exfractor tubes fitted with two neck 500 mL
round bottom flasks, consisting a second side neck with a thermometer probe inlet sealed by a
TeflonTM lined silicone septa. Whatinan'^'^ cellulose thimbles (25 mm ID and 80 mm length)
washed witii dichloromethane (DCM); volumetiic flasks, pipettes and 2 mL GC vials with
crimp caps (containing Teflon''^''^ lined rubber) and a crimper was required.
4.2.4 Reagents
Many of the substances used in this study are flammable, toxic or corrosive and therefore
utmost care was taken when performing experiments^^'^^. The solvents and reagents included
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chromatographic grade DCM (Merck-pesticide residue grade) and Mallinckrodt, granular
anhydrous sodium sulphate obtained from Crown Scientific and Millipore water fiirther
purified by passing through four cartridges of a mHH-Q ultra cartridge system. The solutions
for cleaning glassware included, chromic acid (prepared by saturating analytical grade
potassium dichromate in analytical grade concenfrated sulphuric acid and 2% (v/v) water and
Pyroneg powder (2%, w/w) in water prescribed for cleaning laboratory glassware.
4.2.5 Standards
Calibration standards were prepared by using 99% pure normal alkanes purchased from
Sigma, Supelco, and Ultra Scientific. They include n-C9H2o, n-CioH22, n-Ci2H26, n-CuHso, nC16H34, n-Ci8H38, n-C24H5o, n-C28H58, n-C3oH62, n-C32H66 and n-C36H74. These components
were individually weighed and prepared in DCM as described in Section 3.2.6.1.
4.2.6 Major Equipment
Hewlett Packard (HP) 5890 Series II GCFID fitted with an SGE BPX5 (25m x 0.22 mm I.D.
x 0.25 pm F.T.) column, with HP 7673A auto-sampler, FID detector and computer confrolled
HP Chemstation software. A steam bath suitable for holding 500 mL round bottom flasks and
an ulfrasonic bath (Branson 8210, 950 W and 47 ± 0.6 kHz).
4.2.7 Soxhlet Extraction
Homogenised soil was weighed into Soxhlet thimbles in 10 g lots and placed inside Soxhlet
exfraction tubes above the two neck round bottom flasks containing 300 mL of DCM. The
entire Soxhlet assembly was placed on a boiHng water bath with running water condenser.
The Soxhlet exfraction was carried out for 16 ± 2 h at a rate of 10 cycles/h. At the end of tiie
exfraction period the solution was decanted into a Kudema Danish evaporator and the volume
reduced to approximately 100 mL. The solution was quantitatively fransferred into 100 mL
volumetric flask and after the volume was adjusted to the calibration mark with DCM, shaken
to obtain homogenisation prior to GCFID analyses.
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4.2.8 Sonication Extraction
Further 10 g lots of homogenised soil were weighed into 250 mL glass jars and 20 mL of
DCM added and sonicated for 10 min. Anhydrous sodium sulphate (10 g) was added and
mixed using a rod and the mixture was fiuther sonicated for 16 ± 0.5 h. The temperature in
the ulfrasonic bath was maintained at less than 10 °C to minimise any heat generation. At the
end ofthe exfraction period the solution was transferred into a 100 mL volumetiic flask and
the volume was made up with DCM. These solutions were analysed by GCFID. The
moisture content of each of the test soils was analysed by the method specified in Section
3.2.6.4.
4.2.9 Analysis by GCFID
The GCFID was calibrated by the normal alkane mixtures of 2, 10 and 1000 mg/L as in
Section 3.2.6.7. The response ofthe 1000 mg/L normal alkane mixture was verified using a
1000 mg/L diesel fuel standard. The experimental concenfration ofthe diesel fiiel computed
by using the 1000 mg/L normal alkane mixture was 980 mg/L which differed by less than 1%
of the certified concenfration of the diesel standard. Therefore the normal alkane standards
was used in quantifying TPH contamination in soil caused by diesel, kerosene and heavy oils.
The soil exfracts were analysed as batches by the GCFID. The GCFID was calibrated using
three calibration standards. The 2 mg/L was chosen as the calibration check standard and
analysed at intervals of one in every four injections. Figure 4.2 contains a chromatogram of a
TPH calibration standard. Response between two adjacent calibration check standards were
monitored to check if the injector volumes were consistent. If the response between two
adjacent check standards differed more than 10%), then the samples between the adjacent
check standards were reanalysed assuming errors in the auto-injections. These steps were
taken to improve the quality of the data and to compensate for omitting intemal standards
(IS). The IS were not considered for this part ofthe research due to (i) GCFID not having the
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capability of identifying co-eluting compounds, (ii) IS can overlap with TPH, (Hi) TPH
components can be present in all regions of the chromatogram (iv) compounds outside the
C10-C36 range i.e. C4o^ can be too insoluble as IS (v) early eluting compounds are too volatile
as IS and (vi) the front of the chromatogram just prior Cio may contain a mass of peaks
making it impossible to identify the IS.
There were secondary reasons for omitting IS. Utmost consideration was given to minimise
the analyses time to manage urgent tum-around times required for TPH assessments. During
the analysis of a batch of soil exfracts the following quality assurance samples were included
to improve the evaluation of data. Blank samples prepared by using hydrocarbon free soil
processed using the same extraction technique, reference material obtained from the National
Analytical Reference Laboratories (NARL) Ausfralia, clean soil samples spiked with known
amounts of normal alkanes to check percent recoveries.
Analyses were performed on a HP 5890 GC fitted with a FID*. Sample volume used for the
analysis was 1 pL, injection, injector temperature 325 ''C, detector temperature 350 °C, head
pressure 175 kPa, initial temperature 40 °C, initial time 0.8 min., ramp rate 27 °C/min up to
100° C, ramp rate (2) 35 ° C/min up to 350 ° C, and hold time 5 min. The TPH concenfrations
were calculated on a moisture free basis and the three fraction concenfrations were compared
by comparison ofthe concenfration obtained on each fraction. Figures 4.3 (a-c) shows typical
TPH profiles detected in semi-volatde hydrocarbon region containing unresolved complex
material (UCM).
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Figure 4.3 (a-c): Examples of a typical TPH sample profile at the semi-volatile range.
4.2.10 Analysis of Chromatograms
The integration event timetable was programmed to calculate the TPH fraction concentration
in the Cio-Cu, C15-C28 and C29-C36 time ranges. Soil samples containing TPH concentrations
greater than 10 mg/kg for each of the three fractions were detected by the GCFID. These
concenfrations were recorded for statistical tests.
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4.2.11 Characterisation of Soils
Characterisation ofthe soils were performed by the Northcote bolus manipulation technique^''.
Presence of lime was tested by adding a few grains of soil into a 2 molar hydrochloric acid
solution and checking for fissing.
4.3 Results and Discussion
The eighty four contaminated soils were subjected to the following tests. Soil type, the
moisture content, presence of lime and the TPH concenfrations for fractions Cio-Cu, C15-C28,
C29-C36 and C10-C36. The results of the TPH fraction concenfrations were tabulated and
presented in Appendix 4.6.1. The classifications and the summary ofthe classifications were
tabulated in Appendix 4.6.2 and 4.6.3. The TPH fractions C10-C14, C15-C28, C29-C36 were
statistically tested using the t-test statistics tabulated for statistical comparison '^^. The results
ofthe t- tests are tabulated in Appendices 4.6.4-4.6.6. The 84 contaminated soils were all clay
soils. They included 66 grey/brown clays, 8 sandy clay and 10 clay loams. Figure 4.4
represents the percentage of each clay type.

The percentage moisture range for the

grey/brown clay were 11-29 with a mean percent of 20, sandy clay were 6.9-16.3 with a mean
percent of 11.6 and clay loam 11.4-32.7 with a mean percent of 22.1. Figure 4.5 represents
the percentage moisture range for each of the clay soil types. The soils contained a wide
moisture range with a minimum of 6.9% and a maximum of 32.7% with a mean percent of
19.8. It is considered that the occurrence of relatively high moisture in clay soil to be
common due to limited space among the soil particles for the permeation once the moisture is
enfrapped. Lime was present in 11% ofthe grey/brown clay, 11% ofthe grey/brown sandy
clay loam and 91% of the grey/brown clay loam. Total chromatographic response was
assumed to be contiibuted by the TPH in each of tiie samples. The chromatographic
contribution by the reagent blank was subfracted from every chromatogram.
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Figure 4.4: Percentage of each clay type.
The concenfrations for each ofthe TPHfractionsranged 100-19,000 mg/kg for TPH (Cio-Cu)
with a mean of 9,550 mg/kg, 120-8,100 mg/kg for TPH (C15-C28) with a mean of 4,110 mg/kg
and 120-6,700 mg/kg for TPH (C29-C36) with a mean of 3,410 mg/kg respectively. The sods
contained a wide TPH range with a minimum of 100 mg/kg and a maximum of 19,000 mg/kg
with a mean of 9,550 mg/kg. Among the 84 tested samples of contaminated sods 21 were
determined to contain similar TPH (C10-C14) concenfrations by sonication and Soxhlet
exfraction techniques.

The remainder was producing higher concenfrations by Soxhlet

extraction.
Samples containing similar concenfrations ofTPH by the two exfraction techniques contained
only 50 mg/kg of the TPH. There were only two samples with the same concenfrations of
TPH (C15-C28)fractionobtained by the two exfraction techniques and the rest produced higher
concenfrations for Soxhlet. These two samples were fiirther examined and one was detected
at 50 mg/kg and tiie other at 6,700 mg/kg. There were 29 samples with similar concenfrations
of TPH (C29-C36) fraction obtained by the two extraction techniques and the rest produced
higher concenfrations for Soxhlet exfraction. It was noted that samples containing similar
concenfrations by the two exfraction techniques were only 50 mg/kg (which would have been
tiie background contamination ofTPH on the site and this concentration was twice the limit of
detection of TPH). This variation is most likely due to the tightiy compacted texture of the
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clay soils, which require sfronger exfraction conditions to be released from the soil into the
solvent prior to analysis. Figures 4.6 contains the concenfration range of TPH exfracted by
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Figure 4.5: Percentage moisture range.

The TPH fraction concentrations were compared by using paired t-test. The calculated t-test
results between sonication and Soxhlet exfractions at 95%) confidence interval are 5.28, 6.79
and 4.75 respectively. The t critical value is 1.96 for n-1 degrees of freedom. Therefore
t calculated is greater than t critical for the three fractions, the null hypothesis is rejected and the
two exfractions produce statistically different concenfrations with the Soxhlet being higher.
Figures 4.7-4.11 shows histograms ofTPH (C10-C14), (C15-C28), (C29-C36) and (C10-C36)
respectively. The histograms for each of the fractions are presented in two parts to obtain
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better data representation. This study concludes that clay sods contaminated by TPH Cio-Cu,
C15-C28, C29-C36 (i.e. C10-C36) generates statistically greater TPH concenfrations by Soxhlet
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Figure 4.10b: Comparison ofTPH (C10-C36) concentrations by sonication and Soxhlet.
Figure 4.11 contains the TPH (C10-C36) concenfrations by Soxhlet exfractions plotted against
their corresponding sonication concenfrations. This figure demonstrates that the data points
are closely clustered around the lower left comer but towards the upper right comer of the
plot they are markedly spread out.

With the aid of the regression analysis facility of the

Excel® 97 Worksheet a frend line is drawn to the scatter plot based on a power regression
model. The trend line passes through the origin and its equation is ofthe form
y=ax^
where a and b are constants; y is the dependent variable representing the TPH concenfrations
by Soxlet exfraction; and x is the independent variable representing the TPH concenfrations
by Sonication exfraction. The value of a = 14.835 and that of b = 0.765. Hence
y=14.835x°-^^l
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Figure 4.11: Scatterplot ofTPH (C10-C36) concentrations by sonication and Soxhlet
exfractions.
A commonly used measure of the goodness of fit of a regression model is the coefficient of
determination, denoted by R^. R^ indicates the proportion of variation in the dependant
variable (the y values) which can be explained or accounted for by the regression model. The
coefficient of determination for this power regression model calculated is 0.7658 (76.58%).
This implies that the regression model determined for the variables of the Soxhlet exfractions
and the variables of sonication exfractions is a good fit since 76.58% ofthe variations in the
TPH (C10-C36) concenfrations exfracted by the Soxhlet method can be explained by the
equation ofthe regression model.
4.4 Conclusion
This study concludes that clay soils contaminated by TPH fractions C10-C14, C15-C28, C29-C36
and C10-C36 will generate statistically higher concenfrations when the exfraction technique is
by Soxhlet than by sonication under the conditions used in this trial. This variation is most

113

likely due to the tightiy compacted texture of the clay soils compared to soils which are
loosely packed such as sandy soils. It should therefore be noted that if TPH (C10-C36) analysis
are to be conducted on soil collected from one site, it is necessary to use the same exfraction
technique to obtain precise concenfrations. If samples were analysed by different exfraction
techniques then the concentration frends will not be seen due to variation in extraction
efficiency. However the accuracy of the data will be biased towards Soxhlet exfraction than
those obtained from sonication exfraction.

This finding shows a relative underestimation ofthe TPH concentration in contaminated soils
when the soil is exfracted by the sonication exfraction technique and therefore since most
commercial laboratories use the sonication technique for the extraction of soil they most
likely will be underestimate the "true" TPH concenfration. Since the TPH does not have a
comprehensive definition it is difficult to propose a "true" value.
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5.1 Introduction
Since there are a multitude of variables which can be monitored during an exfraction process
this chapter examines some of these parameters.

The assessments are carried out by

maintaining some of the variables constant while fluctuating the others to determine if there
are statistical differences in the TPH measurements. Exfraction ofTPH in soil is an important
analytical step within any given analysis. This chapter examines some of the specific
exfraction conditions applied to soil for the separation of TPH. Exmnples of extraction
methods are (i) exfracting analytes into a solvent, (ii) heating the samples to vaporise the
volatile fraction and (iii) purging samples with an inert gas to remove volatile components ^
The USEPA Office of Solid Waste has published a series of methods (SW-846) which contain
these extraction steps^. In this series there are approximately twenty methods addressing
extraction and preparation of organic chemicals for analysis ' .
There are two groups ofTPH requiring exfraction from soil and are broadly classified into (a)
volatile pefroleum hydrocarbons containing C6-C9 (gasoline range) and (b) semi-volatile
pefroleum hydrocarbons containing C10-C36 (diesel and lubricating oil range) . Reliable
anal5^ical data for both the volatile and semi-volatile TPH contamination in soils is critical
when making decisions during land fransactions and site developments " .

The

determination of TPH can be performed using a variety of exfraction, detection and
quantification techniques. The commonly used exfraction techniques for isolating volatile
and semi-volatile TPH from contaminated soils are, (i) Soxhlet exfraction (for semi-volatile
TPH), (ii) exfraction by soncation (volatile and semi-volatile TPH), (iii) exfraction by
tiimbling (volatile and semi-volatile TPH), (iv) exfraction by soaking (volatile and semivolatile TPH), (v) headspace sampling (volatile TPH) and (iv) purge and frap (P&T) (volatde
TPH). Soxhlet, sonication, tumbling and soaking require the use of solvents to extract the
TPH from the soil. The headspace sampling technique and the P&T are specific for volatile
TPH analysis^^'^^'^^. GC techniques which are used in determining and quantifying TPH
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require FID^^'^^'^^ or GC/MSD^°.

Standard reference soils or certified grade chemical

standards are used in identifying and quantifying the extracted TPH.

These reference

materials should have known purities with a certification from the manufacturer outiining
chemical concentrations. Examples of some reference materials include n-alkane standards
such as w-Cio, fiiel profile standards such as kerosene, deuterated intemal standards (IS) such
as ds-chlorobenzene, deuterated surrogate standards (SS) such as dg-toluene, monoaromatic
hydrocarbons such as benzene and polycyclic aromatic hydrocarbons (PAH) such as
9 ' \ 'XCS 'XA 'Xf\

naphthalene ' ' ' . Therefore there is a multitude of options to choose from when one
requires the extraction ofTPH from soil. However depending on the chosen method there can
be sufficient variations in TPH concentration due to variation in exfraction conditions .
Chapter 3 of this thesis examined the effects on TPH (C]o-C36) concentrations when three
solvent systems were applied to exfract soil. Chapter 4 examined the variations in recoverable
TPH (C10-C36) from clay soil when Soxhlet and the sonication exfractions were applied.
Research carried out in this Chapter will be using a selected number of extraction techniques
to investigate if there are optimum conditions to be used in analysing TPH contaminated soil.
The research carried out in Chapter 3 has concluded that the acetone/dichloromethane (DCM)
(1:1, v/v) is suitable for the extraction ofTPH (C10-C36) and was used in this chapter.
Soils chosen from ten batches of contaminated soils are used in investigating optimum
exfraction conditions. Further characterisation of the soil batches are detailed within this
chapter. The range of contamination in the ten batches of soil were estimated to be within
1,000-20,000 mg/kg. The research includes investigating exfraction efficiencies: (a) between
Soxhlet, sonication, tumbling and soaking (b) between a single and a multiple exfraction (c)
with variations in percent moisture (d) using variations in DCM/acetone volumes (e) using
variations in DCM/acetone ratio.
Currently there are no set guidelines or agreed standard methods for the GC analysis ofTPH
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(C10-C36) contamination in soil within Australia and most other countries^^'"^^. This research
will be carried out to demonsfrate if there can be variations in TPH (C10-C36) recoveries with
variation in the above identified exfraction conditions. The of contaminated soils were
coHected from independent contaminated service station sites located around Ausfralia
representing clay and sandy type soils. The soils were homogenised and classified to identify
soil types^^'^^ and the moisture content of each batch of sod was determined in the laboratory
39-40 jj^g material and methods including chemicals, reagents and calibration standards were
identical to those used in Sections 3.2.4, 3.2.5, 3.2.6, 3.2.6.1-3.2.6.3.

5.2 Material and Methods
5.2.1 Preparation of Soils
Among the ten batches of contaminated soils the sandy soil types were obtained from service
station sites located in the westem part of the continent (i.e. Perth, Australia) and the clay
soils were obtained from service station sites located in the east (i.e. Melboume, Ausfralia).
These batches were prepared individually to obtain representative and homogenous samples
as required for the testing^^"^^. The homogenisation was conducted on each of the soils by
firstfransferringinto large stainless steel frays and removing stones and plant material. The
contents of each tray were then homogenised using a mortar and a pestle to obtain a fine soil
mix. The homogenised soils were placed in 1 L screw-cap glass jars and stored at 4 °C to
obtain sub-samples as required during the project. The research was aimed at the resultant,
TPH (C10-C36) contamination in the soils and therefore the initial losses of hydrocarbons
during homogenisation were not considered to affect the outcome.

The soils were

sequentially numbered using 001-010.

5.2.2 Characterisation of Soils
The characterisation of soils was based on Northcote bolus manipulation method^^ described
in Chapters 3 and 4. Appendix 5.7.1 contains a summary ofthe soil classification process.
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The colour, grain size and presence of clumps ascertained. Maximum moisture content ofthe
soils was 22% (w/w) by weight. The moisture content was analysed using the technique
detailed in Section 2.6.4^*°. The moisture content was used to convert the TPH concentration
to a moisture free-basis.

5.2.3 Moisture Effects Study
The moisture effects study was conducted to evaluate if the moisture content in a
contaminated soil affects the TPH (C10-C36) extractability. Duplicate samples of soils 003010 (see Table 5.1) were weighed in 10 g lots and mill-Q water was added.
Table 5.1: Moisture added to soils.
Soil Sample
Number
003
004
005
006
007
008
009
010

Natural Moisture
(w/w)
7.9
7.2
6.3
12.9
8.9
6.8
3.0
6.0

Moisture Range Added
(w/w%)
17,21
16,18,20
15,17,19,21
15,17,19,21
15,21
9.0, 11,6.0,15,17,19,21
5.0, 7.0, 9.0,11,6.0,15,17,19,21
8.0, 10,12,7.0,16,18,20

Samples were extracted by tumbling for 2 h with 20 mL of DCM/acetone (1:1, v/v) with 10 g
of anhydrous sodium sulfate. Tumbling exfraction method was chosen for this study since it
is used in many commercial laboratories around Austalia as a standard exfraction technique.
Supematants were fransferred to GC vials and the vials were crimped and analysed by
GCFID'^l
5.2.4 GCFID Analysis
This study was based on the GCFID technique described in Section 3.2.6.7. It was assumed
tiiat the total response ofthe GCFID measured between the retention times ofthe start ofthe
n-Cio peak to the end of tiie n-C36 peak was due to the TPH (C10-C36). The measurements
were taken by baseline-to-baseline integration. The responses of the solvent blank was
subfracted to remove solvent interference'^'*. The identification by the GCFID was carried out
by comparing chromatographic profiles of pefroleum products such as kerosene with the
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profile of the soil extract. However, these patterns were complex due to the degradation of
the petroleum products by weathering'*^''*^.
5.2.5. Analysis of the Chromatograms
The detection limit of the TPH (C10-C36) was chosen by using the sensitivity of the FID for
hydrocarbons . The minimum concentration of TPH (Cio-Cse) used in this study was
determined to be 250 mg/kg for each contaminated soil. If any of the TPH (C10-C36)
concenfrations were less than the 250 mg/kg they were rejected and assumed to be zero in
statistical applications '^^'^^.
5.2.6 Extraction Methods
5.2.6.1 Soxhlet Extraction
The Soxhlet extraction equipment was modified to obtain the optimum extraction time by
assembling a Soxhlet system with a round-bottom flask containing two necks, the side neck
used for collecting sub-samples during the exfraction process. Homogenised soil (25 g) was
weighed into a Soxhlet thimble and the thimble was placed in a Soxhlet exfraction tube above
a two-neck, roimd bottom flask containing 300 mL of DCM/acetone (1:1, v/v). The second
side neck contained a thermometer probe holder sealed with a Teflon'^'^-Hned silicone septum,
to withdraw a 100 pL aliquot from the solvent reservoir. The Soxhlet assembly was placed
on a boiling water bath with a running water condenser. A 100 pL aliquot was withdrawn at
timed intervals with a syringe. The intervals were chosen according to the siphoning drain
times when the thimble reservoir was completely drained. The aliquot collection frequency
was designed to be the highest within the first hour. The 100 pL reservoir aliquot was placed
into a 200 pL limited volume insert in a 2 mL GC vial and crimped. The samples were
analysed using the conditions described in Section 3.2.6.7.
5.2.6.2 Sonication Extraction
The sonication extraction was applied by weighing 10 g of homogenised soil into a 125 mL
glass jar, mixing with 20 mL of DCM/acetone (1:1, v/v), and sonicating for 20 min. A 10 g
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portion of anhydrous sodium sulfate was added, mixed using a glass rod, and the mixture was
sonicated for a fiirther 2 h. An aliquot of tiie supematant was transferred into a GC vial and
the vial crimped. The samples were analysed using the GC conditions described in Section
3.2.6.7.

This method is an accredited method of the National Association of Testing

Authorities (NATA) of Australia for TPH (C10-C36) analysis in soil.
5.2.6.3 Extraction by Tumbling
The tumbling extraction method was based on submissions made to Standards Ausfralia
Working Group EV/8/2/2, extraction of total petroleum hydrocarbons^^. The tumbler was
designed using the conditions specified in SW 846 methods 1311^^ Toxicity Characteristic of
Leachable Properties (TCLP). This method is an accredited method of NATA, Australia for
TPH analysis in soil. A 10 g portion of soil was weighed into a 125 mL glass jar with 10 g of
anhydrous sodium sulfate and exfracted with 20 mL DCM/acetone (1:1, v/v) mixture.
Samples were tumbled in a mechanical tumbler end-over-end at a tumbling rate of 30 ± 2
tumbles/min. The extractions were conducted in duplicate and the tumbling times were
varied from 1, 2, 5, and 18 h to obtain the optimum time. Supematants were transferred to
GC vials which were crimped and analysed using the GC conditions described in Section
3.2.6.7.
5.2.6.4 Soaking Extraction
Soaking extraction was based on a test method, which was developed at the Ausfralian
Government Analytical Laboratories^^ to analyse organochlorine pesticides in grain.
Homogenised soil (10 g) was weighed into a 125 mL glass jar and 20 mL of DCM/acetone
(1:1, v/v) was added foHowed by 10 g of anhydrous sodium sulfate. The jars were left
overnight (18 h) for soaking and aliquots ofthe supematant were transferred to GC vials and
crimped. The samples were analysed using the GC conditions described in Section 3.2.6.7.
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5.2.6.5 Single and Multiple Extractions
The following experiments were carried out to compare TPH (C10-C36) recoveries from soil,
(i) 10 g portion of each soil was weighed into 125 mL glass jars with 10 g of anhydrous
sodium sulfate and extracted by tumbling with 20 mL DCM/acetone (1:1, v/v) in duplicate for
2 h, (ii) maintaining all but the tumbling time and the solvent additions, a second lot of soil
was weighed and exfracted for 2 h in dupHcate and a further 20 mL of DCM/acetone was
added and the exfraction continued for a further 2 h; this experiment consisted of a total
tumbling time of 4 h and a total solvent volume of 40 mL, (in) a third lot of sod was weighed
in duplicate and extracted by maintaining all but the tumbling time and the solvent additions.
The tumbling was continued for 2 h and afiirther20 mL of DCM/acetone was added and the
extraction continued for a further 2 h and finally a third 20 mL portion of DCM/acetone was
added and the extraction continued for a further 1 h. This experiment consisted of a total
tumbling time of 5 h and a total solvent volume of 60 mL. Supematants from experiments
(i), (ii) and (iii) were fransferred to GC vials, crimped and analysed using the conditions
described in the GC analysis in Section 3.2.6.7.

5.2.6.6 Application ofthe Michaelis-Menten and Wilkinson Fits
The Michaelis-Menten and Wilkinson fits were appHed to the Soxhlet and tumbling
concenfrations obtained for each extraction to compute the optimum exfraction times . The
time to reach optimum TPH (C10-C36) using the tumbling exfraction was 2 h at a tumbling rate
of 30 ± 2 tumbles/min. The time to reach optimum TPH (C10-C36) using the sonication
extraction was 2 h using a Branson Ultrasonic bath (950 W) at an RFfrequencyof 47 kHz (±
6%). The optimum exfraction time for the sonication was obtained from the validation data to
be 2 h ^^. A samples of plots are presented in Appendix 5.7.2.
5.2.6.7 Effects of Moisture Content on TPH
Multiple samples of soils were weighed in 10 g portions and mill-Q water was added in
increments up to 21% (w/w) from the initial natural moisture contents as indicated in Table
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5.2. Samples were extracted by tumbHng for 2 h with 20 mL of DCM/acetone (1:1, v/v) and
10 g of anhydrous sodium sulfate. Supematants were fransferred to GC vials and the vials
were crimped and analysed using the conditions described in Section 3.2.6.7.
5.2.6.8 Solvent Volume Effects
A 10 g portion of soil was weighed into a 125 mL glass jar with 10 g of anhydrous sodium
sulfate and (i) extracted by tumbling with 20mL DCM/acetone (1:1, v/v) in duplicate for 2 h,
(n) maintaining all except the solvent volume, a second lot of soils was weighed and extracted
for 2 h with 40 mL of DCM/acetone (1:1, v/v), (iii) third lot of soils was also weighed and
exfracted by tumbling for 2 h with 60 mL of DCM/acetone (1:1, v/v). Exfracts were
fransferred to GC vials at the end of each tumbling time setting and the vials were crimped
and analysed using GC conditions described in the Section 3.2.6.7.
5.2.6.9 Solvent Ratio Effects
A 10 g portion of soil was weighed into a 125 mL glass jar with 10 g of anhydrous sodium
sulfate and exfracted by tumbling with 20 mL DCM/acetone (1:1, v/v) in duplicate for 2 h.
The volume ratios between DCM and acetone were varied at the ratios 9:1, 7:3, 1:1 and 1:9
(v/v) and each tumbled for 2 h. Exfracts were fransferred into GC vials and the vials were
crimped and analysed using GC conditions described in the Section 3.2.6.7.
5.3. Results
5.3.1 Results of Soil Classification
The results of the soil typing confirmed that the contaminated soils used for the study varied
between sand and clay (Table 5.2). The study provided three major types of contaminated
soils namely, sand, clay and fine gravel. The moisture contents ofthe soils varied between 321.3% (w/w), which were within the set limit of 22% (w/w). The summary of statistical and
the measurement uncertainty formula used during this study are summarised in Appendix
5.7.3.
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Table 5.2: Soil classification results.
Soil

Soil Cliaracteristics Type

Colour

Grain Size

001

Clay Grey brown

Light brown

Fine

Moisture (w/w,
%)
21.3

002

Sand, with traces of organic matter

Brown

Fine

10.3

003

Sand with traces of organic matter

Brown

Fine medium

14.9

004

Fine gravel

Olive brown

Fine-mediimi grained

14.2

005

Fine sand

Light grey

Fine-coarse

13.3

006

Angular fine gravel

Brownish grey

Desiccated into blocks

12.9

007

Clay mixed with organic matter

Light Grey

Fine grained

8.9

008

Sand mixed with traces of clay and

Light greyish brown

Fine-medium grained

6.8

organic matter
009

Sand with traces of organic

Brown

Fine grained

3.0

010

Sand with some fine gravel and organic

Dark brown

Fine-medium

5.9

matter (top soil)

5.3.2. Results of Homogeneity Study
The mean and coefficients of variation (CV) in TPH concenfration using the sonication
exfraction technique for each ofthe ten contaminated soils were determined. Appendix 5.7.4
contains an example using the results for soil 003. The coefficients of variation (CV) for the
ten soils (four replicate analyses) are presented in Appendix 5.7.5. The CVs for seven out of
the ten soil batches, were less than 10% (w/w) and this was considered sufficiently
homogeneous. The CVs for the remaining three batches of soil were somewhat higher
indicating a lesser degree of homogeneity.
5.3.3 Measurement of GCFID Precision
The precision of the GCFID measurement was achieved by assessing the repeatability of
multiple GCFID injections. The CV often injections into the GCFID from one supematant of
soil was 0.7%) (w/w) (Appendix 5.7.6). The CV of four replicate extracts taken from the same
soil was 8.8% (w/w). Comparison of these two CVs demonsfrates that the variation due to
GCFID measurement was minimal in the overall method precision. The CVs ofthe ten sods
are presented in Appendix 5.7.5. The range of CVs on four replicate analyses was between
2.6-18%) (w/w) when the soils were exfracted by sonication and analysed by GCFID.
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5.3.4 Results of the Four Extractions
Soxhlet exfraction results were calculated as a mean value for the four TPH (C10-C36)
concenfrations obtained using 3, 4, 5 and 6 h extractions. The ten soils reached optimum
exfraction within 2 h. When Dixon's 'Q'"*^ test was applied to the results (Appendix 5.7.7),
soils 006 and 009 contained TPH (Cjo-Cse) concentrations which were above the critical value
of 0.831 for a sample size of four. The outliers are represented in bold typing in Appendix
5.7.7. The outliers were removed prior to further statistical analysis. Appendix 5.7.8 contains
the details ofthe uncertainty assessment for statistical parameters specified in Appendix 5.7.3.
These includes the mean, standard deviation/Vn and the t-distribution value obtained from
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statistical tables .
The Dixon's Q test was applied to the results obtained using sonication extraction (Appendix
5.7.9).

Appendix 5.7.10 contains the details of the uncertainty associated with the

concenfration measurement. The results are depicted in Appendix 5.7.13.
The tumbling exfraction reached the optimum concenfration within 2 h. Therefore the mean
TPH (C10-C36) concentrations determined by the 2, 5 and 18 h duplicate results were used as
repHcate analysis. The application ofthe Dixon's Q test (Appendix 5.7.11) to the TPH (CioC36) concenfrations indicates that the data were below the critical value of 0.621 (sample size
of six).

Appendix 5.7.12 contains the details of the uncertainty associated with the

concenfration measurement. The results are depicted in Appendix 5.7.13.
Dixon's Q test was not applied to these results due to the low replicate numbers tested. The
statistical data including the mean, standard deviation and CV% are included in Appendix
5.7.14.

Appendix 5.7.15 contains the details of the uncertainty associated with the

concenfration measurement. The results are depicted in Appendix 5.7.13.

132

5.3.5 Comparison of the Four Extraction Techniques
The soils were exfracted using the Soxhlet, sonication, tumbling and overnight soaking
techniques and the exfracts were analysed by GCFID. The TPH (C]o-C36) concenfrations
were assessed by determining the optimum exfraction times.

The mean concentration

computed upon each exfraction for each sod is included as bar charts in Appendix 5.7.13.
The graphs are presented with the standard error of the concenfration associated with the
mean. The TPH (C10-C36) concentrations obtained for the ten contaminated sods ranged
between 1,000-20,000 mg/kg. The comparisons of sonication with Soxhlet, tumbHng with
Soxhlet, tumbling with sonication are presented in Appendix 5.7.16. The concentrations
obtained from the soaking exfraction was not consistent due to the exfreme variations in
repHcate analysis.
A second statistical test using statistical uncertainty (Appendix 5.7.2) is applied to decide if
the difference of the mean concenfrations (A), obtained from sonication extraction and
Soxhlet exfraction exceeds the statistical uncertainty, U. Therefore, if the difference of the
mean concenfrations (A) is either less or equal then any of the two extraction techniques
produce statistically similar concenfrations for TPH (C10-C36). If A is greater than U the
exfractions do not produce statistically similar concentrations. Appendix 5.7.13 include the
comparison of the exfraction technique for the ten contaminated soils. The error obtained for
exfraction by soaking is wider than the errors for the rest of the exfraction techniques most
likely due to the inconsistency ofthe technique.
5.3.6 Results ofthe Comparison of Single and Multiple Tumbling Extractions
Results for TPH (C10-C36) by the single and the multiple tiimbling extractions of the soils are
tabulated in Appendix 5.7.17. The standard error ofthe mean concenfration associated with
each exfraction time, is presented in Appendix 5.7.18.
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5.3.7 Results ofthe Comparison ofTPH with Variable Moisture
The results of moisture variation studies are tabulated in Appendix 5.7.19. The original
moisture content of each ofthe samples were not adjusted and the natural moisture present in
each sample was used as the initial moisture reading. Therefore the moisture contents were
variable depending on initial natural moisture. Some samples were tested on a wider range of
moisture than others. The mean of duplicate TPH (C10-C36) concenfrations are included in
Appendix 5.7.20 with the error bars associated with the standard error from the mean
concenfration.
5.3.8 Concentration Effects due to Solvent Volume
The results of change in solvent volume used for the extraction of the TPH (C10-C36) are
tabulated in Appendix 5.7.21. Soils were tested for solvent volume effects in duplicate by
extracting them the using tumbling exfraction method.

The mean TPH (C10-C36)

concentrations obtained are presented in Appendix 5.7.22 including the standard error
associated with the mean concentration.
5.3.9 Concentrations Effect due to Change in DCM to Acetone Ratio
The TPH (C10-C36) concenfrations obtained by computing the mean values of duplicate
analyses, conducted with each solvent ratio are tabulated in Appendix 5.7.23. The results are
depicted as histograms in Appendix 5.7.24. The concentrations are depicted graphically in
bar charts with the standard error associated with the mean concentration as an error bar for
each solvent ratio.
5.4 Discussion
The results obtained from the stiidy are summarised in Table 5.3 and discussed below.
5.4.1 Contaminated Soil Types
The contaminated soils collected from service station sites around Australia consisted of a
range of soil types of varying colours, textures, moisture contents and homogeneity. The soils
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included clay soils, sandy soils with fraces of organic matter, fine gravel, fine sand, angular
gravel, clay mixed with organic matter, sand mixed with organic matter, sand with fraces of
clay and organic matter and sand with some fine gravel and organic matter. The TPH (C\QC36) concentrations for the ten contaminated soils ranged between 1,000-16,000 mg/kg. This
study was based on the hypothesis that the TPH (C10-C36) to be sufficientiy homogeneous in
the soil if the CV% of a mean of four replicate concenfrations on a given sample was less than
or equal to 20. Therefore the ten soils were within the specified CVVo range to be regarded as
homogeneous.
Table 5.3: Summary of results on extraction conditions.
Basic Soil Type

Clay

Sand

Fine gravel

by Soxhlet

2,100-3,200

1,200-15,900

1,300-1,800

by Sonication

1800-4,900

1,400-16,400

1,500-1700

by Tumbling

1700-2,600

1,300-20,000

1,400-2,600

by Soaking

1700-2500

1,400-18,900

1,400-1,800

Soxhlet vs Sonication

Not Comparable

Comparable

Comparable

Soxhlet vs Tumbling

Not Comparable

Comparable

Comparable

Sonication vs Tumbling

Comparable

Comparable

Comparable

TPH Recovery in

Comparable

Comparable

Comparable

Comparable

Comparable

Comparable

Comparable

Comparable

Comparable

Comparable

Comparable

Comparable

Batches Tested
Approximate Concentration Range
(mg/kg)

Single vs Multiple Timibling Extraction
TPH Recovery with
Variable Moisture
TPH Recovery with
Variable DCM/acetone Volume
TPH Recovery with
Variable DCM/acetone Ratio
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Soil samples were not oven dried or ground to maintain the quality similar to those tested for
TPH in contaminated site assessments. Although oven drying and grinding can provide better
homogenisation in soil these procedures can also cause changes to TPH concenfration, the soil
stmcture and the extraction efficiency.

Conclusions reached from such experiments will

therefore most likely mis represent real situations.

The precision studies conducted on the GCFID measurements indicated that the measurement
step contributed to only < 1% (w/w) variation on multiple injections. Variation of replicate
analyses for the same sample, over the entire analytical process was approximately 10%)
(w/w). Sandy type soil textures produced relatively low (approximately 5%o w/w) variation
among replicate analysis than the samples with clay and mixed soil matrices. Two ofthe soils
(007 and 008) found to contain unevenly distributed pockets of oily tar type material which
made them virtually impossible to homogenise using standard techniques.
5.4.2 Extraction Technique
Four exfraction techniques were investigated in this study to determine if there were statistical
variations in TPH (C10-C36). The optimum extraction time for Soxhlet was determined by
periodic sampling and determining the TPH (C10-C36) concenfrations. The TPH (C10-C36)
concenfrations were then applied to the Wilkinson variant of the Michaelis-Menten equation.
This study indicated that the ten contaminated soils reached optimum TPH (C10-C36)
concenfrations within 2 h of extraction. Therefore contrary to specifications in most Soxhlet
exfraction methods, exfraction times of 10 h or greater are not necessary to exfract TPH from
soil. Nine of the ten soils were analysed in replicates of four to obtain the mean TPH (CioC36) concenfration by Soxhlet extraction.
The optimum time for sonication exfractions was validated to be 2 h. Similar to Soxhlet
exfractions, each of the ten soils were exfracted in replicates of four by sonication extraction.
No set of data contained outiiers when the Dixon's Q test was applied. This may be due it to
136

being a simple application, this is more robust and reproducible than the Soxhlet exfraction.
The optimum time for tumbHng exfraction determined by the periodic sampling of exfracts at
set time intervals and analysing for TPH (C10-C36) was found to be 2 h. The tiimbling
exfraction was carried out in replicates of four for each of the ten soils. No set of data
contained outiiers when Dixons Q test was applied. Similar to the sonication exfraction,
tumbling exfraction was more robust than the Soxhlet exfraction.
Exfraction by soaking produced large variations among replicate analysis. Therefore the
technique was not applied in further studies.
5.4.3 Comparison of Extraction Efficiency
The four extraction techniques were compared by applying a range of statistics to the TPH
(C10-C36) concentrations obtained from replicate analysis of each soil. The statistics included
the mean concenfration for each of the soils when extracted by each technique, the standard
deviation, the CV%, error of the mean concentration per soil per exfraction technique, and a
test to determine if the means of two measured values disagreed significantly. The pairs of
exfraction techniques compared were: tumbling against sonication, tumbling against Soxhlet
and sonication against Soxhlet. Extraction by soaking was not used for the comparison.
Appendix 5.7.13 represent results for each ofthe ten soils. The exfraction techniques for each
ofthe samples were compared by two independent statistical methods: (i) if the error bars for
two or more exfraction techniques fell within the same range then the techniques were
regarded to be comparable to each other, (ii) if statistical uncertainty, U was greater or equal
to the difference of concentrations obtained by any two methods (A), then the two extraction
techniques were assume to produce statistically similar concentrations and if U was less than
A then the extraction techniques produced statistically non similar concentrations.
The results of the statistical tests demonsfrate that the efficiency of Soxhlet exfraction
compared to sonication and tumbling techniques varies significantiy for soils containing clay.
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However, this variation is not significant for soils containing predominantly sand and gravel.
Soils 001 and 007 which contained clay gave rise to TPH (C10-C36) data which were
significantly different for Soxhlet exfraction compared to sonication or tumbling.
Additionally soil 007 produced TPH (C10-C36) concentrations which statistically differed
between sonication and tumbling. This was a clay soil mixed with organic matter compared
to soil 001, which contained grey-brown clay. Soils 004 - 006 and 009 which contained sand
or gravel as the major constituents, gave rise to TPH (C10-C36) data which were not
significantly different in concentrations for Soxhlet extraction compared to the sonication and
tumbling. There were no statistical differences for these soils even when sonication and
tumbling extraction was applied. Soil samples 002, 003 and 008 which were sand mixed with
organic matter produced statistically different TPH (C10-C36) between sonication and Soxhlet
exfraction but this difference was not produced between concenfrations achieved by tumbling
and Soxhlet exfraction. The TPH (C10-C36) concenfrations for sods 002 and 003 were not
statistically different however soil 008 was shown to be statistically different. Soil 010, was a
sandy soil containing fine gravel and some organic matter similar to topsoil. This sod
produced no significant differences between sonication and Soxhlet exfraction, tumbling and
Soxhlet and tumbling and sonication.
The variation between sonication and tumbling extractions was minimum but the sonication
results were substantiaHy greater for samples 007 and 008. The tumbling technique produced
a marginally higher concenfration for sample 010.
At least 50%) of the soils tested by Soxhlet and sonication exfractions produced significant
statistical differences. Soils 001, 002 and 003 produced statistically lower TPH (C10-C36)
concenfrations for the sonication exfraction than the Soxhlet extraction. These three soils
contained clay and sand mixed with organic material.

Soils 007 and 008 produced

StatisticaHy lower TPH (C10-C36) concentrations for the Soxhlet extraction than the sonication
exfraction. These two soils were clay mixed with organic matter and sand mixed with organic
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matter. Assuming that the Soxhlet exfraction is the most vigorous technique among the four
techniques assessed, it is possible that during the Soxhlet exfraction process there are some
losses ofthe TPH (C10-C36)fractioncompared to the sonication exfraction technique for tiiese
two soils. Also it is possible that there could have been localised high concentrations (i.e.
small pockets of TPH) which did not homogenise due to the uneven distiibution and
therefore were undetected during the homogeneity testing. However it was clear that the clay
soils produced higher TPH (C10-C36) concenfrations by Soxhlet exfraction than the other soil
types except for the sonication exfraction concentration for soil 007. This relationship was
confirmed in Chapter 4 of this thesis.
The Soxhlet and the tumbling exfraction technique comparisons show a substantial statistical
difference for clay soils but do not show significant differences for other soil types. Seven of
the ten soils compared by the two techniques produced comparable TPH (C10-C36)
concenfrations. The exceptions were samples 001 and 007 which were clay soil and TPH
(C10-C36) concenfrations on them for Soxhlet exfraction, were marginally higher except for
sample 010. This can also be caused by losses ofvolatile end ofthe semi-volatile components
during the Soxhlet extraction process.
Exfraction by soaking produced inconsistent replicate concentrations therefore the uncertainty
was not determined. However, the comparison of the techniques for each sample indicated
that the soaking exfraction compare well with the other techniques on average for most
samples. The soaking extraction technique is cheap due to a minimal use of complex
extraction apparatus and energy.
Although the Soxhlet exfraction technique is regarded as more effective in removing TPH
(C10-C36) there can be losses during the extraction process due to the heating step.
Additionally the setting-up and maintaining the analyses of large batches is not convenient.
Sonication and tumbling exfractions require moderate exfraction times and losses due to
139

heating are minimal for these techniques. If ice blocks are used in the ultrasonic bath
evaporation and related losses can be further controlled. Soaking exfraction is more time
consuming than the other three techniques. However it appears that the use of sonication and
tiimbling extractions will most likely produce lower TPH (C10-C36) concentrations in clay
soils due to variations in exfraction efficiency.
5.4.4 Single Against Multiple Extraction
Each soil sample was extracted by tumbling at three time intervals with the addition of
solvent. Results ofthe studies conducted in duplicate are presented in Appendix 5.7.18. The
error associated with the mean concentration of TPH (C10-C36) at each time interval was
calculated and included as error bars for nine of the soils. The variation in concenfrations for
2, 4, 5 h was assessed by comparing the ranges of error bars between the three histograms
presented in each graph. The error bars overlapped for all except sample 003 (2 h exfraction
was outside the range). Therefore increasing the extraction time did not significantly effect
the TPH (C10-C36) concenfration.
5.4.5 Moisture Effects on TPH Concentration
Each soil sample was spiked with clean water at 3% (w/w) increments up to a maximum of
21% (w/w). Resuhs for this study are presented in Appendix 5.7.20. The error ofthe mean
concenfration for the duplicate TPH (C10-C36) at each percent moisture level was calculated
and presented as error bars in the histogram. The error bars were of similar range with the
possible exception of sample 003 and sample 007. It was noted that sample 003 was the least
homogeneous among the tested samples and sample 007 was found to contain pockets ofTPH
at variable concenfrations. Therefore the variation in percent moisture within a sample (up to
21%) (w/w)) appears to have little effect on the exfractable TPH (C10-C36) concentrations in
sod at least in tiie 1,00-20,000 mg/kg TPH.
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5.4.6 Solvent Volume Effect on TPH Concentration
Each soil sample was extracted by tumbling with 100, 80, 60, 40 and 20 mL of DCM/acetone
(1:1, v/v) to investigate if the solvent volume will effect the TPH (C10-C36) concentration.
The results are presented in Appendix 5.7.22.

The error associated with the mean

concentration ofTPH (C10-C36) for each exfraction volume was calculated and presented as an
error bar in the histogram. These error bars were of a similar range. However, no increments
in extraction efficiency was observed for large volumes of extraction solvent.
5.4.7 DCM to Acetone Ratio Effect on TPH Concentration
Results of these studies conducted in duplicates are presented in Appendix 5.7.24. The results
are comparable for the DCM/acetone mixtures of 1:9, 1:1, 7:3 and 9:1 (v/v) and so no
significant statistical variations were observed with variations in solvent ratio.
5.5 Conclusion
The efficiency of the Soxhlet, sonication and tumbling extraction techniques varied with the
variation in soil type and the volatility of the hydrocarbons present. For many of the soils,
tumbling and sonication provided a comparable extraction efficiency to the Soxhlet technique
and may be a more convenient procedure as long as there limitations are recognised. The
heating process during Soxhlet exfraction can contribute to losses of volatile components
within the TPH (C10-C36) range. To obtain reliable concentrations ofTPH (C10-C36)fromclay
soils it is important to use Soxhlet exfraction since it appears to be a more efficient technique
and the work carried out in Chapter 4 vaHdates this conclusion. Additionally for soils
containing TPHs with relatively high molecular weights (i.e. > C20) and concentrations greater
tiian 20,000 mg/kg, Soxhlet exfraction is efficient compared to sonication and tumbling. This
may be due to the heating step and the replacement of fresh solvent at each extraction cycle.
Soaking exfraction is recommended only for "one-off analyses, which requfre only a
screening or samples which does not require urgent analysis. For studies requiring continues
monitoring ofTPH (C10-C36) it is highly recommended to apply only one exfraction technique
to avoid variations generated by changing of the techniques. If sonication or tumbling
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exfraction is chosen, it is preferable to analyse a selected number of samples, namely those
with greater than 1,000 mg/kg TPH (C10-C36) by Soxhlet exfraction to examine if the
variations in achieved (C10-C36) concenfrations are substantial. These results will indicate the
variation between the technique. If the sods are of a similar type and the TPH components
(profiles) are the same in all samples the relationship of concentrations obtained by the two
exfraction techniques can be depicted as a scatter plot with a Hnear relationship. This
relationship will enable to convert concenfrations achieved by one technique to the predicted
concenfrations from the other. For extraction by tumbling, sonication and Soxhlet, 2 h was
found to be sufficient to achieve an optimum TPH (C10-C36) concentration ^^.
With the possible exception of soils 003 (sand with fraces of organic matter) and 007 (clay
with organic matter), moisture content up to 11% (w/w) had little influence on the extraction
of TPH (C10-C36). This study concludes that moisture contents up to 20% (w/w) do not
influence the TPH (C10-C36) concentration. For the concenfration range of 1,000-20,000
mg/kg, no increase in extraction efficiency was observed for solvent volume increments
between 20-100 mL. It was noted during this study that the homogenisation of contaminated
soils, especially those containing pockets of TPH either in the form of a grease type material
or in the form of tar-balls of approximately 50-100 micron diameter was almost impossible.
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6.1 Introduction
This chapter is designed to assess the detection techniques commonly used for TPH volatile
and semi-volatile measurements. The measurements of TPH obtained by the two detectors
will be statistically tested to determine if there are differences in the measurements. The
chemical composition of petroleum products such as petrol, kerosene and diesel is complex
and these contaminants can undergo transformation in soil. Detection and measurement
methods which are highly specific are necessary to achieve identification of these products.
Gas chromatography (GC) with flame ionisation detection (FID) and GC with mass selective
detection (GCMSD) are two such methods which are used in total pefroleum hydrocarbon
(TPH) analysis^'^. TPH (C10-C36) is commonly defined in Ausfralia as the total area between
the start of the n-Cio peak and the end of n-C^e peak, calculated by integrating baseline-tobaseline and incorporating all components^. A drawback of this approach is the fact that nonhydrocarbons responsive to GCFID can also be present in this range. Although there are
numerous metiiods proposed for the separation of petroleum hydrocarbons from nonhydrocarbons they are not comprehensive^'^. Thus chromatographic material such as silica,
alumina and FlorisiFM, used for the removal of polar compounds in solvent cleanups, may
also adsorb complex polynuclear aromatic hydrocarbons (PAHs) and influence the TPH
content. Furthermore, non-polar chlorinated compounds can evade the separation process.
By using a GCMSD library database and obtaining the ion profiles of the peaks, the major
non-hydrocarbons can be identified and excluded from the TPH calculation. Figure 6.1 shows
the GCFID profiles of (a) a polychlorinated biphenyl (PCB) mixtiire and (b) a standard diesel
fiiel on a BP 5, 30 m column. The two profiles are witiiin the TPH (C10-C36) range and may
be mistaken for hydrocarbons unless the ion profiles are assessed (Figure 6.1).
Two approaches have been considered in this thesis, one for volatile TPH (C6-C9) and the
otiier for semi-volatile TPH (C10-C36). The first approach is sampling TPH (C6-C9) by purge
and frap (P&T), diverting the injection into two separate columns, one column being attached
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to an FID and the other to a MSD (Figure 6.2). Both detectors are calibrated with the same
standards.

The concenfrations obtained by the two detectors may then be statistically

compared.
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Figure 6.1: (a) GCFID profile of Arochlor 1262 (b) GCFID profile of diesel.
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The second approach is a single exfract of contaminated soil is divided into two sub-samples
which are separately analysed for TPH (C10-C36) by GCFID and GCMSD.
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Figure 6.2: Instrumental design for diverting samples into the GCFID and the GCMSD.
6.2 TPH Analysis by GCFID
Martin and James^^ introduced GC for the analyses of organic chemicals in 1952 and this
technique is currently used in many countries for TPH analysis in soil"''"^. The FID of a
GCFID senses the presence of a component different to the carrier gas and converts the
information to an electrical signal'^"^^. The major components ofthe GCFID include a carrier
gas supply and controls, an injector system for the introduction of samples, a chromatographic
column and oven, the FID, an amplifier, signal processing and control electronics, computerlinked data processing software and a printer to generate reports. The response characteristics
of a FID include sensitivity, selectivity and dynamic range. The linear dynamic range is
JQ7 6-17

rpj^g detector has a broad range of selectivity for material that ionises in an

air/hydrogen flame. The purpose of the detector is to monitor the carrier gas as it emerges
from the column and generate a signal in response to variations in the components. The FID
is the most widely used technique for the detection of organic compounds, including TPHs.
The FID employs a flame produced by the combustion of hydrogen and air. The detector
responds to an increase in ion concenfration in the flame during the elution of hydrocarbons.
A collector with a polarising voltage is appHed near the flame, which atfracts the hydrocarbon
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ions and, in turn, produces an electrical response. This response is proportional to the amount
of hydrocarbon in the flame at a given time. The FID temperature
must to be kept above 100 °C to prevent condensation even when testing is not being carried
out^^. Condensation may reduce sensitivity and promote corrosion if chlorinated solvents
such as dichloromethane (DCM) are used. FID is extensively used in TPH analysis due to its
high sensitivity to hydrocarbons. Some important properties of an FID include it's high
sensitivity to most organic compounds which can be volatilised, it's non-response to water,
carbon dioxide and most carrier gas impurities, it's minimum effects on the baseline with
fluctuations in temperature, carrier gas flow-rate and pressure, and it's linearity over a wide
sample concentration range'^. The major disadvantage is the non-selective nature of the
detector especially in TPH (C6-C9) and TPH (C10-C36) analysis from soil exfracts. A TPH
chromatogram may contain over 100 peaks including hydrocarbons and non-hydrocarbons
together with unresolved complex material (UCM). However, the FID does not have the
capacity to discriminate or identify the differences in many compounds.
Technically the FID consists of a minute hydrogen-air flame burning at a small metal jet, with
an elecfrode located above the flame to collect the ions formed from the molecules. The
flame process is complex and direct ionisation is only a small contribution to the overall
ionisation process'''. In the flame, organic molecules undergo a series of reactions including
thermal fragmentation, chemical ionisation, ionic and free radical reactions to produce
charged species. When TPH enters the flame the thermal energy causes cracking and
stripping of protons and terminal groups'^. A pure hydrogen and air flame is designed to
contain radical and excited species of hydrogen, oxygen and hydroxyl ions.

When

hydrocarbons are present in the flame, ionisation occurs with the amount being proportional
to the number of molecules. The main flame process involves formation of CH radicals from
the TPH molecules, which immediately react with oxygen radicals as follows:
- C H + 0 - ^ -CHO^+e"
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The chemical nature of organic molecules influences the flame response and is corrected by
the use of the "effective carbon number contribution"'^. The ions fravel to the collector
elecfrode which is maintained at a negative potential with respect to the jet flame and an
electrical current is generated. The sensitivity is in the range of 0.015 coulombs/g of carbon
with a linear dynamic range of 10^. The overall response varies slightiy for a given type of
compound and the carbon number.

The signal is amplified and conditioned by an

elecfrometer over 0-10 mV enabling a computer interface to easily produce the chromatogram
and data. Figure 6.3 shows the typical components of a GC system.
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Figure 6.3: Components of a GC system (by courtesy of Hewlett Packard Ausfralia).
6.2.1 Carrier Gas
The carrier gas is the mobile phase of the column used in fransporting sample components
through the column to the detector'I The individual partition and adsorption properties ofthe
components, including the solvent and the TPH in the sample determines the rate that tiiey
move through the system. Helium is chosen as the carrier gas for TPH analysis due to it's
smaller diffusion coefficient, relatively low molecular weight and the inert nature of the gas.
The ancillary gases required for the FID are air and hydrogen. These gases are supplied from
high-pressure gas cylinders, which are stored at pressures of up to 3000 psi. The quality of
tiie gases used are 99.99% pure helium; air containing 78.1% nitrogen, 20.9% oxygen and
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0.9%) argon; and 99.98% pure hydrogen. These gases are further purified by passing them
through a series offrapsincluding a molecular sieve, charcoal and siHca gel. Even small
changes in carrier gas flow-rate can affect the separation of the components. Pressure
regulators and flow-rate confrollers are built into the carrier gas lines at the cylinder and the
instrument to obtain a pulse-free and pre-set pressure and flow-rate. The flow control is used
to counteract the changes in flow-rate. During temperature programming at constant pressure
the flow-rate can change due to the increase in viscosity with increasing temperature. The
flow controller maintains theflow-rateaccurately over the fiill operating temperature range.
6.2.2 Sample Inlet System
The infroduction of a sample into the GC is the first stage in the TPH analysis. Samples are
infroduced as liquids into the GC through an injector port. A self-sealing septum to retain the
high pressure of the carrier gas is used with liquid samples. The resealing capability of the
septum depends on the temperature, flexibility of the silicon mbber seal, sharpness of the
syringe needle and design of the injector. The septum holder is designed by including a
needle guide to reduce mechanical damage. The temperature used for the injector block for
TPH (C10-C36) analysis is typically around 300 °C. To minimise the effects of: (i) septum
degradation and the loss of low molecular weight hydrocarbons due to septum bleeding and
(ii) baseline drift, the correct septa need to be used. To avoid cross contamination the inner
surface ofthe silicon septum is coated with 0.26 mm thick PTFE liner. Septum purge is used
to flush the surface of the septum with 2-3 mL/min of carrier gas to reduce artifacts due to
septum effects. Septa are changed daily. The samples are infroduced to the GC by an autoinjector.

The entire process of sample transfer, sample injection, collection of

chromatographic data and calculation of results are handled by microcomputer-confrolled
instmments. Liquid samples are placed in 2 mL GC glass vials with PTFE-coated silicon
septa. These samples are loaded as batches of up to 100 vials, which are sequentially
fransferred to tiie sampling position. Samples are taken into an automated syringe with a
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number of flushing and washing steps to avoid cross contamination. A liquid sample of 2 pL
from each vial is fransferred into the injection port. The sample is flushed out towards the
column inside the injector port by the helium carrier gas. The TPH (C6-C9) fraction is
analysed by exfracting the sod witii a solvent and transferring a portion ofthe solvent exfract
into a purge vessel containing a known volume of water. The volatile TPH in the solution is
purged using ultra high purity helium gas and trapped in an adsorbent material. The sorbent is
heated to release the volatile compounds, and a carrier gas sweeps the compounds into a
G&'-''.
6.2.3 Columns
1 o

Gloay first invented capillary column gas chromatography in 1959. This highly efficient
technique comprises a column which is made out of a long length of tubing whose inner wall
is coated with a thin layer of stationary phase. To apply capillary GC techniques to TPH
analysis requires knowledge of the boiling point range, vapour phase characteristics, number
of components (if possible); polar and non-polar characteristics, film thickness of the
stationary phase in the capillary column, type of stationary phase and optimum carrier gas
velocity. The optimisation of the temperature program as well as testing and calibrating the
system using a standard mixture representing TPH is also required.
The columns appropriate for the GCFID analysis ofTPH (C10-C36) are BPX-5, DB-5, Rtx-5,
CP-SH 8CB, SPB-5, HP-5, ulfra-2 and PTE-5'^ which are aH commercially available. The
stationary phase consists of 5%) diphenyl-95%o polysilphenylene-siloxane mixture which is
non-polar, has low bleed and can handle high temperatures of up to 370 °C.

High-

temperature characteristics are essential for eluting high molecular weight hydrocarbons
containing up to 36 carbon atoms. The stationary phase is chemically bonded to the column
wall and laid as a film. Columns with high thermal stabdity were used for efficientiy
separating hydrocarbons ranging from 6 to 36 carbon atoms.

158

6.2.4 Setting-Up for TPH Analysis
Within the column, a temperature gradient is required to separate the TPH compounds^'"^'"^^.
The temperature parameters to be considered include the injector temperature, the temperature
setting for the FID, an initial temperature for the oven, a hold time for the initial oven
temperature, temperature increments at a predetermined rate, fiirther temperature increments
if required and a hold time at the maximum temperature. The injection is in splitiess mode
and the purge inside the injection chamber is activated at a predetermined time. The column
head pressure is set at 150 kPa and prior to each injection the needle is automatically washed
with high purity DCM from two vials. These vials are placed in where the needle is washed
with each ofthe solvents vials five times. Measuring the C36/C18 peak area ratio monitors loss
of response and cross contamination. If the response ratio falls below 0.4, the injection liner
is changed and the accumulated particulate matter and fragments of septum mbber are
removed from the injection eyelet. When such changes are implemented the C36/C18 ratio
improves to approximately 70%. If the above servicing did not improve the quality of the
response the removal of at least 0.2 m from the head of the analytical column would be
required. Detector linearity is monitored by the analysis of a range of diesel standards. At the
start of each day, the oven temperature is typically maintained at 315 °C for at least 1 h to
clean the column. To maintain a steady baseline during temperature programming the column
compensation function available in the HP 5890 Series II system is used.
6.3 TPH Analysis by GCMSD
Detectors responding to most material eluting from the column are called universal detectors.
Total ion monitoring of GC coupled to mass selective detection (MSD) can be classified as an
universal detector^"*'^^. The GCMSD used for the analysis ofTPH (C10-C36) in this study was
a HP 5890 Series II system with a HP 5971 MS and a HP 7673 auto injector. The GCMSD
has been used in the analysis of complex hydrocarbon mixtures from pefroleum fractions
since the 1960^"^. This process was further developed to obtain well-defined and reproducible
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mass spectra for complex molecules in later years. Due to the inroads made on improved
digital and analogue electronics, personal computer systems and instmment design, gas
chromatography is available that incorporates compact integrated MSDs is currentiy
available. The confrol software and databases, incorporating libraries of reference specfra,
mn on fast personal computer work stations allowing sample mixtures containing common
organic analytes to be separated and identified on a routine basis. Chromatography is
primarily a separation technique measuring the amount of analyte eluted from the
chromatographic system. The GCMSD is a reliable detector for the confirmation of TPH in
environmental samples given the complexity of chromatograms obtained from soil exfracts.
The application of GCFID for reporting the presence of "real" TPH is only possible if samples
are known to contain only hydrocarbons or if aH peaks are assumed to be TPH equivalents.
Environmental samples such as soil collected from contaminated sites, may potentially
contain large amounts of non-hydrocarbon material, which requires confirmation. This can be
achieved by GCMSD analysis where the non-hydrocarbons can be distinguished from the
hydrocarbons using a specfral library. If a non-hydrocarbon co-elutes with a hydrocarbon, a
unique ion from either component can be used in determining the specific contribution by
each compound.
Elecfron impact (EI) is a process used for ion source production in GCMSD. The pressure is
maintained at below 10"^ torr^'''^^. The sample inlet system is designed to release the analytes
into the cenfral region of the source at a carefully controlled rate, depending on the analyte
and its physical properties. A short length of heated, silanised silica or stainless-steel
capillary tubing is used to fransfer the eluant directiy to the ion source. A library database
containing standard (i.e. Wiley Library™ of the HP Chemstation) 70 eV EI spectra for
275,000 compounds is available to identify unknown peaks. The EI ion source is efficient,
stable and produces ions with a narrow kinetic energy spread. The mass specfra obtained
from the EI ion source are specific and characteristic of the molecular composition of the
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TPH " . Thefragmentationprocesses produces ions whose relative abundance ratio reflects
the chemical composition of the sample. Elecfrons emitted at a hot filament are accelerated
and the resulting electron beam is dfrected from the ion chamber to the collector anode. The
interaction between the electron beam and the organic molecules (M) result fri an energy
transfer of over 20 eV which is sufficient to ionise most molecules. In many cases the
molecular ion is unstable and subsequently undergoes fragmentation to form smaller ions.
This process is presented as follows:
M + e - • M^ (molecular ion) + 2eH^ A"^ + B"^ + C^ + etc. (primary fragmentation ions)
The resulting positive ions move from the ionisation area through the slits and an ion lens
system into the mass analyser. The degree offragmentation,and the specfral fingerprint or
pattem is dependent on the energy of the bombarding elecfron beam. Ion currents are
maximum for elecfron energies in the range 50-80 eV, and most reference specfra are
obtained at 70 eV. The EI source requires a pressure of less than 10' torr to avoid unwanted
ion molecule collisions, and a pumping system of 30-100 L/s with vacuum conductance
permits 5-10 mL/min of vapour to be infroduced into the source.
The quadmple mass analyser consists of a set of four rods of circular or hyperbolic cross
section in a quadrant formation mounted parallel to the z-axis. Opposite rods are electricaHy
connected to an applied voltage which consists of a direct current (d.c.) with 1-2 MHz
reference frequency (r.f.) component creating an oscillating field between the rods. When an
ion moves into the quadmpole field it starts to oscillate in the x,y-directions between the rods.
If the mass of the ion is such that these oscillations are stable then the ion is moved through
the analyser to the elecfron multiplier. Ions of other mass to charge values undergo unstable
oscillations of increasing amplitude until they move out of the quadrupole field. Since there
is no force along the z-axis of the rods an ion accelerating potential of only 20-30 V is
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required. Scanning is achieved by varying the magnitude of the d.c. and r.f voltages whilst
maintaining a constant r.f : d.c. to produce a linear mass specti-um.
6.3.1 Interfacing GC and MSD
The separated components of TPH emerging from a GC column are present in picogram
amounts in the carrier gas stream. If the column eluant is to be coupled to a MSD the volume
flow-rate of carrier gas needs to be minimised for a given separation to achieve high
sensitivities in the ion source and to reduce pumping requirements. The GC parameters are
selected to obtain symmetrical sharp peaks that elute in a minimum carrier gas volume with
the best peak height to width ratio that can be achieved. If the components are not separated
properly, the co-eluting peaks wiH not produce pure mass spectra which can be compared
clearly with the reference specfra library. In order to achieve the best spectra the foHowing
factors are considered: the carrier gas chosen is ulfra high pure helium with a purity of
99.999%; the carrier gas needs to be inert and easily removed at the interface; the carrier gas
should not interfere with the spectra or the total ion current; the column stationary phase
should not bleed; the stationary phase should operate within the specified temperature range;
the split ratio should be optimised and the injections should be carried out by an auto injector
to deliver the sample onto the first few plates of the column without overloading. Caution
should be taken to maintain symmetrical, sharp and well resolved peaks and to obtain the
highest concenfration of component molecules in the carrier gas. Temperature programming
should be used to maintain a satisfactory peak profile throughout the analysis so that later
eluting peaks are not broad and the GC system should be set up to obtain minimum peak
volume of the emerging peaks. The temperature parameters for the injector and oven are
similar to the GCFID used for the separation of the TPH compounds. A temperature for the
detector interface ofthe MSD (which the GC column meets the MSD) is required. Figure 6.4
contains the basic stmcture of a GCMSD system.
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The injection is spHt and the purge is set at 0.0 min and the column head pressure is 100 kPa.
Prior to each injection the needle is automatically washed high purity solvent. These vials
containing the solvent are placed in positions where the needle is washed with each of the
solvents vials five times. The capillary column used in the GCMSD is a low-bleeding
column. The stationary phase consists of 5% diphenyl-95%-dimethylpolysiloxane. Data are
acquired from the MSD using the scan mode, the solvent delay set for 2 min, the monitored
mass range is 30-350 atomic mass units (amu), the scan threshold is 400 with a rate of 1.9
scan/s. A range of selected ion mass to charge ratios (m/z) are used in confirming the
pefroleum hydrocarbon components on a sample tested for TPH.
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Figure 6.4: Components of GCMSD system (by courtesy of Hewlett Packard Ausfralia).
6.4 Analysis of Volatile TPH (C6-C9)
6.4.1 Preamble
The study was conducted to obtain the concenfration of TPH (C6-C9) from spiked samples
with known amounts of unleaded petrol and analysed by GCFID and GCMSD ' " .
Sampling for TPH (C6-C9) is by P&T to obtain reHable data with minimum losses and
163

maximum sensitivity^'. Various laboratories use either the GCFID or the GCMSD for
detecting TPH (Ce-Cgf^'^^. GCFID is regarded as a cheaper and a more robust technique than
the GCMSD. Compared to a GCFID the GCMSD requires greater capital outiay, advanced
operator training and higher maintenance cost. Very little research has been carried out on
methods using P&T for the analysis of TPH (Ce-Cgf"^. This stiidy is aimed at investigating
the statistical variation between the concenfration determined by the two different detector
systems using a single GC injection, split andfransferredinto two columns and detected by
the FID and the MSD. It is anticipated that the results of this study will assist interpreting
analytical data on samples tested by either ofthe two detectors.
6.4.2 Materials and Methods
Reagents are methanol (Merc brand, HPLC grade) and granular anhydrous sodium sulphate
obtained from Crown Scientific (Melboume). Millipore water, further purified by passing
through four cartridges of a milli-Q ultra cartridge system, was used in all P&T work.
Glassware was cleaned as described in Chapter 3.2.5. P&T sampling vials (44 mL) were
purchased from SGE Ausfralia.
6.4.3 Preparation of Standards
The same standards have been used for the comparative FID and MSD measurements. These
are as follows:
The benzene, toluene, ethylbenzene and xylenes (BTEX) calibration and retention time
standard
This standard was purchased from Supelco, Ausfralia, Pty Ltd. as a stock solution of
2000 mg/L for each component.
The n-alkane calibration and retention time identification standard
A stock alkane mixture containing «-C6, n-C% and n-Cio hydrocarbons, each present at
5000 mg/L, was prepared using 99%) pure individual standards (Supelco, AusfraHa Pty
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Ltd.). This was prepared by diluting 50 mg of each hydrocarbon to 10 mL of
methanol.
The mixed BTEX/n-alkane (working) standard
A mixed standard of combined BTEX/n-Ce, "-Cg and «-Cio was prepared by first
creating a stock solution by combining 500 pL of (ii) and 350 pL of (i) and making up
to 25 mL of methanol. The solution was fransferred to a septum-sealed, screw-cap
vial for storage at -20 °C. The concenfrations in this stock solution were 100 mg/L in
n-alkane (each) and 28 mg/L in BTEX (each). A calibration standard solution was
prepared from the above stock by diluting 40 pL to 44 mL (P&T vial) with organicfree water. This solution then contained each «-alkane at 91 pg/L and each BTEX at
26 pg/L. This standard was used for the calibration of the detectors and defining the
TPH (C6-C9) range. The calibrations for the comparative analysis were carried out
using (a) the response of n-Cg.only (b) the total response of BTEX from the mixed
standard only and (c) the sum ofthe responses of BTEX + n-Cg, only. The n-Ce and
n-Cio were only used as retention time indicators.
(iv)

Surrogate standard (SS) - to monitor P&T efficiency
1 fi

A prescribed USEPA method 8260

surrogate standard was purchased from Supelco,

Ausfralia Pty Ltd. This stock contained a mixture of dibromofluoromethane, dg toluene and 4-bromofluorobenzene, each at 2000 mg/L.
Internal standard (IS) - to monitor injection efficiency and reproducibility
A prescribed USEPA 8260 IS solution was purchased from Supelco, Australia, Pty
Ltd, and contained pentafluorobenzene, difluorobenzene, ds-chlorobenzene and &A 1,4-dichlorobenzene, each at 2000 mg/L.
The combined SS/IS standard
The SS/IS working standard was prepared by diluting 500 pL of (iv) and 250 pL of
(v) to a final volume of 25 mL of methanol. This working solution contained 20 mg/L
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of the SS and 40 mg/L of the IS. 1 pL of the SS/IS was automatically added to all
samples by the auto-sampler before the samples were purged.
Gasoline Range Organic (GRO) standard
This was purchased from Chemservice (Melboume) and contained 2-methylpentane
(at 1500 mg/L), 2,2,4-trimethylpentane (1500 mg^L), toluene (1500 mg/L), 1,2,4trimethylbenzene (1000 mg/L), m-xylene (1000 mg/L), o-xylene (1000 mg/L), nheptane (500 mg/L), benzene (500 mg/L) and ethylbenzene (500 mg/L). A working
standard was prepared by diluting the purchased stock solution 1 in 10 in methanol.
20 pL ofthe mix was then added into a P&T vial (44 mL) fitted with milli-Q water.
This standard has been employed to monitor instrament performance.
The unleaded petrol spiking standard
This standard was prepared by dissolving 0.1 g (cold) of unleaded petrol in 20 mL of
methanol and making this up to 100 mL. The volumetric flask was capped and
inverted to mix. This solution contained unleaded petrol at a concenfration of 1000
mg/L and was used to prepare the spiked samples by dilution (section 6.4.5).
6.4.4 Apparatus for the Comparative TPH (C6-C9) Analysis
The general approach for these experiments has been detailed to in the section 6.1 and a
schematic diagram ofthe instmmental set-up is shown in Figure 6.2. A Vocarb frap (SupelcoShimadzu, Melboume) forfrappingpurged volatile components was used in conjunction with
an 01 brand P&T analyser unit distributed by Shimadzu, Melboume). The GC instmment
was a Hewlett Packard (HP) 5890(II)/5972 (coupled to both an MSD and a FID) as shown in
Figure 6.2. Two HP-624 columns 0.25 mm (ID) x 1.8 pm (film thickness) were connected to
the two detectors. To compensate for the vacuum on the MSD which decreased retention
time, a 30 m column was connected to MSD and a 24 m column connected to the FID. All
analyses were carried out in the split mode at 10 mL/min.
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6.4.5 Experimental
The parameters used in acquiring data were as follows: The 01 brand P&T was programmed
to purge for 8 min at 40 mL/min, desorb at 245 °C for 4 mfri, and bake at 250 °C for 8 min.
The temperature ofthe transfer line and valve oven were set to 100 °C. The volume of water
fransferredfromthe sample to the sparge tube was set at 5 mL. Injector temperattire 180 °C,
split vent flow 15 mL/min at 140 kPa. Both columns were HP-624, 0.25 mm I.D. with head
pressures of 80 kPa during trap purge; temperature program for the column at a initial
temperattire of 35 °C for 4 min, ramp 10 °C/min to 250 °C, hold for 2 min. The MSD
fransfer line temperature 245 °C, MSD on full scan 35-280 amu with a threshold of 400. The
MSD was tuned using maximum sensitivity auto-tune and a solvent delay of 1.2 min.
6.4.6 Preparation of Spike Samples
Unleaded pefrol, which is used here to represent a typical TPH (C6-C9) analyte, was added at
a concentration of 240 pg/L into milli-Q water. After spiking, 44 mL each P&T vial was
capped and inverted 3 times to homogenise. Seven replicate analyses and seven blanks were
prepared.
6.4.7 Measurement ofTPH (C6-C9)
Prior to the measurement of TPH (C6-C9) in the samples, the following standardisation
procedure was carried out, both on the spiked samples and the blank (seven replicates in each
case):
The SS/IS working standard (6.4.3 (vi)) was automatically applied to all spiked samples,
blanks and calibration standards.

Figure 6.5 depicts a total ion chromatogram of a

representative sample with the SS/IS standard added.
The calibration standard (6.4.3 (iii)) was used to estimate the start and end points ofTPH (C6C9). Figure 6.6 depicts the mass spectrum profile of benzene, a BTEX component of the
standard. All peaks appearing in the chromatogram of the spiked sample between the
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beginning of the benzene peak of and the end of the n-Cio peak were integrated baseline-tobaseline with the HP Chemstation software and the response due to the TPH (C6-C9) in the
spiked sample was calculated by subtracting tiie total area of the SS/IS computed from the
blank. To convert the TPH (C6-C9) response in the spiked sample to a concenfration, the nCg, the BTEX and the BTEX + n-Cg (manually) integrated standard peaks were employed.
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Figure 6.5: Typical total ion chromatogram of a representative unleaded pefrol sample with
the SS/IS.
6.4.8 Results
The results of the experiments are given in Table 6.1 and depicted in Figure 6.7. The
calibration standards n-Cg, BTEX and BTEX + n-Cg were used for the comparison of GCFID
and GCMSD measurements. This study also investigated the most appropriate standard ofthe
tiiree to use. All statistical tests employed show that there was no significant difference at
p = 0.05 between the measured TPH (C6-C9) concenfrations when n-Cg was used as the
calibration standard. However, a significant difference is seen between the results obtained
by the two detectors when BTEX or BTEX -1- n-Cg are used as calibration standards.
Therefore n-Cg as the calibration standard produced TPH (C6-C9) concenfrations which are
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comparable to the two detectors. Furtiiermore, the n-Cg standard is demonsfrated to be tiie
most appropriate with respect to reproducing the expected concenfration (horizontal broken
Hne in Figure 6.7 at 240 pg/L).
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Figure 6.6: Sample mass spectmm of benzene.
6.4.9 Discussion
In order to carry out a comparative analysis of TPH (C6-C9) by GCFID and GCMSD, water
samples spiked with unleaded petrol were analysed using three different calibration standard
responses, namely, n-Cg, BTEX and BTEX + n-Cg (Section 6.4.3). The outcome of these
experiments is presented in Figure 6.7 and Table 6.1. It is clear that use of n-Cg standard
(both for FID and MSD) is superior to the use of BTEX or BTEX+ n-Cg for achieving
accuracy of measurement.
This may be attributed to the n-Cg being more representative of the unleaded petrol in terms
of detector response.

The use of the latter standards, does not only give rise to an

underestimation ofthe tme level ofTPH but there is also a significant difference between the
values depending on weather FID or MSD are used. Again this can be attributed to a
difference in response to a given standard, this time between the detectors. In this regard, it
may be pointed out that the difference between the response to aliphatic and aromatic
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compounds is more pronounced for MSD than for FID. For example, the FID responses to I
ng of benzene and 1 ng of n-Ce are relatively similar at 206 and 222 counts respectively.
However, the MSD responses were 450 and 309 counts respectively, which represented a
significant difference.

Therefore, all of tiie above needs to be taken into account when

selecting an appropriate standard and detector for TPH (C6-C9) analysis. By selecting an
appropriate standard, the analysis can be carried out either by FID or MSD with accurate and
comparable results. Failure to do this may lead to outcomes that are neither accurate nor
comparable with respect to both detectors.
300 n
D GCMSD

I GCFID

250 -

;S'200
E

2:150

f

•t

100

50

BTEX

n-Cg

BTEX + n-Cs

calibration standard
Figure 6.7: Comparative TPH (C6-C9) mean concentrations and confidence intervals (95%),
n=7) from spiked unleaded pefrol samples.

This finding is reflected in analogous investigations on TPH (C10-C36) samples. This work
is described in the following sections.
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6.5 Analysis of Semi-Volatile TPH (C10-C36)
6.5.1 Preamble
This stiidy was conducted to determine the concenfration ofTPH (C10-C36) from soil extracts
analysed by GCFID and GCMSD. GCFID is used extensively in Australia for the detection
and quantification of TPH (Cio-Cse)^

However GCFID will not identify pefroleum

hydrocarbon components. Often TPH (C10-C36) is analysed by GCFID to minimise cost and
to simplify the analysis. When component identification is required GCMSD has to be used.
This study was carried out to determine if there are significant variations between TPH (CioC36) concentrations determined by GCFID compared to GCMSD.
6.5.2 Sample Preparation
For this investigation, 24 samples of sandy loam contaminated with TPH (C10-C36) were
collected in 250 mL glass jars. The glass jars, which were filled to the top with these samples,
were opened and the top 2 cm of soil from each jar was discarded. The samples were then
homogenised by transferring each of them into a stainless steel tray and mixing with a mortar
and pestle. Each homogenised sample was then split into two sub-samples, one for moisture
analysis and the other for the GCFID and GCMSD analysis. Moisture analyses was carried
out using the method described in Chapter 3.2.6.4.
6.5.3 Materials and Methods
The reagents are acetone (Omnisolve, EM Science, Ausfralia), DCM (EM Science) and
sodium sulphate, (anhydrous granular Mallinkrodt, Australia). Standards covering the C10-C36
range were prepared using analytical reagent grade hydrocarbons (Supelco, Ausfralia Pty.
Ltd.) and included n-Cio, n-Cn, n-Ci4, n-Ci6, n-Cig, n-C24, n-C28, n-C32 and n-C36.
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6.5.4 Preparation of Standards
The working standards are tabulated on Table 6.3. A stock solution (Std I) ofthe n-alkanes:
CIO, C]2, CI4, CI6, Cig, C24, C28, C32 and C36 was prepared by accurately weighing (~1 g) of
each into 50 mL of DCM and diluting to 100 mL with DCM (volumetiic flask).
Table 6.2: Dilution of stock standard.
Std

Standard

Individual hydrocarbon (mg/L)

Cifl -Cssimg/L)

Stdl

Stock Solution

10,000

90,000

Std 2

Spike

1,000

9,000

Std 3

Recovery

25

225

Std 4

Intermediate

10

90

Std 5

GC Working Injection

2

22.5

This stock solution contained individual hydrocarbons at 10,000 mg/L (TPH (C10-C36)
concenfration of 90,000 mg/L). This stock solution was serially diluted with DCM to prepare
the working standards,
6.5.5 Apparatus for the Comparative TPH (Cio-Cje) Analysis
The instrumentation included (i) gas chromatograph-HP 5890 Series II with an auto-sampler
and a FID, (ii) gas chromatograph-HP 5890 witii a HP 5970 MSD and (iii) HP Chemstation
software.
6.5.6 Experimental
A mixture of 1: l(v/v) DCM/acetone was prepared and 20 mL was added to jars containing 10
g of the homogenised soil. The jars were placed in an ulfrasonic bath and sonicated for 1 h
while maintaining the temperatiire below 25 °C. Each exfract was dried over anhydrous
sodium sulphate. The sample was placed in an ulfrasonic bath for a further 30 min. The soil
was then allowed to settle and the supematant was checked for suspended particulate or
floating insoluble material, which requires centiifiiging to separate. The supematant was
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centiifiiged at 13,000 rpm for 5 min if required. A portion of the clear supematant was
fransferred to a 2 mL glass crimp-top GC vial and analysed by GCFID and GCMSD.
The sample extracts were analysed on a HP Series II GC fitted with an SGE BPX5 (25 m
length, 22 mm I.D. and 0.25 pm F.T.) column, a HP7673A auto sampler and FID. The
following GC conditions were used: sample volume 2 pL, injector temperature 325 "^C,
detector temperature 350 ^C, head pressure 175 kPa, temperature program with an initial
temperature 40 °C, initial time 0.8 min., temperature rate (1) 27 °C/min up to 100 °C,
temperature rate (2) 35 °C/min up to 350 °C, hold time 5 min.

Integration of the

chromatograms was performed with the proprietary HP Chemstation data analysis software.
The TPH (C10-C36) concenfration was computed by integrating the response by defining the
baseline over a distance. The concenfration was proportional to the sum of the areas between
the start of the n-Cio peak and the end of the n-C36 peak. Only the soil extracts containing
TPH (C10-C36) at or above 100 mg/kg were calculated for this study. The GCFID was
calibrated using the GC working standard (Std 5).
Sample extracts analysed by the GCFID were re-analysed on a HP 5890 GC fitted with an
HP5-MS (25 m length, 0.22 mm I.D. and 0.25 pm F.T.) column and a HP 7673A autosampler coupled to a HP 5970 MSD. The sample volume used was 2 pL, injector temperatiire
280 °C, detector temperature 290 °C, head pressure 30 kPa, temperature program with an
initial temperature 35 °C, initial time 7.0 min., temperature rate 15 °C/min up to 320 °C and
hold time 10 min. The data were acquired from the MSD using the following conditions:
mode scan, detector was tumed on at 2.0 min, low mass 30 amu, high mass 300 amu and scan
threshold 400 amu.

Integration of the chromatograms was performed with the HP

Chemstation software. The integration event timetable was programmed to calculate the sum
of area between the start of the n-C 10 peak and the end of the n-C36 peak. Only the soil
exfracts containing TPH (C10-C36) at or above 100 mg/kg were calculated.
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6.5.7 Preparation of Spike Samples
The analysis was carried out as described in Section 3.2.6.6 with monitoring to see if there
were response variations in standards. The checking for response variations was carried out
by using a GC working standard (Std 5) in one in every four analyses. A reagent blank
containing the solvent and drying agent, a soil blank containing clean sandy loam the solvent
and the drying agent, and a recovery sample were analysed to obtain the percent recovery of
TPH (C10-C36) and to check for cross-contamination. The recovery sample was prepared by
adding a clean sandy loam to the TPH spike standard to obtain a 450 mg/kg sample of TPH
(C10-C36). The spiking was carried out using a sandy loam (10.0 g) and spiking 500 pL of Std
2 by injecting the solution just below the surface of the soil from the side of the jar. The
percentage recovery was calculated by direct comparison of the response obtained for the
spiked sample chromatogram with that for the recovery standard (Std 3) chromatogram.
These recoveries were between 95-100%o and are considered to be satisfactory.

6.5.8 Calculations
A GC calibration factor was calculated to correct for moisture content (% moisture), sample
exfraction volume and sample mass:
^ ,.,

. _

Calibration Factor

=

100
Extraction Volume
[ 100 - (% moist)]x •
Sample Mass

The TPH (C10-C36) concenfration for each sample was directly obtained from the calibration
when the sample volume was 0.020 L and the sample mass was 0.01 kg.
6.5.9 Results
The TPH (C10-C36) concentration for each sample was read directly from the calibration table.
TPH (C10-C36) concentrations were obtained for each sample using GCFID and the GCMSD.
The results are shown in Figure 6.8 and suggest that in the majority of samples tiie TPH (CioC36) concenfration obtained by the GCFID is greater than the concentration obtained by

175

GCMSD. This has been confirmed by statistical testing and is discussed (sections 6.5.10 and
6.8.1).

GCMSD

1 2 3 4 5 6 7 8 9

D GCFID

10 1112 13 14 15 16 17 18 19 20 2122 23 24
sample number

Figure 6.8: Comparative TPH (C10-C36) concenfrations using GCFID versus GCMSD.
6.5.10 Discussion
Twenty four contaminated sandy loam exfracts were each homogenised, extracted and
subjected to comparative TPH (C10-C36) analysis using GCFID and GCMSD. The results in
Figure 6.8 suggest that the GCFID analyses produce higher TPH (C10-C36) values than the
corresponding GCMSD analyses. A subsequent ANOVA analysis (Appendix 6.1) confirms
that the two detectors produce statistical variations in TPH concenfrations for a given sample.
This is probably a reflection of the different responses of the two detectors to various
chemical compounds present in the TPH samples. To illusfrate this point, the FID response to
n-C6 was found to be relatively similar to the Ce aromatic analogue, benzene (see section
6.8.1) but the MSD response between these two analytes was substantially different. Indeed,
the TPH (C10-C36) fractions in the soil exfracts were identified by the GCMSD library to
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contain numerous classes of hydrocarbon with complex stmctures, including polynuclear
aromatic hydrocarbons (PAHs). Therefore the FID, due to it's relatively linear response to
hydrocarbon concenfration rather than to carbon number or molecular stmcture, produces a
better estimate ofTPH concentration with a less complex choice of standards.
One can argue that, in order to overcome the difference in response between the FID and
MSD, as many representative components of the sample as possible should be used in the
calibration. However, this is complicated by a lack of knowledge ofthe sample history given
that TPH (C10-C36) is subjected to weathering and chemical fransformation. A suggested
approach is to use a combination of FID and MSD with due consideration of the limitations
involved. Thus GCFID is more suitable for determining concenfrations and the GCMSD
complements this by identifying non-hydrocarbon components. Such compounds can then be
excluded from the GCFID quantification.
6.6 Conclusion
Two studies were conducted to determine if there are variations of results when TPH is
analysed using GCFID and GCMSD. The first stiidy included the analysis ofTPH (C6-C9) by
P&T/GCFID and GCMSD on spiked water with known concenfrations of unleaded petrol.
The analysis was conducted using three sets of calibration standards. The three sets included
n-Cg, BTEX, and BTEX + n-Cg. Only n-Cg produced TPH (C6-C9) concenfrations which are
comparable by the two detector systems and closer to the spiked concenfration of unleaded
pefrol. Therefore it is essential to select the proper standard to obtain comparable TPH (CeC9) concenfrations.
The second stiidy involved a comparison of the TPH (C10-C36) concenfrations from
contaminated sandy loam sod using GCFID and GCMSD was conducted. A total of 24
contaminated soil samples were analysed for TPH (C10-C36) using the two detectors. The
percent moisture of each sample was determined prior to exfraction with DCM/acetone (1:1).
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The data obtained from each detector was statistically tested to determine frends that may
exist in the TPH (C10-C36) concentrations.

The data analysis showed the GCMSD

concentrations were consistently lower than the GCFID concenfrations when n-alkane
mixtures were used as calibration standards. Therefore, the use of appropriate standards
together with a suitable detector system is critical for TPH (C10-C36) analysis.

The

quantification is more reliable with the GCFID even when less complex standards are used
and the identification of the components in a soil extract can be achieved only by the
GCMSD.
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Chapter Seven: Comparative Analysis of BTEX from Contaminated Soils
by Three Standard Methods
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7.1 Introduction
This chapter is designed to investigate three common methods used in determining BTEX
which is an integral part of tiie volatile TPH fraction. The C6-C9 TPH range (so-called
volatile hydrocarbons) is a specific range which requires monitoring due to the relatively
higher solubility, toxicity and volatility of individual components such as benzene^'^^ The
most significant components within this range are benzene, toluene, ethyl benzene and tiie
xylene isomers. These components are collectively referred to as BTEX. BTEX is the most
abundant component in pefrol and therefore a very common contaminant in the industrialised
world. BTEX in contaminated soil has implications with respect to toxicity to humans and
animals, fri this regard, their solubility in water promotes faster migration^^"^^. When soil is
contaminated by petrol, the contamination may reach ground water through seepage^"^.
Testing for BTEX in soil is a requirement implemented by authorities in most industrialised
countries ^'^. Apart from BTEX there are other aromatic hydrocarbons present in pefrol in the
C6-C9 range.

These include compounds such as 7-methyl-2-ethylbenzene, 7-methyl-^-

ethylbenzene and 2,3-trimethylbenzene^'^. However, BTEX is chosen as the major indicator
required for the measurement of volatile hydrocarbon contamination, especially for sites
contaminated by pefrol. Sections 1.2 - 1.4 describes the properties of BTEX in pefrol.
Analysis of BTEX requires particular care and the application of complex methods due to the
volatility of the components and the legislated requirement to detect sub-parts per million
concenfrations in soil^'^. Environmental agencies around the world, with a view to improving
soil quality and the health of their citizens, have implemented guidelines to manage soil
contaminated by BTEX^^"^^ The methods used for BTEX analysis should be robust and
produce reliable estimates.

Utmost care needs to be taken to minimise losses during

sampling, fransportation and handling, and the homogenising and preparative stages. The
choice of analytical method and operator experience can also influence the reliability of
BTEX analysis. However, even highly skilled analysts will not be able to obtain reliable
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results if the chosen method is not appropriate. Three analytical methods commonly used for
BTEX analysis in contaminated soils are as follows:
(i)

Purge and frap (P&T) sampling and analysis by gas chromatograph, coupled to a mass
selective detector (GCMSD). In this method, the soil is exfracted witii methanol, the
volatile components are purged out of solution using helium and frapped and
concenfrated on an inert material. These are then de-sorbed by heating prior to
transfer into the GCMSD. The P&T/GCMSD method is based on the United States
Environmental Protection Agency (USEPA) SW846 series method 8260 B ^^

(ii)

Headspace sampling where a sample of soil is heated to approximately 90 °C to form a
vapour ofthe volatile components which is then analysed by GCMSD. The headspace
analysis method is based on SW846 series methods 3810 and 5021^^'^^

(iii)

Analysis of soil extracts by gas chromatography with flame ionisation detection
(GCFID). The GCFID analysis method is based on SW846 series methods 3550 B
and 8000 B ^^'^^. In this method, the soil is extracted with dichloromethane (DCM),
the volatile components are analysed by the GCFID.

All three methods are used in laboratories around the world. This study was conducted to
compare BTEX concenfrations obtained by these three methods when contaminated soils are
analysed.
In order to meet the objective ofthe study which included the assessment of three methods it
was conducted in two parts. The first part consisted of analysing 109 contaminated soil
samples collected from petrol station sites suspected to contain BTEX. The soils were
classified according to soil type using the Northcote bolus manipulation technique

and

tested for total organic carbon (TOC)^°, moisture content ^' and pH ^^. Sods were analysed
for BTEX by tiie three above methods and the resulting concenfrations were statistically
tested to establish if different results were obtained depending on the method employed .
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The second part of the study use bulk samples of clean soil spiked with eight different
concenfrations of unleaded pefrol and each sample was analysed in triplicate by the three
methods. The mean concentrations obtained by each of the three methods was assessed to
determine frends where bias towards a particular method might be indicated. The relative
differences between the spiked and the recovered concentrations from each method were
assessed to establish which method produces the optimum recovery.
7.2 Materials And Methods
The 109 contaminated soil samples were collected from twelve service station sites around
Ausfralia and analysed for BTEX by the methanol extraction and P&T/GCMSD, DCM
exfraction/GCFID and headspace/GCMSD methods. The soils were chosen from both clay
and sandy soil sites to include exfremes in soil type. Clay soils were regarded as soils which
retain contamination due to the limited permeability of the stmcture and the sandy soils are
regarded as soils which do not retain all contamination due to high permeability of the soil
stracture^"*. To minimise losses of BTEX through volatilisation, soils were refrigerated at or
below 4 °C from the time of arrival in the laboratory to the weighing and extracting stages .
The study did not examine procedures involved in field sampling and the aim was limited to
investigating laboratory methods.

Homogenisation and weighing was conducted while

samples were maintained at or below 4 °C.

7.2.1 Reagents
The reagents used were Methanol (Merck-HPLC grade), DCM and acetone, (Merck-pesticide
residue grade), granular anhydrous sodium sulfate and calcium chloride (Crown Scientific).
Millipore water,fiirtherpurified by passing through four cartridges of a milli-Q ulfra cartridge
system, was used in all P&T work. The glassware cleaning solutions included chromic acid
and PyronegT'^ powder (2%, w/w) in water. The pH meter calibration solutions included

buffer standards of pH 4, 7 and 10. For the TOC analysis a sucrose calibration standard was
prepared by using AR grade anhydrous sucrose and AR grade sulfiiric acid.
7.2.2 Apparatus
Glassware was soaked overnight in 2% (w/w) Proneg™ solution, rinsed with water, soaked for
2 h in a 2% (w/w) chromic solution and washed with water, rinsed with acetone and air dried.
It included 125 mL glass jars with screw-cap lids fitted with Teflon ™ liners, 1 L glass jars
with screw-cap lids fitted with Teflon™ liners, glass rods with rounded edges, 6 mm diameter,
Pasteur pipettes, 15 cm length P&T vials (44 mL glass) and syringes (e.g. 25-500 pL),
calibrated prior to measurements. Clean stainless steel spatulas were used for sample fransfer,
glass volumetric flasks at various volumes and glass pipettes ranging from 0.5-20 mL at
various volumes were calibrated prior to measurements. Glass GC vials (2 mL) with crimp
caps (containing Teflon™ lined) and a crimper were used. The 20 mL glass containers
designed for headspace sampling (Hewlett Packard (HP) cat. No. 9301-0716), septa to fit
headspace vial (HP cat. No. 9301-0719) and aluminium seals to crimp the septa (HP cat. No.
9301-0721) were purchased. A hand crimper was used to seal the soils inside the headspace
vials. A Branson 8210, 950 W (47 ± 0.6 kHz) ulfrasonic bath was used for extraction. The
exfractions were conducted at the maximum power setting. A MSE, Microcentaur centrifuge
and a Retex Instilments vortex mixer were also required for separating particulate material
from the extract. A pH meter and a TOC analyser were also used in these tests.
7.2.3 Analysis by P&T/GCMSD
Analysis by P&T/GCMSD was conducted using a Tekmar ALS 2016/ Tekmar LSC 2000
P&T sampler with sixteen 5 mL sparge tiibes and VOCCARB 3000 (Supelco fric. 2-1006)
frap. The P&T was operated at a purge pressure of 270 kPa with ulfra high purity helium and
at a purge flow of 40 mL/min. The purge was activated for 8 min and the dry purge for 1 min.
The desorb preheat was set to 245 °C, desorbed for 4 min at 250 °C and the frap was baked for
8 min at 270 °C.
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The GCMSD system included a HP 5890 GC interfaced to a HP 5971 MSD. The operating
conditions for the GCMSD were injector at 220 °C, interface temperatiire at 250 °C, inlet split
at 20:1. The oven temperature program included an initial temperatiire of 35 °C (hold 4 min),
at a rate of 10 °C/min to 240 °C and a final hold time of 0.5 min. The chromatographic
column was a HP 624, 25 m long, 0.22 mm intemal diameter and 1.12 pmfifrntiiickness.
Figure 7.1 depicts a typical P&T unit.
Control Panel

Figure 7.1: Example of a purge and trap unit (courtesy of 01 Analytical).
7.2.4 Analysis by GCFID
Analysis by GCFID was conducted using HP 5890 GC with a model 7673 A auto sampler, a
split/splitless injector and helium carrier gas. The operating conditions of the FID were:
initial temperature at 40 °C held for 0.5 min, temperature programmed at rate (i) 27 °C/min to
100 °C, (ii) at 35 °C/min to 350 °C and a final hold time of 5 min. The injector temperatiire
was 320 °C, injection volume 2 pL and detector temperature 355 °C. The chromatographic
column was a BPX 5 (SGE Scientific), length 25 m, 0.22 mm intemal diameter and 0.25 pm
film thickness.
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7.2.5 Analysis by Headspace/GCMSD
Analysis by headspace/GCMSD was conducted using a Perkin-Elmer HS 40 headspace
analyser with an auto sampler capable of holding 40 samples, a 13 sample sub-rack with a
built-in auto-shaker and a heater and timer to maintain each sample at 90 °C for 30 min to
generate headspace vapours. The sample volume was set at 2 mL of vapour. The column
interface was polyamide-coated fused siHca capillary tubing, approximately 1 m long, 0.22
mm intemal diameter and 0.33 mm extemal diameter. The temperature of the interfacing
column between the headspace analyser and the GC was 180 °C.
The GCMSD was a HP 5890 GC interfaced with a HP 5970 MSD. The GC column was a
HP 5, MS, 30 m long with 0.25 mm intemal diameter 0.25 pm film thickness. The oven
temperature was programmed at initial temperature at 40 °C, a hold time of 7 min, and a
temperature gradient of 10 °C/min to 180 °C and a further hold time of 5 min. Samples were
split at 27:1. Figure 7.2 shows the HS 40 headspace analyser coupled to a HP 5890 GC
system.
7.2.6 Standard Solutions
7.2.6.1 P&T/GCMSD Standards
A stock solution of certified grade BTEX standard containing 5000 mg/L each of the
components in methanol was purchased from Ulfrascientific. Calibration standards at 5, 10,
20, 40 and 60 mg/L were prepared by diluting 5, 10, 20, 40 and 60 pL aliquots into the 5 mL
Tekmar sampling chamber.
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Sampler,

Headspace Unit

Transfer Line

Figure 7.2: Example of a headspace (HS 40) coupled to a HP 5890 GC system (courtesy of
Perkin-Elmer Ausfralia and Hewlett-Packard Australia).
Intemal standards (IS) were used to correct for injection volumes in case the injector
malfunctioned.

Certified grade IS were purchased from Ulfrascientific.

They included

toluene-fif^, 4-bromofluorobenzene and dibromofluoromethane, each at 2000 mg/L in
methanol. Solutions were prepared by diluting a 500 pL sample into 200 mL flasks with
methanol. These solutions contained each IS at 5 mg/L.
7.2.6.2 GCFID Standards
A stock solution was prepared using analytical reagent grade BTEX (Supelco) by weighing 10
g of each component into 100 mL standard flasks and diluting with DCM. These solutions
contained 10,000 mg/L of each BTEX component. A mixed, dilute standard was prepared by
adding 1 mL the stock solution to a 50 mL standard flask at 2000 mg/L for each component in
DCM. A further two dilutions were prepared by : (i) diluting with DCM, 5 mL of the above
mix into a 100 mL standard flask (This solution contained 100 mg/L of each BTEX
component) and (ii) diluting a 2 mL solution from (i) into a 100 mL standard flask (This
solution contained 2 mg/L of each BTEX component).
7.2.6.3 Headspace/GCMSD Standards
The calibration standards were prepared using procedures similar to those for the FID studies.
However, methanol was used in place of DCM and an additional standard containing 1000
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mg/L of each BTEX component was prepared in addition to the 100 mg/L and the 2 mg/L
mixtures. Surrogate standards (SS) were analysed as a part of the calibration process to
minimise errors due to headspace vapour generation. If the surrogate material was not
recovered to at least 100 ± 20% then the samples were re-analysed. The compounds used as
surrogate standards were chosen from components which were not expected to be found in
soil, fri most cases these components were radioisotope analogues of the test material. For
example, toluene-dg was used as an SS in the radio isotope analogue of toluene. Certified
grade SS standards were purchased from Ulfrascientific. They included each component at
2000 mg/L in methanol. The components were dibromofluoromethane, toluene-dg and 4bromofluorobenzene. A 10 pL mixed SS solution was added into every sample to monitor the
extraction and the analysis. These components were used for monitoring and for correcting
the efficiency ofthe headspace generation and injection volume.
7.2.7 Sampling and Analysis by P&T/GCMSD
The top 2 cm of soil was discarded to remove the interfacing layer that can undergo varying
degrees of loss. Once the top layer was removed the soil in the jar was quickly stirred with a
metal spatula and an 8 g sub-sample was removed and placed in 40 mL glass vial. Subsamples for headspace/GCMSD and the GCFID were also taken at the same time. The
complete sub-sampling process was performed as rapidly as possible to ensure minimum
evaporation. All sub-samples were subjected to P&T/GCMSD analysis by calibrating witii
extemal standards. Sub-sampling for all tests was carried out as close to the same time as
possible to minimise sample handling and losses.
Lumps in soil samples were rapidly broken using a clean glass rod while submerged in
metiianol. The soil was ulfrasonically exfracted for 30 min using 20 mL of methanol. The
ulfrasonic bath was cooled to at least to 10 °C using synthetic ice packs. Exfracts containing
particulate or floating insoluble material were centiifiiged (13,000 rpm for 5 min). A quantity
of methanol (between 10-1000 pL depending on the contamination) was added to 39 mL of
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milli-Q water, the IS spiked added, and volume adjusted to 40 mL. The samples were then
ready for analysis by P&T/GCMSD. A clean soil was analysed as a blank to determine if
there was any interference. A multi-point calibration table was prepared using 5.0, 10, 20, 40
and 60 pg/L BTEX components.
7.2.8 Sampling and Analysis by GCFID
Sub-samples were weighed in 10 g lots into 40 mL P&T vials with 20 mL of DCM and placed
inside an ulfrasonic bath for 30 min. The ulfrasonic bath was maintained at or below 10 °C to
minimise any losses of BTEX and the soil samples were extracted at the highest sonicator
setting (950 W) to dissolve BTEX in DCM. Approximately 10 g of anhydrous sodium sulfate
was added to the container and sonicated for a further 10 minutes whilst it was drying with
sodium sulfate. The soil was allowed to separate and settle. Exfracts containing particulate or
floating insoluble material were centrifiiged (13,000 rpm for 5 min). A clean soil was
analysed as a blank to determine if there was any interference. A multi-point calibration table
was prepared using 2.0, 5.0, 25, 50 and 100 pg/L BTEX components.
7.2.9 Sampling and Analysis by Headspace/GCMSD
Sub-samples were weighed in 5 g lots into 20 mL headspace vials with 5 mL of a saturated
calcium chloride solution and 10 pL ofthe 2000 mg/L SS added to each sample. The vials
were capped and crimped immediately and placed in the ultrasonic bath for 30 min to
homogenise and prepare for incubation at 90 °C. Sub-samples were subjected to headspace
GCMSD analysis using an extemal standard calibration.
7.2.10 Identification Techniques
The GCFID measurements were taken by analysing the BTEX calibration standards and
recording the retention time of each of the BTEX components eluting from the column. The
soil exfracts were analysed and the peaks eluting at the same retention windows to those as
the calibration standards were identified and determined as BTEX. The quantification of each
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BTEX component was conducted by the peak area ratios between the soil exfract and the
calibration standard multiplied by the concentration of the standard. These concenfration
measurements were obtained directiy from the calibration table constmcted using HP
Chemstation software. The GCMSD measurements were taken for the headspace sampling
method and the P&T sampling method from the GCMSD. These measurements included the
peak areas of each BTEX component in the calibration standard and the peak area of
components eluting at the same retention window as the soil extracts. These chromatograms
are referred to as total ion chromatograms (TIC). The comparison of retention times is similar
to the GCFID analysis. The mass spectmm of each ofthe BTEX components were checked
for additional confirmation using ion fragments. The fragmented ions were referenced using
the GCMSD library. The ions used in confirming each of the BTEX components and the IS
are presented in Table 7.1.

Table 7.1: Confirmation ions for BTEX and IS.
Component
Benzene
Toluene
Ethyl benzene
m-Xylene
p-Xylene
o-Xylene
Dibromofluoromethane
Toluene-Js
'/-Bromofluorobenzene

Confirmation Ions
78,51,63,74
91,65,63,51
91, 106,77,65,51
91,106,79,77,65,51
91,106,79,77,65,51
91, 106, 79, 77, 65, 51
113,111,192,190
98, 100, 70, 42, 80
176,174,95,75,50,151, 101, 85

Figure 7.3 shows a total ion chromatogram of a BTEX with IS and SS obtained from the
GCMSD.

A second study was conducted on BTEX-free soil, spiked with a known amount of unleaded
pefrol, using the 3 methods. A quantity of loam with approximate clay content of 30% (w/w)
was acquired from a local nursery and dried over night. The soil was sieved to retain all
material between 300-550 microns. A sub-sample was solvent exfracted and analysed using
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GCFID. The results ofthe analysis indicated that the bulk soil was free of TPH and BTEX.
Eight 1.2 kg portions of this soil were weighed into 1 L round bottom flasks and 120 mL of
milli-Q water was added to each flask to give a soil moisture content of approximately 10%.
The soils were mixed by manually shaking the flasks and connecting them to a modified
rotary evaporator and rotating for 3 h. The contents of the flasks were allowed to settle over
night and moisture contents were determined and found to be 9.6-8.5%. The flasks were
stored in a refiigerator at or below 4 °C.
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Figure 7.3: Total ion chromatogram of BTEX representing each component.
7.2.11 Study on Spiked Soil
Pefrol sold as unleaded was purchased from a local service station and spiked at 30, 65, 80,
90, 100, 150, 180 and 200 mg/kg concenfrations into the 8 homogenised soils. The spiking
was conducted by cooling tiie unleaded pefrol to approximately 4 °C,fransferringwith a glass
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syringe and accurately weighing into each 1 L flask containing clean soil. The weights of
spikes were 36, 96, 108, 120, 180, 216 and 240 mg respectively. After spiking with the
unleaded pefrol, the flasks were immediately closed and manually shaken for 30 min while
being partially immersed in an ice water bath (4 °C).
The spiked soil was sub-sampled for the three methods using 10 g samples. During the
process a 10 g sub-sample was taken and tested for moisture content and compared with the
moisture content of the initial bulk sample to assess the homogeneity. The variation in
moisture content was less than 5% (w/w) among the 8 bulk samples. A variation of 10% by
weight in the moisture content was regarded as acceptable for this study.
7.2.12 Moisture Content and pH Determination
The moisture content was analysed as described in Section 3.1.6.4^\ The pH was determined
for each ofthe 109 soils by allowing them to dry in air over night and grinding each to form a
fine powder ' . A 10 g sample ofthe soil was weighed into a 100 mL glass jar with a screw
cap and 50 mL of milli-Q water was added and tumbled for 1 h. Samples were removed from
the tumbler and analysed within 1 min before the solution settled. If the samples had settled
before the analysis they were shaken and analysed using a pH meter. The pH measurements
were required to determine which samples contained extreme values to minimise adverse
effects on the instmmentation and to implement procedures to minimise danger during
handling. Knowing the pH values of the soils can assist the interpretation of results if
anomalies are encountered.
7.2.13 TOC Analysis
The TOC was determined for each of the 109 soils. A series of sucrose standards were
prepared by using 2.9686 g of sucrose in 250 mL milli-Q water in a standard flask. A series
of dilutions were prepared by dispensing 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, and 10.0 mL of the
standard into 250 mL Erlenmeyer flasks. These solutions were evaporated by placing them in
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an oven at or just below 65 °C and cooling to ambient temperature. The soil samples were air
dried overnight and ground to form a fine powder.

Soil was weighed into a 250 mL

Erienmeyer flask (0.2-1.5 g) and 10 mL of 0.5 M sodium dichromate was added with gentie
swiriing to ensure soil particles were wet. The samples were held for 10 min with occasional
swiriing and 20 mL of concenfrated sulfuric acid was carefiilly added. Samples were held for
a fiirther 30 min with gentie swiriing tiien 170 mL of milH-Q water was added, mixed and
allowed to cool and settle. Samples that were cloudy were centrifiiged for 15 min to obtain
clear solutions for analysis. Absorbance of the supematant at 600 nm was determined (with
water as blank). A standard curve was constmcted by plotting absorbance of the standard
sucrose assay against the known carbon content. For example 0.0594 g of sucrose contains 25
mg of carbon.

The TOC values were assessed to identify if there were soil samples

containing exfremely high gasoline concenfrations before conducting analyses such as the
headspace GCMSD which could be dangerous due to the possibility of explosion.

7.2.14 Spot testing for Lime Content
The presence for lime was assessed for each ofthe 109 soils by adding a few grains of soil
into 50 mL of 1 M HCl in a 100 mL glass beaker and any bubbles generated by the reaction
between carbonate and the hydrochloric acid observed. The reaction showed a few bubbles,
slow effervescence, rapid effervescence or vigorous frothing according to the carbonate
concenfration. The lime content was tested to confirm the higher pH readings.
7.3 Results and Discussion
7.3.1 Comparison Study on Soil Contaminated by BTEX
Soil samples were prepared for analysis by the three methods using the same preparation
procedure. The exfraction and the detection process for the three methods were significantly
different. Tables 7.2, 7.3 and 7.4 summarise the characteristics of the methods based on
discussions with experts and on various laboratory experiences with the methods ^^"^^.
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The 109 soils were classified and it was found that 52 samples contained clay and 57 samples
contained sandy soil representing twelve individual service station sites across Ausfralia. The
moisture content for the clay soil samples ranged from 3.4% to 33.2% (w/w) with average
moisture content of 16.4% (w/w).
Lime was detected in 45 of the clay soils and 7 had a pH of less than 7.0. The pH values
ranged between 5.0 to 9.6 with an average of 8.1. The TOC ofthe clay soils ranged between
0.01% (w/w) and 9.9% (w/w) with an average TOC of 2.1% (w/w). When the total BTEX
concenfrations were examined among the 52 clay soils, 43 soils were determined to contain
BTEX by P&T/GCMSD and in 9 soils, total BTEX was not detected by any of tiie three
methods. The total BTEX concenfrations obtained for the clay soils by the three methods are
presented in Figures 7.4-7.6. The lowest detectable concentration of total BTEX by each of
the three methods was estimated as 0.5 mg^g. Among the 43 clay soils containing BTEX by
P&T/GCMSD, only 27 soils were positive to BTEX when analysed by DCM
exfraction/GCFID and only 19 soils contained BTEX when analysed by headspace/GCMSD.
Sods found to contain BTEX at concentrations close to 1 mg/kg by P&T/GCMSD were not
detected by the other two methods. This result indicates that P&T/GCMSD is more sensitive
for BTEX than the other two methods. One soil sample containing approximately 650 mg/kg
total BTEX by the P&T/GCMSD method was not detected to contain BTEX by the other two
methods. This sample was further examined and found to contain a mixed matrix including
stones, building material and mbble and was regarded as totally inhomogeneous.
When the total BTEX concenfrations were examined among the 57 sandy soils, all were
determined to contain total BTEX by P&T/GCMSD. Only four soils produced lower total
BTEX concenfrations by P&T/GCMSD method compared to the concentrations obtained by
the other two methods. The remaining 53 soils produced higher concenfrations of BTEX by
P&T/GCMSD compared to the concentrations obtained by the other two methods for the
same soils. These comparisons are presented in Figures 7.7-7.10. The moisture in the sandy
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soils ranged between 0.8% (w/w) and 33.2% (w/w) with an average of 16.4% (w/w). Lime
was detected in 50 ofthe sandy soils and 7 were with a pH < 7. The pH ranged between 3.8
and 10 with an average pH of 7.76. The TOC ofthe sandy soils ranged between 0.03% (w/w)
and 8.9% (w/w) with an average of 3.1% (w/w). Among the 57 sandy soil samples 37 samples
contained total BTEX by DCM exfraction/GCID and 25 by headspace/GCMSD. Soils with
total BTEX concentrations approaching 1 mg/kg only produced detection by the
P&T/GCMSD.

200

c3

13

C
O

I
o
C
o
o

• 1—(

CO

CO
CO

g

O

§

o

C3

lab

D

•3

o

rt

-a

•J3
PH

O

TS

.£3

13

<u

CO
)-l

<D
• i-i

-y

rt

'o
>
VH

cs

<u

CO

rt
o
>

el

test

«^-|

eco omi

>

^
o
;->
;.^
^
'^
o

,o

o

rrt

rt

TP

o
rt
(L>

&
o
o
*
*
*

I

o
o

o

>%
o
o

[/3

B
O

a
o

o

u

°

-t^

rt

00

in

o
d
o
o
cd

>.

--^

1 OS

I

Q
o

O

o

X

^
^

.S

I
1/3

X
w

201

o

o
CO

E
•g
13

a

rP
4)

i

8

s
rt

o
o

rt

^^

rt

&0

CO

g
rt
o
o
<u

o
rt
o

CO

u I
O
o
<a

X)

rt
o
•^
rt
i3
(U
(30

rt

§
o
U

«
fl

•3

I •s
+->
CO

.p

O
CO

o
o

&0

rt
•a
bO
u
o
rt
&

is

-^

u

.rt

rrt
u

rt

rS
rt
o

13
CO

rt

Q
m

CO

rt
o
o

•l

I

rt
o
'rt

ti

H
CN

o

rt

(/3

o
H

H

S

•§ I

o
o

O

I

o
rt

'rt

CO

*
*

)-l

T3

.cl

o

(Zl

rt

in

VO

OO

(50

2

OH

(U

a,
o >;
TS

HH

.fci
'co

Q
t/5

g
u
o

S;

•a
.s
fl

>-.'c3

o

1

O

w
fl
o

o

u

1

I
CO

<u
Q

0)

(u eg

O

H

I
CO

> .s
o
CO

<U

I

a
u
13 e
>

cd
P2H

9H

O

o
CO

.1—1

o
CO

(D
(SO

I
<
ti

H
202

I

2

CO

The compMison of concenfrations by each method on a given soil sample demonsfrates that,
similar to the clay soils, the total BTEX was detected in most soils by tiie P&T/GCMSD
followed by the DCM extraction/GCFID and least by headspace/GCMSD. These results
suggest tiiat the probability of detecting total BTEX for either clay or sandy soils are greater
by P&T/GCMSD compared to DCM extraction/GCFID and headspace/GCMSD.
Most of the samples (clay and sand) determined by the P&T/GCMSD contained highest
concenfrations compared to the same samples analysed by GCFID. The same samples
analysed by headspace/GCMSD were determined to be the lowest concentrations compared to
the concentrations determined by the other two methods. The three sets of concentrations
were statistically compared by the two-way ANOVA statistic. The two factors used for the
ANOVA statistic were the samples and the methods. Since the 109 samples were analysed
without replicates the "ANOVA two factor without replication test" was applied (Appendix
7.5.2). The interpretation ofthe statistic was that if samples were represented in rows in the
Table of Appendix 7.5.1 and the test methods represented in columns there are significant
differences between both the samples in rows (representing total BTEX concenfration) and
the columns (representing the three methods). Therefore the ANOVA statistics confirms that
there are significant differences between the concenfrations achieved for a soil when the three
metiiods are used (Appendix 7.5.3). The histograms in Figures 7.4-7.10 graphically show that
the BTEX concentrations achieved by the P&T/GCMSD are relatively higher than those
achieved by the other two methods.
A higher proportion of sandy soils contained detectable total BTEX than clay soils and the
concenfration of total BTEX in sandy soils was greater than in clay soils. The method, which
had tiie least sensitivity in detecting total BTEX, was the headspace/GCMSD especially when
applied to clay soils. The results of this study were quite different to the published work
carried out by Voice and Kolb (1993) who compared recoveries obtained for BTEX from
spiked soil . Their conclusion was that the recoveries for soils were better from the
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headspace method than the P&T method. However, it should be noted that their study was
limited only to clean soil spiked with BTEX and this could explain the apparent discrepancies
between the two studies.
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Figure 7.4: BTEX concenfrations for clay soils (lower range).
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Figure 7.5: BTEX concenfrations for clay soils (medium range).
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The contamination in real soils cannot be limited only to BTEX and so there will be
competition between BTEX and various other volatile components to accommodate the
headspace producing variations, which cannot be correlated to the calibration standards.
Additionally, interactions between actual soils and the contaminants can cause various
environmental transformations and these behave differentiy to the spiked soils. Also the
spiking technique may play an important roll in the studies. Spiked bulk samples are different
to spiked test portions. Another study conducted by Roe et al. (1989) ^^ found that the
headspace/GCMSD method to be a rapid and effective means of analysing environmental
samples. They also concluded that water samples containing a range of 1-15,000 pg/L BTEX
are effectively were detected by this technique. They did not discuss the recoveries for lower
concenfrations.

The work carried out on contaminated soils in the current project

demonsfrates that soils containing BTEX concentrations approaching 1 mg/kg are not
frequentiy detected by the headspace/GCMSD and DCM exfraction/GCFID methods
compared to the P&T/GCMSD method.
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Figure 7.7: BTEX concentrations for sandy soils (lower range).
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Figure 7.10: BTEX concenfrations for sandy soils (very high range).
7.3.2 Comparison Study on Clean Soil Spil{:ed with Unleaded Petrol
The recovered percentage of the total BTEX concenfrations achieved from P&T/GCMSD,
DCM exfraction/GCFID and headspace/GCMSD methods for the 8 soils spiked with unleaded
pefrol are presented in Figure 7.11. The recoveries are compared for clean soil spiked with
unleaded petrol at 30, 65, 80, 85, 100, 150, 180 and 200 mg/kg respectively. Assuming that
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the BTEX in the unleaded petrol (as informed by the refinery) to be approximately 10% ofthe
total unleaded petrol, the expected recovery of total BTEX from each sample is 3.0, 6.5, 8, 8.5,
10, 15, 18 and 20 mg/kg respectively. The error ofthe mean of three replicate analyses at 95%
confidence interval is included for each ofthe histograms.
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Figure 7.11: Recovery of total BTEX by the three methods.
Further assessments of total BTEX concentrations obtained for the spiked soils were conducted
by calculatuig the percent recovery relative to the expected concentration. Table 7.5 summarises
the percent recovery of total BTEX by the three methods. The highest recoveries on Table 7.5
are achieved by the P&T/GCMSD technique. Therefore, it is most likely that the BTEX in
spiked soils behaves differently durkig the application ofthe three methods compared to BTEX
in natural soils. This factor is especially prominent in clay soils which appears to be tightly
compressed and difficult to extract.
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Table 7.5: Percent recovery of total BTEX by the three methods.
Percent BTEX by
P&T/ GCMS
76
80
74
75
76
75
72
78
Mean Recovery
75
Standard Deviation 2

Percent BTEX by
GCF
33
34
31
33
33
30
28
32
32

Percent BTEX by
Headspace GCMS
16
35
22
27
44
50
68
32
37

2

17

Additionally, the spiked soils may not be as complex in nature in their chemical, physical and
biological processes as soils that are contaminated over a period and weathered. It is likely
that the BTEX is bound to the soil. Additionally, loss of volatile components appears to be
greater in the DCM exfraction/GCFID compared to the other two methods even though steps
were taken to minimise the occurrence. P&T/GCMSD and the headspace/GCMSD were
carried out in closed systems. The headspace/GCMSD gave less consistent results compared
the other two methods and this may be due to the limited confrol over the sample after
formation of the headspace. In samples containing a number of volatile components each
component can compete to occupy the headspace by other vapour components.

The

P&T/GCMSD method is the best method for total BTEX analysis due to P&T being efficient,
easily controlled and with a capacity to concenfrate material in the frap. The only drawback is
the possible cross contamination of the frap by samples containing higher concenfrations of
material.

The results in Table 7.6 demonsfrate that the highest percent recovery of BTEX is achieved
by the P&T/GCMSD technique. The concentrations measured for the eight spiked samples of
clean soil were also statistically analysed. The results indicate that P&T/GCMSD has the
highest mean recovery of 75 ± 2% compared to values of 32 ± 2% and 37 ± 17% for
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DCM/GCFID and headspace/GCMSD respectively. This indicates that both DCM/GCFID
and headspace/GCMSD produce relatively low recoveries.
The error bars which overlap or are closest to the range of the spiked concenfrations as shown
in Figure 7.11 are those from the P&T/GCMSD. This further confirms that the P&T/GCMSD
produces concenfrations which are relatively closer to the expected concenfration compared to
the other two methods. At a confidence interval of 95% the mean percentage recovery values
for P&T/GCMSD, DCM/GCFID and headspace/GCMSD are 75 ± 13, 32 ± 13 and 37 ± 113
respectively (t = 2.36 for 7 degrees of freedom). Therefore among the three methods the
P&T/GCMSD method appears to be the most suitable for total BTEX analysis of soil. Since
recovery corrections are not applied in BTEX analyses the preferable method is
P&T/GCMSD due to its relatively higher percent recoveries compared to the other two
methods.
7.4 Conclusion
Two studies were conducted to compare the BTEX concenfrations achieved using three
commonly used methods in Australia found through surveys among soil testing laboratories.
The first stiidy included 109 BTEX contaminated soils analysed by P&T/GCMSD, GCFID
and headspace/GCMSD. The results of this stiidy showed that the P&T/GCMSD technique to
be the most reliable method to determine BTEX. This was especially prominent in soils
containing BTEX concentrations approaching 1 mg/kg. The second study included the
analysis of BTEX on spiked soil using the same three methods. The highest percent recovery
of BTEX was achieved by the P&T/GCMSD. The samples tested by the GCFID and the
headspace/GCMSD produced relatively low recoveries of BTEX. Therefore the current
preference in Ausfralian laboratories to use any one of the three methods can produce
unreliable BTEX measurement which may not comparable against each other.
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8.1 Introduction
The purpose of this chapter is to demonstrate by validating a method to be able to determine
all volatile TPH fractions including BTEX using P&T/GCMSD. GC is extensively used for
the analysis of frace concentrations ofvolatile TPH (C6-C9). Three such GC methods tiiat are
appHed to tiie analysis of BTEX, a sub-class ofTPH (C6-C9), are discussed in Chapter 7 of
this thesis^'^. One ofthe most effective metiiods for BTEX determination and quantification
has been demonstrated to be P&T/GCMSD. BTEX is a significant soil contaminant due to its
toxic properties^°"^l The P&T/GCMSD is capable of detecting BTEX to low parts per billion
concentrations in soil, as required by regulators around the world^"^''^"^^ Table 8.1 shows
some ofthe constituents of petrol which fall within the TPH (C6-C9) fraction.
Table 8.1: Typical TPH (C6-C9) compounds found in pefrol (BTEX represents 21% and
monoaromatic hydrocarbons are represented by MAH.
Class of <Compounds

5:s

K. A

X
r

H
PQ

M

0

All

^

Other

Compound
Benzene
Toluene
Ethylbenzene
m-Xylene
o-Xylene
p-Xylene
1,2,4-Trimethylbenzene
7,3,5-Trimethylbenzene
2-Methyl-i-butene
2-Methylpentane
i-Methylpentane
2-Methylhexane
3-Methylhexane
2,2,4-Trimethylpentane
Methylcyclopentane
«-Hexane
«-Heptane
Other (PAHs, Phenols)

Percent by Weight
1.9
8.1
1.7
4.6
2.5
1.9
3.0
0.98
1.1
3.9
2.5
3.0
1.7
2.4
1.8
2.4
1.1
55.42

From tiie Table 8.1 it's clear that BTEX forms a significant component ofthe TPH (C6-C9)
fraction. For any given sample of contaminated soil, the BTEX concenfration should be less
than the total concenfration of TPH (C6-C9) measured. The following example demonstrates
217

the measured concentration of BTEX and TPH (C6-C9) obtained from seven homogenised,
contaminated sandy soils. The BTEX in this case stiidy was analysed by extracting one subsample of soil with methanol and determinfrig tiie concenfration by P&T/GCMSD. The TPH
(C6-C9) was analysed by exfracting a second sub-sample with DCM and determining the
concentration with GCFID^^ The concentration of BTEX and TPH (C6-C9) obtained by the
two methods are tabulated in Appendix 8.1 and are depicted in Figure 8.1.

700 1
• BTB< by P&T/GCMSD
• TPH by GCFID
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Figure 8.1: Comparison of BTEX and TPH (C6-C9) concentrations determined by
P&T/GCMSD and GCFID.
Among the seven contaminated soils only one (sample number 5) is found to give sensible
comparison between TPH (C6-C9) and BTEX concentrations. The remaining six soils show
BTEX concentrations which are significantiy greater than TPH (C6-C9). Such an outcome is
clearly unacceptable. However, both methods were validated by the laboratory and accredited
by the National Analytical Testing Authority (NATA) . This highlights the importance of
choosing methods which not only are "validated and accredited" but which are actually
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capable of producing concenfrations which reflect the reaHstic relationship between BTEX
and TPH (C6-C9). Even though the two methods are individually validated and accredited,
they are not appropriate for simultaneous use to determine the required relationship between
BTEX and TPH (C6-C9). One way to overcome this is to use a single method for both
analyses. By selecting a single method the analyst will have more confrol over the analysis
and therefore the uncertainty factors generated by two methods wiU be reduced.
The P&T/GCMSD method was demonstrated to be an appropriate method for BTEX analysis
in Chapter 7 where recoveries were shown to be superior to those from the other two
methods^'^^'^^ namely GCFID and headspace/GCMSD.
This chapter includes a robust P&T/GCMSD method for the simultaneous analysis of TPH
(C6-C9) and BTEX in petrol-contaminated soil. The method can be applied to contaminated
soils to obtain the TPH (C6-C9) and BTEX concenfrations with the proportions which are at
reliable ratios. This ratio is frequentiy effected using most of the current methods. The
metiiod is based on the USEPA Metiiod 8260^ modified to incorporate TPH (C6-C9)^^ The
method has been validated to identify and quantify BTEX at a concentration range of 0.1-100
mg/kg and TPH (C6-C9) at a concenfration range of 10-10,000 mg/kg in soil.

When

concenfrations exceed the upper values, the exfracts are diluted to fall within the validated
range. This can be achieved since the components of TPH (C6-C9) are totally soluble in
methanol.
8.2 Method Outline
The method involves extracting contaminated soil with methanol, transferring 100-1000 pL of
the exfract into water and bubbling helium through the water to purge the volatile components
that are frapped in a tube containing a sorbent material. When purging is complete, tiie
sorbent tube is heated and back-flushed with heHum to desorb the trapped components. The
components are evaporated and transferred onto a narrow bore capillary GC column for
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separation and analyses by MSD. The GC column is temperature programmed to separate the
components which are detected by the interfaced MSD. Qualitative identifications was
confirmed by analysing standards and comparing mass specfra and GC retention times.
BTEX components quantified by relating the MSD response for selected ions of the relevant
standard to the TPH (C6-C9) computed by: (i) confirming all major peaks using the mass
specfrometry library, (ii) removing compounds which are non-hydrocarbons and (iii)
comparing the total ion chromatograms (TIC) of standards with those ofthe samples.
8.3 Reagents and Standards
All references to water in this method refer to organic-free reagent water. The P&T analysis
was found to be extremely sensitive and prone to cross contamination by ultra frace vapour
concenfrations in the environment. For this reason, care was taken to segregate stock solvents
from samples and instmmentation. Pesticide analysis quality methanol was used to prepare
stock solutions and secondary dilution standards from pure material or standards purchased
from Ulfra Scientific, Ausfralia.

The standard solutions were prepared in methanol, as

described under the standard preparation. Surrogate standards (SS) used were toluene-ds, 4bromofluorobenzene and dibromofluoromethane. Intemal standards (IS) were chlorobenzeneds, 7,4-difluorobenzene, 7,4-dichlorobenzene-J4 and pentafluorobenzene.

The MSD was

tuned using 25 ng/pL 4-bromofluorobenzene (BFB) in methanol. Calibration standards were
prepared at five concentrations and matiix spiking standards for vaHdations were prepared
from BTEX and normal alkanes representing TPH (C6-C9).
8.4 Apparatus
The P&T consists of three separate parts; the sample purge, tiie frap and the de-sorb. The
P&T sampling device was assembled as a separate unit coupled to the GCMSD. The purging
chamber was designed to accept 5 mL samples, with a water column at least 3 cm deep. The
gaseous headspace between the water and the trap contained a volume of less than 15 mL.
The purge gas passed through the water column as fine bubbles having a diameter of less than
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3 mm. The purge gas was infroduced below 5 mm from the base of the water column. The
frap was at least 25 cm long and had an intemal diameter of at least 2.68 mm. Starting from
the inlet, the trap contained layers of 2,6-diphenylene oxide; sHica gel; and coconut charcoal
all in equal proportions. The desorber was capable of rapidly heating the frap to 180 °C. The
trap was baked-out by maintaining the temperature just below 220 °C. The purging chamber
was maintained over the temperature range of ambient to 100 °C.
The P&T System included an 01-Analytical 4551 sampler, sparge tube of 5 mL capacity, a
chamber with a 10 pL sparge tube for the addition of the IS. The trap was a Tenax/Silica
Gel/Charcoal (01-Analytical 219972), the purge pressure was set at 145 kPa with ulfra high
purity helium and the purge flow was set at 30-40 mL/min. The P&T was operated under the
following settings: sampler purge time of 8 min, dry-purge for 1.00 min at 20 °C, de-sorb for
4.00 min at 180 °C,frapbake for 10.00 min at 180 °C, transfer line temperatiire 100 °C, valve
100 °C, sample volume 5 mL, 3 washes per sample, loop fill time 0.13 min, loopfransfertime
0.20 min, needle depth 90% and cycle time 23.33 min.
The GCMSD data were assessed by the Enviro Quant data system. The GCMSD included a
temperature-programmable GC suitable for splitiess injection and accessories such as syringes
analytical columns and gases. The GC was equipped with flow controllers to maintain
constant column flow rate throughout de-sorption and temperature program operation. The
capillary column was coupled to the MSD. The GC column was a 60 m x 0.75 mm ID
capillary column coated with VOCOL (Supelco, Pty. Ltd.), 1.5 pm film thickness. The MSD
was capable of scanning 35-300 atomic mass units (amu) every 2 s or less, using 70 V
(nominal) elecfron energy in the electron impact ionisation mode. The mass specfrometer was
capable of producing a mass specti^m for BFB, which met the mass-intensity specifications
when 50 ng was injected ^'^^ Appendix 8.2 contains the BFB ion mass and required relative
abundance required to validate the GCMSD.
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The MSD was required to acquire at least five specfra while the sample component eluted
from the GC. This ensures sufficient precision of the mass specfral data. The GC was
interfaced to the MSD with a glass enrichment device and a glass transfer Hne.
A computer system, which allowed continuous data acquisition, was interfaced to the MSD.
The software enabled searching for GCMSD data files for ions of a specified mass and for
plotting ion abundance versus time or scan number (Extracted Ion Current Profiles (EICP)).
The software also allowed the integration of the abundance in EICP between specified
time/scan-number limits.

The mass spectral library (i.e. WHey Library of the HP

Chemstation) was used for compound searching.
Micro syringes used for the measurements included volumes of 10-1000 pL. Two-way
syringe valves with lure ends (three each) were used in the purging device. Syringes having
5, 10, or 25 mL volumes which were gas-tight with shut-off valves, as well as an analytical
balance capable of weighing 0.0001 g and a top-loading balance capable of weighing 0.1 g
were required. Glass scintillation vials with a capacity of 40 mL, with Teflon '^^ -lined screw
caps, were used for holding samples. Pasteur pipettes, class A volumetric flasks (10-100 mL)
and spatulas were also required.
8.5 Procedure
8.5.1 Preparation of Reagents and Standards
Stock solutions were prepared by adding approximately 9.8 mL of methanol to a 10 mL
calibrated ground-glass-stoppered volumetiic flask and aHowing the flask to stand, unstoppered, for approximately 10 min or until alcohol-wetted surfaces were dry. The flask was
weighed to the nearest 0.0001 g and the reference material was added as described. Solutions
werefransferreddrop wise using a 100 pL syringe and the mass was recorded. This process
was continued until the required mass was achieved. The standard was transferred into
methanol. When the weighing was complete the volume was adjusted to the mark on the
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flask with methanol, stoppered and mixed by inverting several times. The concenfration was
calculated in mg/L from the net gain in mass. When compound purity was assayed to be 96%
or greater, the mass was used without correction to calculate the concenfration of the stock
standard. Commercially prepared stock standards were used if they were certified. The stock
standard solution was transferred into a Teflon ™ lined screw-cap bottie and stored at -10 °C
in the dark with minimal headspace to limit vapour generation.
The secondary dilution standards were prepared using stock standards. These standards
contained the required compounds, either singly or in combination. They were stored with
minimal headspace. A stock solution of the SS was prepared at a concenfration of 50-250
pg/10 mL in methanol. Each sample for GCMSD analysis was spiked with 10 pL ofthe SS
prior to analysis. The material used as SS were compounds not found in real samples, that
can be separated and identified from sample peaks by the GCMSD. The use of SS allowed
the comparison of recoveries with respect to a system blank. The following ions were
monitored in SS: dibromofluoromethane (113), toluene-d^ (98) and 4-bromofluorobenzene
(95,174,176).
The IS and secondary dilution standards were prepared in methanol using the procedures
described below. The secondary dilution IS was prepared at 25 mg/L each. The addition of
10 pL of IS into a 5.0 mL of sample or calibration standard was the equivalent of 50 pg/L in
solution. The IS were added to all samples. The IS were not regarded to be found in natural
samples and could be separated, identified and quantified.

The IS were used for the

quantification of target compounds using calibration curves. Consequentiy they adjusted for
fluctuations in purge efficiency and various injection errors. The following ions were
monitored in IS: pentafluorobenzene (168), i,'/-difluorobenzene (114), chlorobenzene-<:/5
(117) and 7,4-dichlorobenzene-c?4 (152).

223

Calibration standards were prepared at 5 concentrations from the secondary dilution of stock
standards using organic-free reagent water. The matrix spiking standards for the validation
were prepared in methanol, with each compound at 250 pg/10.0 mL. Standards in methanol
were stored at -10 °C in amber bottles with Teflon '^^ lined screw caps. The calibrations
were carried out with the tuning set to maximum sensitivity using perfluorotributylamine
(PFTBA) ions 69, 219 and 502. The automated tuning program to optimise the MSD with
respect to bromofluorobenzene (BFB) also used the BFB. The BFB tune evaluation was
carried out by purging 50 ng of BFB. The P&T/GCMSD was calibrated using BTEX at 2, 10,
25, 60 and 100 mg/L and n-Ce, n-Cg and n-do at 4, 20, 50, 120 and 200 mg/L. The IS and SS
at 10 mg/L of each component was spiked into all samples. Figure 8.2 contains a profile of
the TPH (C6-C9) standard. Note that the smaller peaks in the background are due to responses
by the SS/IS.
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Figure 8.2: Profile ofthe TPH (C6-C9) standard containing aliphatic and aromatic
hydrocarbons.
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8.5.2 Trap Conditioning
The trap was conditioned at 180 °C by back flushing with an inert gas flow of 20 mL/min.
The trap effluent was vented after disconnecting the column. Prior to daily use, the frap was
conditioned for 10 min at 180 °C. The frap was vented to the analytical column during daily
conditioning; however, the column was mn through the temperature program prior to the
analysis of samples. Signs of a deteriorating trap were uncharacteristic recoveries of SS,
especially toluene-ds, a loss of the response of the IS during a 12 h mn and a rise in the
baseline in the early portion ofthe scan.
8.5.3 Cliromatographic Conditions
The instinments included the 01-Analytical 4551 P&T sampler, HP 5890 Series II plus a GC
interfaced to a HP 5972 MSD and HP G1032C Enviro Quant software, HP 624, 25 m x 0.2
mm X 1.12 pm column and ulfra high purity helium carrier gas. The GC conditions including
an injector temperature of 220 °C, interface temperature of 250 °C, inlet split of 20:1, a
temperature program with initial temperature 35 °C held for for 4 min, temperature ramp rate
of 10 °C/min, final temperatiire 240 °C held for 0.5 min.
8.5.4 P&T/GCMSD Calibration
The GCMSD hardware was tuned to meet the BFB mass-intensity specifications. A set of 5
calibration standards was used. The area response ofthe characteristic ions (Appendix 8.3)
was tabulated against the concenfration of each compound and each IS. The response factors
(RF) for each compoimd relative to one of the IS were calculated. The IS selected for the
calculation of the RF was the one with a retention time closest to the compound being
measured.
The RF was calculated as follows:
RF = (Ax.Qs) / (Ais.Cx)
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where: Ax = area ofthe characteristic ion for tiie compound being measured; Ais = area ofthe
characteristic ion for the specific IS; Cx = concenfration ofthe compound befrig measured;
Cis = concenfration ofthe specific IS. The average RF was calculated and recorded for each
compound.

Using the RFs from the initial calibration, tiie percent relative standard deviation (% RSD) for

calibration check compounds (CCC) were calculated as follows:
% R S D = ( S D / X mean ) ( 1 0 0 )

where: % RSD = percent relative deviation; x mean = mean of 5 initial RFs for a compound; SD
= standard deviation of average RFs for a compound
The % RSD for each CCC was required to be less than 30%. The CCCs used were toluene
and ethylbenzene. The GCMSD was calibrated by injecting 50 ng ofthe BFB. The resultant
mass spectra was required to satisfy all of the mass-intensity specification criteria. After
every 12 h of analysis time, a calibration standard at a concenfration near the mid-point for the
working range of the GCMSD was used to check if there were changes. After the system
performance was verified, the validity of the initial calibration using the CCC was checked.
The percentage difference was calculated using the following equation:
% Difference = ( ( RFuve - RFc ) / RFiave ) (100)
where: RFi ave = average response factor from initial calibration; RF c = response factor from
current verification check standard.

^

If the difference for any compound was greater than 20%, it was considered a waming. If the
difference for each CCC was less than 25%, the initial calibration was assumed to be invalid.
If the retention time for any IS changed by more than 0.5 min from the last daily calibration,
the chromatographic system was inspected for malfunctions.
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8.5.5 GCMSD Analysis
P&T is designed to analyse frace levels of volatile components. Therefore, if grossly
contaminated samples are infroduced they may contaminate the frap, necessitating extensive
clean-up. To overcome this problem, the contaminated soils were screened to estimate
approximate concenfration prior to P&T/GCMSD analysis. Screening was carried out usfrig
the DCM extraction/GCFID, method detailed in Chapter 7 '^. Using DCM exfraction/GCFID
the TPH (Ce-Cg) and BTEX can be analysed simufraneously while analysing for the semivolatile TPH (C10-C36) (if required) on the same sample. The approximate concentration of
TPH (C6-C9) obtained by DCM exfraction/GCFID also provided an estimate to carry out
dilutions prior to the P&T/GCMSD.

The OI-Analytical P&T system incorporated an

automatic spiker, which made a 10 pL per 5 mL sparge tube addition of IS. To ensure
accuracy, the addition was made into the sample sfream while the sparge tube was filled. Soil
samples were prepared by weighing 8.0 g into a 40 mL vial fitted with a screw-top cap and
Teflon '^^ coated septum. The samples were refiigerated to sub-ambient temperature and 20
mL of methanol was quickly added. The samples were then sonicated in a Branson 8210 ultra
sonic bath for 30 min. The exfract was centrifiiged if necessary at 500 rpm for 20 min to
separate particles and then refrigerated to sub-ambient temperature to minimise losses. When
the sample was chilled below ambient temperature, 1.0 mL of the methanol exfract was
quickly added into a 40 mL vial containing 39 mL of organic-free reagent water. In some
cases an ahquot of the solvent extract was diluted and 100 pL was taken for analysis. The
moisture content of each soil was analysed using the method detailed in Section 3.2.6.4 .
Concenfration of individual analytes was reported on dry weight basis.
8.5.6 Data Interpretation
An analyte was identified by comparing the sample mass spectmm with the mass spectmm of
a standard. Mass specfra for references were obtained by analysing the calibration standards.
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The following criteria were developed as a part ofthe study to verify identification:
I.

Elution of sample component at the same GC relative retention time (RRT) as those of
the standards

2.

Comparison of mass spectra of the samples with the relevant mass spectra of the
standards.

The retention time (Rt) of a sample was compared within ± 0.06 Rt units ofthe standard. The
standard was analysed within the same 12 h period as the sample.
1.

All ions present in the standard mass spectra at a relative intensity greater than 10% of
the most abundant ion, had to be present in the sample mass spectmm.

2.

The relative intensities of ions must agree within ± 20% between the standard and
sample mass spectra. For example an ion with an abundance of 50% in the standard
specfra; the corresponding sample abundance must be between 30-70%.

For samples containing components not associated with the calibration standards, a library
search was conducted to determine tentative identification. Criteria for making tentative
identifications were:
1.

Relative intensities of major ions in the reference mass spectmm (ions >10% of the
most abundant ion) should be present in the sample mass spectmm.

2.

The relative intensities ofthe major ions should agree within ± 20%. (for an ion with
an abundance of 50% in the standard spectram; the corresponding sample abundance
must be between 30-70%).

3.

Molecular ions in the reference spectrum should be present in the sample spectmm.
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4.

Ions in the sample mass spectiiim but not in the reference mass spectiiim should be
reviewed for possible background contamination or presence of co-eluting
compounds.

5.

Ions in the reference mass spectiiim but not in the sample mass spechiim should be
reviewed for subtraction from the sample spectiiim because of background
contamination or co-eluting peaks. When a BTEX component was identified, the
quantification was based on the integrated abundance from the EICP ofthe primary
characteristic ion. The IS used was the one nearest to the retention time ofthe analyte.

The extemal standards n-Ce, n-Cg and n-Cio were used in identifying the range of the TPH
(C6-C9) and the integration boundaries between the beginning ofn-Ce and the beginning of wCio peaks. The TPH (C6-C9) determination was conducted in conjunction with BTEX. The
BTEX components were determined individually by quantifying ions using the respective
calibration curves. The remaining C6-C9 were determined against an average response of
extemal standard BTEX and the normal alkanes n-Ce, n-Cg and n-Cio. The following criteria
were developed to determine the TPH (C6-C9) in this study:
(a)

The concentration of each BTEX component was computed using the respective
calibration curve.

(b)

The total response area was computed using baseline-to-baseline integration technique
between the beginning of n-Ce to the begirming of n-Cio-

(c)

The BTEX response area was subfracted from the total area response in (b).

(d)

The response area ofthe water blank including the SS and the IS were subtracted from
the total response area in (b)

(e)

The areas in (b)-(c)-(d) were converted to concentration using the respective standards.
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(f)

The concentration of TPH (C6-C9) was computed by adding the concenfration obtained
in (e) to the BTEX concenfration obtained from individual BTEX analyses.

The above procedure was applied to ensure that the BTEX and TPH (C6-C9) concenfrations
are obtained by treating BTEX as a subset ofthe TPH (Ce-Cg).
8.5.7 QuaUty Control
The quality control (QC) program consisted of an initial demonstration of laboratory
capability and an ongoing analysis of spiked samples to evaluate quality data. The laboratory
maintained records to document the quality data through confrol charts. Ongoing data quality
checks were compared with established performance criteria to determine if the results of
analyses met the performance characteristics of the method. When results of sample spikes
indicated a typical method performance, a quality control check sample was analysed to
confirm the measurements were performed in an in-control mode of operation.

Before

processing samples, it was demonstrated, through the analysis of a calibration blank, that
interference from that analytical system, glassware, reagents and the surrounding
environments were minimal. When a set of samples was extracted or there was a change in
reagents, a reagent blank was analysed as a safeguard against laboratory contamination. The
blanks were carried through stages of sample preparation and measurement. The calibration
standard was evaluated using the following criteria to determine if the chromatographic
system operated properly:
(1)
(2)

Checking if the peaks shapes were characteristic
If the response was comparable to the previous calibrations (carefiil examination of
the standard chromatogram to indicate whether the column was still useable, if tiie
injector was leaking and if the injector septum required replacing)
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(3)

If changes were made to the system (e.g. column changed), the system was recalibrated

(4)

The GCMSD was tuned to meet the BFB specifications

The concentration ofthe spike in the sample was determined as foHows:

In compliance monitoring, the concentration of a specific analyte in the sample is checked
against a regulatory concentration limit ^'l The spike should be at that limit or 1-5 times
higher than the regulatory limit.

The percent recovery for each analyte was calculated by the following formula:
R=100(A-B)%/T
Where: R = percent recovery; B = background concentration; A = concentration after spiking;
T = known tme value ofthe spike.

8.5.8 Method Performance
The validation study was conducted by using a 2 kg sample of clean soil, which contained a
mixed soil matrix with approximately 50% clay, 20% organic matter and a moisture content
of 5%. To achieve the best possible validation data the soil was chosen to represent a mixed
soil. Prior to homogenisation, stones and twigs were removed and the sample homogenised
using a large mortar and pestle and sieved down to 100 microns. The homogenised soil was
cooled to 4 °C and 8 g lots were weighed into 40 mL glass P&T vials. Each vial was spiked
at the surface of soil with BTEX. The spiked concenfrations are depicted in Table 8.6. The
vials were capped with Teflon '^^ lined screw caps and quickly shaken to homogenise their
contents while maintaining the temperature at 4 °C. Seven replicate spikes were tested at
each concentration. After spiking the clean soil with the BTEX, the SS was added to obtain a
50 pg/L concenfration in methanol. 20 mL of methanol and the IS (50 pg/L in solution) was
then added. The mixture was sonicated for 30 min while maintaining the temperature at 4 °C.
231

e ».Z: Concentrations of B fEX used for the validations as seven replicates.
Amount of Spike

Concentration of Each BTEX Component (mg/kg)

8 nL of 100 mg/L

0.1

80 nL of 100 mg/L

1.0

8 nL of 1000 mg/L

10

80 nL of 1000 mg/L

100

A 1 mL sample of the methanol exfract was added to 39 mL of organic-free reagent water.
Similarly 8 g ofthe clean soil was spiked with a mixture containing n-Ce, n-Cg and n-Cio as
depicted in Table 8.7. Samples spiked with BTEX and alkanes were analysed using methods
specified in Sections 8.5.2-8.5.8.
Table 8.3: Concentrations of alkanes used for the validation as seven replicates.
Spike Volume

Concentration of Each Alkane Component (mg/kg)

8 pL of 10000 mg/L

10

80 pL of 10000 mg/L

100

8 pL of 100000 mg/L

1000

80 pL of 100000 mg/L

10000

8.6 Results and Discussion
The method was validated for the analysis of contaminated sod containing BTEX each
component at a concentration range of 0.1-100 mg/kg and the alkanes each cmponent at a
range of 10-10,000 mg/kg. The recovered BTEX and alkanes were assessed (i) against the
spiked concentration and (ii) the linearity between the spiked concentration and the selected
ion area response for the BTEX and the total ion area response for the alkanes representing
the TPH (C6-C9). Figure 8.3 contains the spiked concenfration of each of the BTEX against
tiie recovered concentration from P&T/GCMSD. The histograms are represented in pairs and
the first histogram in each pair contains the spiked concentration of BTEX and the second
represents the mean of 7 replicates recovered from spiked soil. No pair of values was found
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to be significantiy different at the 95% confidence level. The recoveries obtained were all
approaching the spiked concenfrations (i.e. > 90%) and therefore regarded as valid recoveries
in environmental analysis of volatile components. Since a mixed soil containing significant
clay and organic content was used it could be regarded as representing a range of soil types^"*"
. Figure 8.4 contains the spiked concentration of each of the alkanes against the recovered
concentration from P&T/GCMSD. The histograms are represented in pairs similar to the
above BTEX study and the first histogram in each pair contains the spiked concenfration of
alkane with the second representing the mean of 7 replicates recovered from spiked soil.
The error bars are drawn on the spiked concentration representing the spread of the results of
the mean of the replicates.

The recoveries obtained were all approaching the spiked

concenfrations (i.e. > 90%) and therefore regarded as valid recoveries in environmental
analysis ofvolatile components.
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Figure 8.3: Comparison of Spiked BTEX concentrations at 0.1, 1.0, 10 and 100 mg/kg, with
reference levels. No pair of values was found to be significantly different at the 95%
confidence.
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Figure 8.4: Comparison of Spiked n-Alkane concenfrations at 10, 100, 1000 and 10000
mg/kg, with Recovered Levels. No Pairs of Values was Found to be Significantiy Different at
the 95% Confidence.

The correlation between the spiked concenfration and the response of the GCMSD was
assessed to confirm that the linear range of the BTEX and the TPH (C6-C9) are within the
validated method.

Appendices 4 contain plots confirming this relationship including the

linearity, and the coefficient of variance.

The seven samples presented in Figure 8.1 were also analysed using this validated method to
obtain the TPH (C6-C9) concentration. The results are depicted in Appendix 5. A comparison
ofthe BTEX and TPH (C6-C9) concenfration included in Figure 8.1 was carried out against
the TPH (C6-C9) concentrations obtained by the P&T/GCMSD.

The comparisons are

depicted in Figure 8.5. The histograms clearly demonstrate that the expected correlation
between the BTEX and the TPH (C6-C9) is retained when the analysis of both fractions are
carried out by the P&T/GCMSD. The cause to produce higher TPH (C6-C9) concenfrations
by the P&T/GCMSD and the GCFID is most likely due to the ability of the P&T method to
frap the material and concenfrate prior to introducing to the GC. During this process the
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percent loss ofvolatile components will be much less than a normal solvent extract that has been
flash vaporised during a GCFID analysis. AdditionaUy the MSD can confirm the components
present m the samples to be hydrocarbons.

The analysis of reagent blanks was essential to determine if contammants were present in the
background. Major contaminant sources were volatile organic vapours m the laboratory afr and
impurities in the mert purging gas and sorbent trap.

They included plastic tubing, flow

controllers with mbber components, and non-polytetrafluoroethylene (PTFE) thread sealant. If
interfering peaks were noted in blanks, the purge gas source was changed and the molecular
sieve used for purge gas filtration was regenerated. Cross contamination was detected during the
analysis of samples contaming low concentrations immediately after samples containing high
concentrations. The preventive technique used was to ruise the purging apparatus and sample
syringes with one portion of methanol followed by three portions of organic-free reagent water
between samples. Screening of the samples prior to P&T/GCMSD analysis was essential to
prevent contamination ofthe system.

1400

n TPH by P&T/GCMSD
•

BTEX by P&T/GCMSD

n TPH by GCFID

JZI
3

n

4

Sample number

Fig 8.5: Comparison of BTEX and TPH(C6-C9) by P&T/GCMSD with TPH (Cg-Cg) by GCFID
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After the analysis of a sample containing relatively high concenfrations (>10 mg/kg) one or
more blanks were analysed to check for cross contamination.

After analysing samples

containing higher concentrations of water soluble material, suspended solids, high boiling
point compounds or high concentrations ofTPH (C6-C9) it was necessary to wash the purging
device with a soap solution, rinse it with organic-free reagent water and dry the purging
device in an oven at 105 °C.

In extreme situations, the whole P&T device required

dismantiing and cleaning. Special precautions were taken to avoid dichloromethane (DCM)
contamination. The sample storage area was isolated from atmospheric sources of DCM to
avoid the formation of the otherwise random background DCM concenfrations.

The GC

carrier gas lines and purge gas plumbing was constmcted from stainless steel or copper tubing
because of possible DCM permeation through PTFE tubing. Laboratory clothing was kept
clean. Clothing previously exposed to DCM and toluene fiimes has been proven to contribute
to sample contamination. Contamination also occurred by diffusion of DCM, BTEX and
fluorocarbons through the sample septum seal during shipment and storage of highly
contaminated samples with samples of low contamination. The preparation of a trip blank
containing organic-free reagent water, and carried through the sampling and handling steps
was found to be useful in monitoring the cross contamination.

The GCMSD was used for the analysis due to its ability to compare mass spectra with a
software library or against specfra of known standard compoimds, providing confirmatory
information other than that generated by retention time comparisons. Even under the best
chromatographic conditions volatile non-hydrocarbon solvents eluting and co-eluting within
tiie region in which BTEX and TPH (C6-C9) elute can cause errors. These various nonhydrocarbons may include halogeneted aliphatic, halogeneted aromatics, ketones, aldehydes,
alcohols, ethers, acrylates and nytriles.

The narrow retention window in which a large

number of volatile components elute can produce more interference than the larger retention
window available for the semi-volatile TPH fraction. Additionally the volatile components
236

compared to semi-volatile components are greater in their mobility and toxicity. The use of
GCFID is arguably desirable for the analysis of semi-volatile TPH (Cio-Cse) however it is
more important to use P&T/GCMSD to uniquely identify BTEX and TPH (C6-C9). The
GCMSD has the capability to identify and quantify BTEX even when co-eluting with other
volatiles. The ability to identify SS/IS among numerous TPH peaks is possible with the use
of GCMSD.

Relatively higher toxicity of BTEX (especially benzene) requires the

implementation of relatively lower concentrations requiring the application of remediation
processes. This requirement is been addressed by The National Environmental Protection
Measure (NEPM) of Ausfralia"^. Therefore the determination of benzene requires to be at a
higher accuracy (detected at 0.5 mg/kg) compared to TPH (C10-C36) (detected at 1000 mg/kg)
which requires a relatively lower accuracy. Therefore the P&T/GCMSD is one of the most
suitable methods for simultaneously analyse BTEX and TPH (C6-C9).
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Chapter Nine: Conclusions and Recommendations
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The experiments described in Chapters 2 - 8 are the representation of literally thousands of
experiments that could be considered or carried out in order to further develop the
methodologies for the analysis of hydrocarbon in soil. It is hoped that the publication of this
work (see publications relevant to the scope of this thesis, conference presentations relevant to
the scope of the thesis and Appendix 9.2) will initiate further research so as to put this
important area of activity on a more scientific basis. Many of the possible experiments are
necessarily stated alone although they obviously impinge on other areas. This is certainly tme
ofthe experiments conducted in this thesis.

The work carried out in Chapter 2, under the heading of Comparison of Field and Laboratory
Measurements for Measuring BTEX were published in the Joumal of The Japan Petroleum
Institute, September 2002, 45, 5, 271-278 (see Appendix 9.2.3). The work was published
under the heading of "Comparison of Field and Laboratory Methods for Measuring Volatile
Organic Contaminants in Soil". However fiirther research in this field needs to be carried out
to further improve important aspects in this field. Especially, optimisation of techniques used
in the collection of soil which represent the studied site, holding conditions and types of
suitable containers to minimise losses due to volatilisation, biodegradation and chemical
degradation, if optimum holding times of contaminated soils under controlled conditions does
vary with soil types and other material present and to validate and publish an intemational
standard to measure volatile components in the field.

The work carried out in Chapter 3 under the heading of Comparison of Solvents for the
Extraction of TPH (Cio-Cae) will be published in The Joumal of The Japan Pefroleum
Institiite, Febmary, 46, 1, 2003 (see Appendix 9.2.4). The work will be published under the
heading "A comparison Between the use of Dichloromethane, a Dichloromethane/Acetone
Mixture, and Isopropanol, as Exfractants Solvents in the Quantitative Analysis of Total
Pefroleum Hydrocarbon in Soil Samples". However further research is required to investigate
if there are environmentally friendly and less toxic solvents which can replace DCM, relation
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ship between the concenfration ofTPH, the soil type and solvent volume requfred to exfract
the TPH and effects due to the moistiire content on the exfractability ofTPH from various soil
types, identification of non hydrocarbon material co-exfracted and counted as TPH, Possible
clean-up techniques to remove non-hydrocarbons without loosing hydrocarbons, especially
those that are more polar, more toxic and polynuclear aromatic compounds.

The work carried out in Chapters 4 and 5 under the headings of Extraction ofTPH from Clay
Soils by Sonication and Soxhlet Techniques and Investigations on Extraction Conditions for
TPH (Cio-Cse) respectively were published in The Joumal of The Japan Petroleum Institute,
Febmary, 44, 6, 378-383, 2001 (see Appendix 9.2.2). The work was published under the
heading "Extraction of Hydrocarbons from Clay Soils by Sonication and Soxhlet
Techniques".

Further research is required to investigate if there are solvents which can

replace DCM and provide comparable TPH concentrations, intemationally excepted
definition for TPH established and implemented so that it is applied by all test facihties,
relation ship between the concentration of TPH, the soil type and solvent volume required in
extracting and effects due to moisture content on the extractability of TPH from different soil
types, identification of non-hydrocarbon material which can be co-exfracted and measured as
TPH and clean-up techniques to remove non-hydrocarbons without the loss of hydrocarbons.

The work carried out in Chapter 6 under the headings of Comparative Analysis of TPH by
GCFID and GCMSD and a part of the research were published in The Joumal of Soils and
Sediments, November, 2 (3) 137-142 2002 (see Appendix 9.2.1). The work was pubHshed
under the heading "Method Dependency in the Measurement of BTEX Levels in
Contaminated Soil".

Further research is required to determine the most appropriate

calibration material to be used in volatile and semi-volatile TPH determinations. Additionally
when the GCMSD and GCFID are used in TPH measurements, further assessments of
suitable standards which can produce comparable concentrations by the two detectors will be
also necessary to establish intemational standards.
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The work carried out in Chapter 7 under the headings of Comparative Analysis of BTEX from
Contaminated Soils by Three Standard Methods was presented at the 17 th Worid Congress of
Soil Science, August, 2002, Bangkok, Thailand. The work was presented under the heading
of "Ausfralian Approaches to improving methods for the analysis of TPH Contamination in
Sod". Further research is required to determine if the headspace GCMSD method can be
further improved to produce more reliable BTEX concentrations with a higher degree of
precision and accuracy. This method currently is been assessed by the Intemational Standards
Organisation and if the method modifications can carried out to obtain comparability with the
P&T GCMSD measurements it will be more cost effective for the analytical laboratories.

The work carried out in Chapter 8 under the headings of The Validation of a Method for the
Simultaneous Analysis of TPH (C6-C9) and BTEX by P&T/GCMSD is a very usefiil
technique which will avoid generating data which are not interpretable.

Therefore this

method will be submitted to the intemational standards Organisation to be trilled implemented
as the measurement standard for TPH (C6-C9) and BTEX.

This project has attempted to initiate more vigorous scmtiny of TPH testing in soils. The
most important recommendations from this study are
(a) A single intemationally agreed definition ofTPH
(b) Intemationally agreed procedures and materials for extraction, clean-up of the exfract,
calibration standard, GC baseline constiiiction technique, identification of type of TPH
and confirmation technique.
(c) To tiial and implement intemational standards which includes sod sampHng methods in
tiie field and sub-sampling in the laboratory for volatile and semi-volatile TPH fractions
including optimum procedures for the transport, handling and storage of contaminated
soil.

245

(d) Homogenisation techniques for various soils depending on the type of TPH present (i.e.
volatile components).
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