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EXECUTIVE SUMMARY
This project addresses the source term for trace components that are emitted with the
bulk gases from UK landfills.  Comprehensive sampling of gas at one landfill site has
augmented published and unpublished data on gaseous trace components.  These data
have been input into a database of information on trace components in UK landfill gas.
Published toxicological and odour properties of trace components identified in landfill
gas have been used to rank the potential impact of substances listed in the database.
This ranking has been scaled against the average concentration of the substances
reported in the database to estimate the potential contribution of each substance to the
toxicological and odour impact of landfill gas.  Analytical methods capable of
measuring the substances ranked high in these priority lists have been identified and
evaluated and methods that might reduce the emissions of these priority substances
reviewed.

Review of existing data 
The review of publicly available data on trace components of landfill gas concluded that
most of the published UK data had been gathered at ‘problem’ sites likely to generate
gas with relatively high concentrations of a wide range of trace components.  This
subsequently skewed the available dataset towards worst case conditions.  It was also
concluded that previous research had concentrated on discrete aspects, such as odourous
components, rather than looking at the full spectrum of trace components in a particular
sample and their overall impact.

A database of published, unpublished and new information
Trace component concentrations and associated ‘metadata’ from published reports have
been entered into a database.  Metadata encompass subjects such as waste type, waste
age, moisture content of the landfill, and sampling/analytical methods used in obtaining
the data.  Unpublished data were obtained from consultants, regulators and operators of
UK landfill sites.  To augment the database, a limited site study was performed at one
typical co-disposal landfill, using sampling and analytical methods capable of
identifying a comprehensive suite of trace components. 

The site work was particularly important to provide representative data on those trace
components that are outside the normal analytical suites used by operators (e.g.
mercury, arsenic and Semi-volatile Organic Compounds).  It was found that the
background levels of mercury on the proprietary mercury sampling tubes are significant
at the very low concentration of mercury vapour encountered in landfill gas and so
restrict the practical detection limit.  The work has however, indicated that mercury
concentrations at the sampled landfills are not significantly greater than 4µgm-3.  No
analytically significant detections of poly-chlorinated dioxins, furans and biphenyls
have occurred.  The detection limits are adequate for the purposes of this project, but
would need to be improved if definitive concentrations of these compounds were
required.

It has been demonstrated that the dual sorbent technique can identify the wide range of
volatile organic compounds found in landfill gas at low concentrations.  However,
overloading of the tubes made it difficult to quantify some critical compounds and
smaller sample volumes are recommended in future work. 
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Data from seventy-nine sites were collated and a database of over 45,000 records has
been developed.  557 trace components of landfill gas have been identified.  A data
worth analysis of data records within the database rated 17% of the data as ‘excellent’
and 83% poor quality for understanding emissions of trace components in landfill gas.
The data are in a Microsoft Access 97 TM database that can be readily updated.
Limitations of the combined published and unpublished information within the database
include the following:

Many datasets do not include non-detect data – it is difficult to know whether a
compound such as vinyl chloride is absent or has not been included in the analytical
suite.
Many datasets lack information on both analytical and sample methods.
Data worth analysis for ‘age of waste’ is often not a parameter recorded, especially
for cells within landfills.

In contrast to the published data, the previously unpublished information did not have
an obvious bias towards data from problem sites and is therefore more relevant to this
study.  It appears that the purpose of trace gas monitoring has been the potential for
trace gases to damage landfill gas engines.  Monitoring to assess problem sites or
odours has been less common.

Assessing the potential importance of toxic and odourous substances
A method of assessing the potential toxicological importance of trace components in
landfill gas has been derived.  This approach has assumed an inhalation exposure route
and has recognised both the physical properties of trace component and the potential
health impacts to receptors.  Although risk assessment data sources were used in these
identification tools, no assessment of risk to human health has been carried out, or
should be implied.  Halogenated organic compounds dominate the trace components
identified in landfill gas with the greatest potential for toxicological significance.  

Potential odour significance was carried out in a similar manner, using odour detection
thresholds in place of toxicological reference concentrations.  Organosulphur
compounds dominate the odourous compounds.  This will be exaggerated in older
waste, which typically has reduced concentrations of carboxylic acids, aldehydes and
esters, another component of the potentially significant odourous compound grouping.

Ranking the significant substances in landfill gas
The potential odour and toxicological importance ranking scores were combined with a
range of measured landfill gas component concentrations taken from the database to
derive a potential significance ‘score’.  This score has been used to prioritise the landfill
gas components relative to one another.

There are no obvious cut-off criteria for selecting the most significant substances.
Sixteen chemicals with the highest potential to contribute significantly to the
toxicological impact of landfill gas are listed below.

benzene Chloroethane chloroethene 2-butoxy ethanol
arsenic Mercury Methanal 1,3-butadiene
1,1-dichloroethane 1,1-dichloroethene Tetrachloromethane Trichloroethene
tetrachlorodibenzodioxin Furan 1,2-dichloroethene carbon disulphide
hydrogen sulphide Chloromethane
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Twelve trace components that have greatest potential to contribute significantly to the
odour of landfill gas are listed in the table below.

hydrogen sulphide Methanethiol butyric acid ethanal
carbon disulphide ethyl butyrate 1-propanethiol dimethyl disulphide
ethanethiol 1-pentene dimethyl sulphide 1-butanethiol

These lists are a coarse ranking that distinguishes substances with the greatest
“significance” from those that do not justify detailed attention.  However, based on this,
monitoring at any particular site can reasonably focus on a relatively small number of
priority substances that are likely to have the greatest impact in any gaseous emissions.

The available data was judged insufficient to make any assessment of
additive/cumulative effects of gaseous trace components. 

Monitoring methods for priority substances
Landfill gas sampling must be carried out with intrinsically safe sampling equipment
such as battery powered pumps.  In terms of analytical techniques to monitor priority
trace components, the following conclusions have been reached:

1. It is preferable to collect samples directly onto the extraction media of choice and
desorb the material for laboratory analysis.  Use of a Tedlar bag grab sample and
subsequent sub-sample from this should be used with caution because the stability
of a number of target analytes within a Tedlar bag has not been thoroughly tested.

2. The concentrations of the majority of the VOCs can be determined by collection
onto a mixed bed thermal desorption tube with subsequent analysis by GC-MS.

3. Methanal should be analysed separately by in-situ derivatisation and analysis by
HPLC.

4. Hydrogen sulphide can be adequately analysed using real-time hand held analysers.
There are interference issues with both real time techniques and laboratory analysis.

5. The determination of total gaseous mercury using AAS or ICP is recommended as
an initial step in monitoring trace gas components.  

6. The determination of total arsenic by Cold Vapour AAS/ICP is recommended
before considering more complicated techniques that will provide speciated results.

Emission reduction methods for priority substances
Technologies for reducing the emission of priority trace gas components from landfills
include:

Physical/mechanical containment methods that prevent uncontrolled release of bulk
gases also control emission of trace components.  However, containment alone is
only a short-term solution.
Good practice in landfill management will avoid mixing biodegradable wastes with
wastes that may be precursors for microbial generation of priority trace components,
such as hydrogen sulphide and chloroethene.
Pre-treatment of gas to remove water vapour and particles will separate some trace
components.
Trace components may be removed from the bulk gas by a number of separation
techniques but the arising secondary waste may present a new problem.
When the bulk gas is combusted, many of the trace gas components are also
destroyed but the halogenated substances in particular may generate secondary trace
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emissions that have an environmental impact.

The best practical system to reduce emissions would depend on specific conditions
within any landfill and may change over time.  It is important to look at the emissions
holistically, taking into account the secondary wastes and emissions from the techniques
when used separately or together. 
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1 INTRODUCTION

1.1 Background to the project

Much previous research into landfill gas emissions has focussed on the bulk
constituents such as methane and carbon dioxide.  Although there is large variability in
the trace component composition of landfill gas, it typically contains in the order of 120
to 150 trace components, and can constitute approximately 1% by volume.  The types of
wastes deposited largely determine the range of trace compounds that may be present.
Degradation of the wastes by aerobic or anaerobic processes will also affect the
composition of landfill gas and the trace compounds.  The Landfill Directive
1999/31/EC requires landfill gas to be collected from all landfills receiving
biodegradable wastes, and that the landfill gas must be treated and, where possible,
used.  The most cited study on trace components dates from 1988 (Scott et al., 1988)
and there is need for a review to determine whether these data are still relevant to the
current composition of landfill gas.  Further information on the source term will also
facilitate the prediction of landfill gas emissions by the GasSim model (Environment
Agency, 2002a). Given that toxicity thresholds for some trace compounds can be very
low, it is important that methods of sample collection and analysis are appropriate to
allow accurate reporting of concentrations and flux.  The project links directly with
Environment Agency R&D Project P1-396 ‘Exposure assessment of landfill sites’ and
the use of flux boxes to measure emissions through landfill caps.

1.2 Objectives

The overall aim of the project is to investigate factors surrounding trace components of
landfill gas, particularly their composition, emissions and impacts.  This project only
addresses the source term for landfill gas.  Specific objectives were to:

1. Review previously published data with regard to trace components in landfill gas.  
2. Quantify and identify trace components from limited site study, and review grey

(unpublished) data.  An additional objective of this task was to compile all data into
a database for subsequent analysis.

3. Identify chemicals of potential significance and assess potential synergy between
these components.

4. Identify priority trace gases for emissions reduction.  This aim is achieved by
identifying priority components that may have a health or odour impact.

5. Investigate analyses suitable for monitoring priority trace gases and to identify
methods for emissions reduction.  

1.3 Report contents

The report addresses the five objectives sequentially.   Published data is reviewed in
Sections 2 to 4.  Site study and database construction to quantify and identify trace
components are reported in Sections 5 to 6.  The assessment of potential significance of
compounds is presented in Sections 7 to 9. Prioritisation of trace components is
discussed in Sections 10 and 11. Monitoring methods and emission reduction
technologies are presented in Sections 12 and 13, respectively.  Section 14 provides the
conclusions.
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This assessment uses data on the concentration of trace components and makes no
attempt to relate this to the flux or quantity of the substances that might be emitted over
a period of time. 

1.4 Issues associated with trace components in landfill gas

The term “trace components” is used here to cover substances that are normally minor
fractions of the landfill gas in terms of composition i.e. less than 1% by volume.
Nevertheless, it is recognised that individual trace gases can occasionally be present at
percentage levels. In the context of this project, trace components are substances other
than the bulk landfill gases, methane, carbon dioxide, nitrogen and oxygen.  Many of
these trace components have similar properties to one of the bulk gases and so do not
warrant particular individual attention.  However, some components have chemical or
physical properties that differ significantly from the bulk gases and result in different
environmental impacts.  Further, some trace components have particular physiological
effects that give them a potential impact far greater than the major components in the
landfill gas.

The range of physiochemical properties may result in a differential response to changes
in temperature, migration through porous or saturated media or reactions with materials
used in surrounding infrastructure.  The atmospheric chemistry of some minor
compounds can be rather different from the bulk gases and so may have a
disproportionate impact on global warming or ozone depletion.  The different
physiological properties mean that certain trace components are the determining factor
in the overall odour of the landfill gas or its potential to impact on health or the
environment.  In addition, where the gas undergoes reaction (e.g. by burning in a flare
or engine, catalytic conversion or use by other microorganisms) the presence of certain
trace components may alter the reaction products. 

The issues that are of concern when considering minor components of landfill gas are:

strong and often unpleasant odour that taint the landfill gas emission;
contribution to the unpleasant character of condensate from gas lines;
direct chemical attack of components in the gas management systems;
generation of corrosive compounds on combustion;
potential harm to health from inhalation of particular compounds in gas;
generation of potentially harmful substances on incomplete combustion;
unusually strong impact as a greenhouse gas; and
unusually strong impact in ozone depletion. 

1.5 Potential sources of trace components

The trace components of concern are those that are mixed within the bulk gas phase.
Organic substances constitute the greatest variety of trace components but some organo-
metallic compounds may be significant and several inorganic compounds, notably
hydrogen sulphide and water, are common trace components.  These components
originate from a number of sources. 
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Direct sources include:

out-gassing of waste;
vaporisation of low boiling point liquids in the waste;
anaerobic respiration by micro-organisms;
corrosion of metals;
chemical reactions between organic or inorganic substances; and
microbial degradation of organic substances.

Indirect sources include:

equilibration of substances from the aqueous phase into the gas phase;
gas stripping of substances from leachate as a result of forced flow through the
liquid;
aerosols carrying liquid phase; and
dusts carrying material sorbed on the solid.

Knowledge about the waste and the conditions within a landfill may help to assign the
presence or concentration of individual trace components to particular circumstances. 
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2 PUBLISHED DATA

2.1 UK research until 1988

Data reported before 1988 concentrated on identifying trace components in raw landfill
gas.  In these, attention was also paid to those trace components associated with landfill
gas odour.

2.1.1 Trace component data

The bulk of research investigated in this section originated in the UK.  The most cited
research (Scott et al., 1988) involved testing for trace components of landfill gas at
three domestic waste landfills.  Sampling occurred immediately after the waste was
emplaced and subsequently for a period of three years.  The results indicated a large
range of trace components manifesting themselves at different times depending on the
stage of waste degradation.  The waste degradation cycle depends on a number of
factors including depth of waste, moisture content, whether the waste was covered, and
temperature.  

The report by Scott et al. (1988) provides good background information on trace landfill
gas components.  In the report, the composition of trace landfill gas was subdivided into
twelve distinct generic chemical groups.

1. Hydrogen sulphide.  The highest concentrations were detected in the early stages of
refuse composition.  Levels dropped steadily with time unless there had been an
unusually large amount of sulphate rich co-disposal in the waste.  The most likely
removal mechanism within the landfill was considered to be the reaction of
hydrogen sulphide with copper, iron and their oxides.  Because of its low odour
threshold, hydrogen sulphide was believed to be a persistent potential source of
odour problems.

2. Alkanes.  Alkanes other than methane are an important fraction of the total trace
components present in landfill gas.  They predominate during the early phases of
landfill activity when aerobic processes are still dominant and gas production in the
form of methane is limited.  At this time, low molecular weight, low solubility
alkanes dominated composition.  Under anaerobic conditions, the release of nonane
and decane (higher molecular weight alkanes) appeared to dominate the alkane
component.   

3. Alkenes.  Peak levels of alkenes were apparent during the early stages of refuse
degradation, though levels were generally lower than those associated with the
alkanes.  Nonene and decene were detected at low concentrations under anaerobic
conditions.

4. Cyclic organic compounds.  Cycloalkenes were consistently found in higher
concentrations than cycloalkanes, with limonene being the cyclic compound
normally found at the highest concentration.  Other isomeric terpenes were also
observed.  A variety of aromatic compounds were detected and were frequently
amongst the most abundant trace components.  This group of compounds has
significant toxicological significance since it included benzene and its derivatives.
Toluene was the most abundant aromatic compound immediately after refuse
deposition, probably coming from direct volatilisation.  The level and diversity of
aromatic compounds tended to increase under anaerobic conditions.
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5. Halogenated compounds.  Between 22 and 25 individual halocarbons were
identified and all were relatively low molecular weight compounds of one or two
carbon atoms (with the exception of dichlorobenzene).  Chlorofluorocarbons are
included in this group and were thought to be derived from aerosol propellants and
refrigerants.

6. Alcohols.  These are common degradation products that arise from fermentation of
putrescible materials and were one of the most significant groups of trace landfill
gas.  It was thought probable that alcohols are important intermediates prior to the
formation of hydrogen and carboxylic acids that may undergo subsequent
conversion to carbon dioxide and methane.  Peak concentrations of alcohols were
derived from relatively recent waste.  Alcohol production continued at reduced rates
after methanogenesis had been established, and it appeared that equilibrium was
established between fermentative and methanogenic reactions.  

7. Esters.  These were the most diverse group with 30 esters identified.  They are
characteristically very odourous with a sweet fruity smell.  Peak concentrations
occurred generally within a few days of waste emplacement and may have arisen
from direct decomposition of waste or from reaction between carboxylic acids and
alcohols.

8. Carboxylic acids.  These were only detected in early samples in the vapour phase. It
appears that carboxylic acids remain in the leachate and are converted to esters, or
are dissolved in the fine moisture droplets.

9. Amines.  Dimethyl amine was the only amine detected.  This detection occurred at
one site, three days after refuse was emplaced.

10. Ethers.  Ethers are extremely volatile compounds.  Diethyl ether was the only ether
detected; concentrations peaking immediately after waste emplacement. 

11. Organosulphur compounds.  Concentrations peaked after waste emplacement.  The
organosulphur group was dominated by methanethiol and to a lesser extent by
dimethyl sulphide.  

12. Other oxygenated compounds.  These principally consist of ketones and furan
derivatives and were usually found in relatively low concentrations, constituting up
to a maximum of 5% of total trace emissions.

The 1988 publication was the culmination of a number of research projects in the 1980s.
One of the first comprehensive investigations of landfill gas had been at six landfills
(Young and Parker, 1983).  The landfills were chosen to represent a cross section of
those present in the UK, with sites taking domestic, domestic and industrial, and
industrial only waste.  Six data sets led to some preliminary conclusions:

industrial landfills evolve gas much richer in hydrocarbons and solvents including
halocarbons, than domestic waste only landfills;
in the older site, halocarbon concentrations were relatively low leading to
speculation that they had all volatilised;
vinyl chloride and benzene were noted as the most significant general components
of trace landfill gas from both domestic and industrial facilities, though particularly
significant at industrial landfills that had received liquid wastes.

The raw data on trace organic compounds used by Young and Heasman (1985) are the
same as used in Scott et al. (1988).  Young and Heasman (1985) compared the odour
and toxicity of trace components and also continued the work of Young and Parker
(1983) comparing municipal and combined industrial/municipal trace gases.  
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With regard to the difference between municipal and combined sites, they found that:

tetrachloroethene, 1,1-dichloroethane and 1,1,1-trichloroethane were the only three
compounds in the combined industrial facility that could be directly attributable to
volatile industrial waste, the remaining halocarbons being similar in both landfill
gas samples;  
differences in trace gas components of industrial landfills tended to be site specific,
indicating that the waste inventory plays an important part in determining some
trace gas composition;  
benzene and vinyl chloride were seen in greater concentrations in landfill gas
generated from industrial waste;  
in terms of risk potential, it was noted that rate of gas release to atmosphere is the
most important factor;  
only slight dilution was required to reduce even the highest concentration of trace
gas to below acceptable concentrations.

This study also sampled for inorganic trace gases such as arsine, mercury, tetraethyl
lead and particulates at nine sites.  No element was detected above its toxicity
threshold.  From this study, it was determined that dust may be the predominant source
of exposure to metallic compounds at landfill.  Sites that had received high arsenic,
lead, tin and mercury content waste showed insignificant increases in the releases of
these elements to atmosphere.  

It was also noted that the maximum recorded level of hydrogen sulphide in UK landfill
gas was 35%. This was probably the most toxic and odourous landfill gas encountered
and arose from deposition of large amounts of sulphate waste.  

As part of the study, the dominant alcohols were found to be generally within the C1 -
C5 carbon number range.  It was noted that ethanol production fell while the release of
all other alcohols increased with time.

The same dataset was also interpreted in Dent et al. (1986) before being collated in
Scott et al. (1988).

2.1.2 Trace component odour data

From the testing of six UK landfills (Young and Parker, 1983), the major contribution
to odour appeared to come from two groups of compounds.  The first group, the alkyl
benzenes and limonene, are consistently produced by waste.  These are believed to be
responsible for the ‘typical’ landfill gas background smell.  The second group is
dominated by the esters and organosulphurs, but also includes specific solvents and
butan-2-ol, which appears to have a particularly low odour threshold for an alcohol.
These compounds are not widespread.  The esters, such as ethyl butanoate, and
organosulphurs, such as methanethiol, appear to be associated with the most recently
deposited waste.  Methanethiol is the most important of these compounds because it has
a very low odour threshold and its odour is often confused with hydrogen sulphide.

Young and Heasman (1985) found that only 12 compounds required more than one
thousand-fold dilution to render them odourless.  
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The compounds that appeared in the top five in terms of odour problems were:

a) organosulphurs – hydrogen sulphide, methanethiol, propanethiol, dimethyl
sulphide;

b) esters – methyl butanoate, ethyl butanoate, ethyl-2-methyl propanoate;
c) acids – butanoic acid;
d) hydrocarbons – limonene, C3 benzenes
e) alcohols – butan-2-ol.

The odour nuisance was predicted by correlating methane concentrations with the
odourous trace compound concentration in landfill gas and then applying the methane
dilution factor of the emitted bulk gas.

2.2 Post-1988 UK research

Many of the more recent research papers have concentrated on specific aspects of trace
landfill gas.  Whereas there are often raw data on the gas composition in post-1988
research, there has also been research on other aspects of trace components of landfill
gas.  The following subsections discuss raw data, as well as new research on trace
component odour, monitoring methods, treatment prior to use in landfill gas engines,
landfill gas migration, human health aspects and leachate and landfill gas.

2.2.1 Trace component data

Warren Spring Laboratory investigated trace components of landfill gas used by landfill
engines because of the potential impact of trace gases on emissions and the landfill gas
engines themselves (Mitchell et al., 1993).  At one landfill site (waste type not
specified), raw landfill gas was sampled after passing through a compressor.  This
means that the results could be affected by air ingress (6% oxygen) or compressor oil.
However, the following compounds were identified:

Dioxins and dibenzofurans at low concentrations (ng/m3).  Taking into account the
large volumes of gas being produced at this facility, the discovery of dioxins led to
recommendation that emissions of these compounds should be further investigated.
Polynuclear Aromatic Hydrocarbons (PAHs), especially acenapthene, fluorene and
phenanthrene ( 100 ng/m3).
PCB isomer 118 ( 3 ng/m3).
Benzene at 0.07 ppm.  
Butadiene at 0.044 ppm.

Subsequent to 1988, the most diverse spatial sampling was reported in Allen et al.
(1997).  Seven UK waste disposal sites were studied and 140 compounds identified, of
which 90 were common to all seven sites.  All sites accepted domestic and trade waste,
and were not licensed to accept toxic or industrial waste.  The chemicals were
categorised into six main groups:

1. alkanes, 302 - 1543 mg/m3;
2. aromatic compounds, 94 - 1905 mg/m3;
3. cycloalkanes, 8 - 487 mg/m3;
4. terpenes, 35 – 652 mg/m3;
5. alcohols and ketones, 2 – 2069 mg/m3; and
6. halogenated compounds, 327 – 1239 mg/m3.
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Variations between landfills were attributed to differences in the waste composition and
the stage reached in the decomposition processes at each of the sites.  By sampling one
landfill over the period of a year, changes in composition over time were studied.
Temporal variations were attributed to differing ambient pressure and temperature both
within and external to the landfill.  Chlorofluorocarbons (CFCs) accounted for up to
95% of the total chlorine measured in the landfill gas sampled.  These substances were
believed to arise from direct volatilisation from plastic foam, aerosol propellants and
refrigerators.  Tetrachloroethene and trichloroethene were not thought to originate from
the domestic waste.  Degradation via anaerobic hydrogen/halogen substitution of
tetrachloroethene in the waste was the suspected mechanism for trichloroethene, 1,2-
dichloroethene and chloroethene production.  In contrast to the results from analyses by
Young and Parker (1983), continuous release of halocarbons was noted in the older
landfills. 

Chloroethene (vinyl chloride) was identified as the most abundant toxic component and
was found still to be emanating from waste approximately 20 years old.  Total VOC
emissions from four of the seven sites were estimated to be of the order of 104 kg/yr,
and the potential flux of CFCs in the raw gas from all the studied sites was estimated to
be of the order of 103 kg/year.  Combustion of the landfill gas in engines or flares will
attenuate the actual amount of trace gases emitted.

2.2.2 Trace component odour data

Odours at a landfill accepting household, commercial and industrial (including special
and difficult) wastes since 1985 were investigated by Scott et al. (1998).  The amount of
hydrogen sulphide was approximately 50 times higher than at other UK landfills
accepting only municipal waste and was the dominant trace component at this landfill.
The hydrogen sulphide arose from microbial action on large quantities of calcium
sulphate filter cake that had been deposited in the landfill.  Additionally, a number of
trace components, especially halogenated VOCs, were detected in the raw gas, but
concentrations were not reported.  Benzene, styrene, trichloroethene, toluene and
xylenes were detected in ambient air samples taken downwind of the landfill.

2.2.3 Monitoring methods

Analytical methods to determine trace volatile organics were investigated by Allen et
al. (1995).  The key to this research was the use of pre-concentration of trace gases
using sample tubes containing a sandwich of three adsorbents, Tenax TA, Chromosorb
102 and Carbosieve SIII.  Over 125 volatile organic compounds (VOCs) were identified
in landfill gas from a site operating since 1985.  This approach has a number of
practical advantages over previous methods, as it allows sampling by non-technical
personnel, a reduced analytical time of less than 90 minutes, and can deal with a wide
range of concentrations.

2.2.4 Treatment prior to use in landfill gas engines

Treating landfill gas to remove halogenated hydrocarbons prior to it being used as fuel
in combustion engines can prevent corrosive compounds being formed and damaging
engines (Stoddart et al, 1999).  At a 10.5 MW electricity generating plant, 20
halogenated VOCs were identified in raw landfill gas.  These compounds were thought
to be responsible for corrosive acid formation within the engines.  Investigations to
mitigate the damage focussed on the option to clean the gas prior to use.  Experiments
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were carried out bubbling the gas through engine oil, glycol (liquid adsorption) and
activated carbon (solid adsorption).  Activated carbon was ruled out on cost grounds.
The only method capable of stripping sufficient halogenated VOCs was by passing the
landfill gas through an oil spray running counter current to the gas flow.  A pilot scale
plant was tested with the contaminated oil being regenerated by heating and
vapourisation under vacuum.  The gaseous contaminants were flared off and the
condensate was collected into drums for further disposal.  An innovative method for
measuring total chlorine in the landfill gas was also developed using Inductively
Coupled Plasma – Emission Atomic Spectroscopy (ICP-EAS).  This allowed the
measurement of total chlorine at a wavelength of 134 nm.  

2.2.5 Landfill gas migration in the subsurface

Changes in major and trace components of landfill gas during subsurface migration
were investigated by Ward et al. (1992).  A gas plume emanating from a landfill site
was characterised on the basis of methane, carbon dioxide and VOC concentrations.
The 79 VOCs identified outside the landfill were reportedly similar to those found in
other landfills and their concentrations were broadly related to their volatility.  Vinyl
chloride and dichlorofluoromethane were the only compounds that were found in soil
vapour outside the landfill at concentrations approached their respective long-term
occupational exposure limits.  Halogenated compounds dichlorodifluoromethane,
dichlorofluoromethane and trichlorofluoromethane were the most mobile (detected 70
m from the landfill boundary), but their concentration profiles suggested that they may
have been flushed out of the landfill in its early stages.  It was suggested that the
association of volatile halogenated compounds with methane is good evidence that they
are derived from a landfill.  VOC sampling used a combination of three solid adsorbents
packed in order of increasing adsorption properties in an ATD tube.  Isotope analysis
provided insight into the reactions as the methane and carbon dioxide migrated off-site
and suggested microbial involvement.  Landfill gas concentrations were much higher at
depths greater than 2 metres below ground level, suggesting that exchange with
atmospheric air occurred close to ground surface.  Future studies should therefore
always be supplemented by deep sampling.  

This work was continued and reported in Ward et al. (1996).  The plume had remained
relatively stable since the previous work.  Important observations were that the alkanes
decrease with distance in a similar manner to methane.  The concentration of
halogenated compounds, however, peaked at 40 m from the landfill with higher
concentration at 40 m than nearer the landfill.  The compounds that migrated furthest
were the CFCs, trichlorofluoromethane and dichlorodifluoromethane.  Those that had
the highest concentrations are dichlorofluoromethane, chloroethane, dichloromethane
and vinyl chloride.  The project was discontinued because the installation of a gas
collection system removed the plume.

2.2.6 Human health and ecological risk assessment

In Redfearn et al. (2000), the application of USEPA risk assessment methodologies to
UK waste disposal activities was investigated.  Data from Scott et al. (1988) were input
into a simple dispersion model (USEPA Dispersion model: industrial source complex
ISC-ST3, USEPA, 1998a) and the results were compared with toxicological standards
(USEPA, 1998b).  They concluded that the main risk drivers were 1,3-butadiene and
dichloromethane. 
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2.2.7 Leachate and landfill gas

Knox (1990) investigated the relationship between landfill leachate and gas to assess
whether either could be used as an indicator of conditions within the landfill.  For
landfill gas, the retention time between trace components appearing in landfill gas and
leachate is directly influenced by the rate of waste decomposition for most of the active
(initial) period of waste stabilisation.  Only in the later stages does the landfill gas
production rate slow to the point where factors such as diffusion rates become
dominant.  In contrast to leachate quality, landfill gas composition is therefore more
likely to reflect current landfill processes, well into the methanogenic phase.  As part of
the study, landfill gas was sampled for trace components at eight landfills.  The trace
component data were subdivided into ten groups and plotted against the age of the
landfill.  In this way, the state of refuse decomposition could be summarised as:

YOUNG REFUSE (aerobic conditions)
high total concentrations of trace organics; and
high percentage of groups such as alcohols and halogenated hydrocarbons.

MIDDLE-AGED REFUSE (early anaerobic conditions)
steady fall in total concentrations of trace organics;
rapid fall in percentage of alcohols and halogenated hydrocarbons; and
increase in percentage of aromatic hydrocarbons, which may become the biggest
single trace group present.

OLD REFUSE (anaerobic conditions)
continuing fall in total concentrations;
trace components consist predominantly of alkanes and aromatic hydrocarbons; and
percentage of alkanes increases with age to become much greater than percentage
aromatics.

2.3 European research

Topics covered by European research have been similar to UK research and have
included provision of more specific landfill gas data, investigation of landfill gas odour,
leachate and gas and human health.

2.3.1 Landfill gas data

Trace elements in landfill gas were discussed by Rettenberger and Stegmann (1991),
although the paper was mostly a literature review of previously published data.  Some
data from previous German publications were included.  Actual measurements were
taken from laboratory waste samples and the work was continued and reported by
Deipser (1993).  In the laboratory study, fresh waste produced trace landfill gas in
which trichlorofluoromethane, dichlorodifluoromethane and dichloromethane were the
dominant halogenated VOCs.  When the pH in the laboratory digester was ~pH 5,
emissions of certain chlorofluorocarbons and halogenated VOCs were up to 30% in the
aqueous phase (leachate), conditions under which gas production is low.  Hexane,
benzene and toluene were detected in all tests.  Toluene often occurred in high
concentrations in the landfill gas relative to other trace components.
Sampling data from three old and one active landfill were reported in Southern Finland
(Assmuth, 1992).  The landfills had received a mixture of municipal and industrial
wastes.  The chloromethanes and benzene, toluene, ethylbenzene and xylene (BTEX)
compounds were highlighted as being predominant by the sampling technique
employed.  Tetrachloromethane, dichloromethane, toluene and benzene were
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established as those compounds that might pose most toxicological risk.  Rough
estimates of the emissions of the dominant trace gas analysed exceeded their
corresponding waterborne fluxes.  This was reported to be because of their physical
properties (volatility and solubility).  It was postulated that these emissions were minor
in comparison with other air emissions.

2.3.2 Trace component odour data

Gaseous emissions from a landfill were studied and reported for a landfill in the Athens
area by Loizidou and Kapetanious (1991).  Here mercaptans (organosulphur
compounds) were noted as being over the odour limit, even at the site boundary. 

2.3.3 On-site health impacts

Looking at trace compounds generated by household waste to determine health
implications (digestive distress) for waste sorting personnel in Denmark, Wilkins
(1994) identified 90 VOCs.  All compounds were below their health threshold limit
values.  It was noted that waste stored under anaerobic, warm conditions could produce
hydrogen sulphide, methanethiol and dimethyldisulphide.  These compounds can cause
nausea at concentrations below their threshold limits.  It was suggested that when waste
collection personnel open a waste container to inspect the waste, they might inhale air
containing 1-50 ppmv total of these sulphur compounds for an instant, resulting in
digestive distress.

2.3.4 Leachate and landfill gas

Forst et al. (1989) investigated leachate as a potential source of trace landfill gas
compounds.  Leachates from six hazardous and five domestic refuse sites in Germany
were analysed by heating a leachate sample in a headspace vial at 40°C and analysing
the headspace gas using gas chromatography-mass spectroscopy methods.  The profiles
indicated the presence of chlorinated hydrocarbons and alkylated benzenes.  The
chlorinated hydrocarbon concentrations were three orders of magnitude higher in the
hazardous waste leachate i.e., they partitioned preferentially in the water phase, or this
hazardous leachate contained more solvent as a result of waste composition.  Methylene
chloride, trichloroethene and tetrachloroethene were the main components identified.
Benzene and alkylated benzene concentrations were also higher in hazardous landfill
leachate.

2.4 North American research

North American research has followed similar themes to European research, such as
raw landfill gas, odours, human health assessments, and monitoring methods.  In
addition, research on ambient air concentrations around landfills and particulate
emissions has been carried out.

The United States Environmental Protection Agency (USEPA) identifies 94 non-
methane organic compounds (NMOCs) in their report, "Air Emissions from Municipal
Solid Waste Landfills - Background Information for Proposed Standards and
Guidelines." (USEPA, 1991b). Many of these are toxic chemicals like benzene, toluene,
chloroform, vinyl chloride, carbon tetrachloride, and 1,1,1 trichloroethane (1,1,1-TCA).
At least 41 of the NMOCs identified by the USEPA are halogenated compounds while
many others are non-halogenated toxic chemicals (USEPA, 1991b; U.S. Department of
Energy, 1996). According to USEPA (1997), many chlorinated volatile organic
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compounds can be constituents of landfill gas including:

trichloroethene tetrachloroethene chloroform
1,1,1-trichloroethane 1,1,2,2-tetrachloroethane 1,1-dichloroethane
1,1-dichloroethene 1,2-dichloroethane dichlorobenzene
dichloromethane 1,2-dichloropropane chlorobenzene
chlorodifluoromethane bromodichloromethane chloroethane
chloromethane 

Sources of chlorinated hydrocarbons include disposal and degradation of hazardous and
non-hazardous waste.  Some of the more common hazardous VOCs (USEPA 1997)
associated with landfill gas include: 

acetaldehyde acrolein, benzene
carbon tetrachloride chloroform ethylbenzene
formaldehyde 1,1,1-trichloroethane tetrachloroethene
toluene trichloroethene vinyl chloride
xylene

The sources of these compounds are deduced to be either from illegally disposed of
waste in municipal waste facilities or from breakdown of materials placed in the landfill
itself.

Aldehydes were frequently detected in landfill gas with concentrations above health
standards. In one study, formaldehyde, acetaldehyde, acrolein, and propionaldehyde
concentrations were above health standards (USEPA, 1995).  Aldehydes are formed by
the incomplete oxidation of organic matter.

2.4.1 Landfill gas data

Distler (1991) published trace component data within a more general paper.  This study
measured onsite landfill gas and ambient air at properties on the boundary of Florence
Land Recontouring landfill, Burlington County.  At least 20 VOCs were detected from
the Tedlar bag samples of landfill gas.  Vinyl chloride was the VOC of greatest
concentration in all samples.  Moisture and temperature were also measured and
showed that lower temperatures yielded higher moisture content and lower pH values.

Trace gas emissions from municipal landfill sites were investigated by Brosseau and
Heitz (1994).  This paper was a literature review relating to the nature, problems and
management of trace gas compounds.  The data collected from Canada and the US
indicated that trace component groups were similar to those detected in the UK.  Ethyl
mercaptan was an organic sulphur compound of note that was detected.  These
Canadian authors observed that vinyl chloride and benzene were detected in 85% of 23
Californian landfills licensed to receive only domestic wastes.  Attention was drawn to
results from Cenci and Emerson (1989) whereby trace gas emissions affect the ambient
air quality of the area surrounding a landfill and contribute to increased concentrations
of specific contaminants (vinyl chloride, benzene, trichloromethane).  The work by
Wood and Porter (1986) highlighted that subsurface migration may occur and may be
exacerbated by placing an impermeable cap on the waste.  The influence of the cap
should be accounted for in ambient air dispersion models.  Subsurface migration was
thought to be the cause of elevated concentrations of trace landfill gas components in
the basement of nearby houses found in two studies.  In one of the studies, vinyl
chloride exceeded the relevant ambient air standard by three to five times, without any
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odour being detected.  Monitoring for methane was the suggested tool to investigate
sub-surface migration of trace components.  

In Pacyna (1995), the proportion of municipal solid waste (MSW) carbon that is
ultimately converted to methane and carbon dioxide reportedly depends on site specific
variables, but estimates indicate that between 25% and 40 % of refuse carbon can be
converted to biogas carbon.  Cellulose contributes the major portion of the methane
potential.  Routine excavation of intact cellulosic materials after one or two decades of
MSW burial suggests that uniformly high conversion rates are rarely attained at field
sites.

2.4.2 Trace component odour data

Odours from landfill gas result from hydrogen sulphide, organic sulphur compounds,
nitrogen compounds such as ammonia and amines, ketones, aldehydes, volatile fatty
acids, benzene and related compounds, phenols, terpenes, and other volatile organics.
Odour thresholds were reported for possible trace components in landfill gas in Ruth
(1986), as seen below.
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Table 2.1 Human detection limit of odourous gases associated with landfills (Ruth
1986)

Compounds Formula Odour Detection Limits Boiling Point Molecular Weight
(Description) (ug/m3) (ppbV) (°C) (g)

Sulphur Compounds
Hydrogen sulphide H2S rotten eggs 0.7 0.5 -60.7 34.1
Carbon disulfide CS2 disagreeable, sweet 24.0 7.7 46.3 76.1
Dimethyl sulphide CH3-S-CH3 rotten cabbage 2.5 1.0 37.3 62.1
Dimethyl disulfide (CH3)2S2 rotten cabbage 0.1 0.026 109.7 94.2
Dimethyl disulfide (CH3)2S3 rotten cabbage 6.2 1.2 165 126.2
Methyl mercaptan (CH3)SH rotten cabbage 0.04 0.02 6.2 48.1
Ethyl mercaptan CH3CH2-SH rotten cabbage 0.032 0.01 35 62.1
Allyl mercaptan CH2=CH-CH2-SH garlic coffee 0.2 0.1 NA 74.15
Propyl mercaptan CH3-CH2-CH2-SH Unpleasant 0.2 0.1 NA 76.16
Amyl mercaptan CH3-(CH2)3-CH2-SH Putrid 0.1 0.02 NA 104.22
Benzyl mercaptan C6H5CH2-SH Unpleasant 1.6 0.3 NA 124.21
Thiophenol C6H5SH putrid garlic 1.2 0.3 NA 110.18
Sulphur dioxide SO2 Irritating 1175.0 449.3 NA 64.07
Carbon oxysulphide COS Pungent NA NA -50.2 60.1
Nitrogen Compounds
Ammonia NH3 pungent, sharp 26.6 38.3 -33.4 17
Aminomethane (CH3)NH2 fishy, pungent 25.2 19.5 -6.3 31.6
Dimethylamine (CH3)NH2 fishy, amine 84.6 46.0 7.4 45.1
Trimethylamine (CH3)3N fishy, pungent 0.1 0.046 2.9 59.1
Skatole C6H5C(CH3)CHNH faeces, chocolate 0.00004 0.00001 265 131.1
Volatile Fatty Acids
Formic HCOOH Biting 45.0 24.0 100.5 46
Acetic CH3COOH Vinegar 2500.0 1019.1 118 60.1
Propionic CH3CH2COOH rancid, pungent 84.0 27.8 141 74.1
Butyric CH3(CH2)2COOH Rancid 1.0 0.3 164 88.1
Valeric CH3(CH2)3COOH unpleasant 2.6 0.6 187 102.1
Ketones
Acetone CH3COCH3 sweet, minty 1100.0 463.9 56.2 58.1
Butanone CH3COOCH2CH3 sweet, minty 737.0 250.4 79.6 72.1
2-Pentanone CH3COCH2CH2CH3 Sweet 28000.0 7967.5 102 86.1
Acetaldehyde CH3CHO green sweet 0.2 0.1 20.8 44.1
Methanol CH3OH alcohol 13000 9953.1 32
Ethanol CH3CH2OH alcohol 342 342 60
Phenol C6H5OH medicinal 178 46 181.8 94.1

2.4.3 Ambient air concentrations

Harkov et al. (1985) and LaRegina et al. (1986) reported monitoring ambient air for
VOCs at six abandoned hazardous waste sites and one sanitary landfill in New Jersey.
The potentially harmful VOCs detected in ambient air were 1,2-dichloroethene and
methyl ethyl ketone, although 26 compounds were detected above urban background
levels.  Ambient air concentrations varied markedly from day to day, although this may
have been due to localised weather phenomena such as rainfall and temperature.

2.4.4 Particulate emissions

Particulate matter contaminated with metals is typically considered the primary source
of metal emissions from landfills.  In addition to metals such as lead, chromium,
cadmium, arsenic, and nickel, mercury was found in landfill emissions.  In the United
States, it was estimated that 134 tons of battery-generated mercury entered the
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municipal solid waste stream in 1987 (McMichael et al., 1989).  The majority of
mercury in landfills is retained within the site but a portion may be mobilised into the
air.  However, no quantitative assessment is available for this process at present.

2.4.5 Human health

In the east of North America, the emissions from a municipal solid waste landfill and
associated health risk were evaluated (Califano and Barboza, 1991) in the context of a
proposed landfill expansion scheme.  The technical approach involved field sampling,
emissions estimation, atmospheric dispersion modelling and health risk assessment.
The assessment determined that 90% of the risk was driven by surface emissions rather
than flare stack emissions.  The dominant risk driver was vinyl chloride, followed by
trichloroethene.  The paper reported maximum detected concentrations of 34 trace
components at the site and typical landfill gas average and maximum concentrations.

At one of the three largest landfills in North America, VOCs were tested at the site
boundaries (Guy, 1994).  Four of the 34 VOCs detected in the raw landfill gas in parts
per million concentrations, vinyl chloride, benzene, dichloromethane and chloroform,
were identified as priority components for further study.  Emission rates were estimated
using the USEPA Landfill Air Emission Model (USEPA 1998a) and were entered into a
numerical dispersion model.  Ambient samples were taken at the site boundaries to
calibrate the model.  Aside from the dispersion model being in agreement with field
sample results, the only compound detected at the site boundary in ambient air was
vinyl chloride (0.1 ppbv – USEPA method TO-14).

2.4.6 Monitoring methods

A variety of methods for analyses of air samples exist including methods developed by
the USEPA, National Institute of Occupational Health And Safety (NIOSH), South
Coast Air Quality Monitoring District of California (SCAQMD), and American Society
For Testing And Materials (ASTM).

These methods can quantify specific components of landfill gas.  No one specific
method is available for the collection and quantification of all components of landfill
gas.  Collection methodologies include the use of Tedlar bags, Summa canisters, liquid
impingers, and activated carbon systems (e.g. Tenax tubes).  Gas chromatography, gas
chromatography with mass spectroscopy, flame ionisation detection, and infrared
spectroscopy are the most common analysis procedures for volatile components of
landfill gas (non-methane organics and methane).  Odourous compounds are typically
quantified using dilution threshold odour panels for noxious compounds and high-
pressure liquid chromatography of fatty acids.  Some are listed below:
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Table 2.2  US analytical methods for trace components of landfill gas

Analyses Method Identification
Nitrogen - duplicate injections USEPA 3C
Chlorinated Solvents USEPA TO 15
Hydrogen sulphide, GC/FPD USEPA 16 (mod.)
Hydrocarbons USEPA 18
Total gaseous non-methane organics (TGNMO) - USEPA 25C
Ammonia (impinger IC) USEPA 206
Volatile organics, Landfill gas (19 compounds) SCAQMD Rule 1150.1
Volatile organics, Landfill gas Summa® canister USEPA TO-14A Modified
Volatile organics, Landfill gas Tedlar bag or Summa® canister USEPA Method 18 Mod
Hydrogen sulphide, GC/SCD SCAQMD 307.91
Ketones and Aldehydes (DNPH Cartridge, HPLC) US EPA TO 11A
Fatty Acids (Impinger HPLC)
Amines (GC/FID) NIOSH 2010
Odour (dilution to threshold analyses with odour panels) ASTM E-679-91

ASTM E-544-99

According to Andersen (1999), factors to consider in landfill gas monitoring include:

location of landfill gas monitoring probes depends on the attitude and permeability
of geologic units;
depth of landfill gas monitoring wells is mainly dependent on two factors, the
elevation of ground water and the invert elevation (base elevation) of the waste
mass;
landfill gas monitoring in fractured rock with a thin soil cover is primarily
controlled by the location and attitude of continuous fracture zones;
the location of structures either on or adjacent to a municipal and solid waste landfill
can dictate the placement and number of landfill gas monitoring probes; and
the location of in-place refuse should be considered when installing a landfill gas
monitoring system. 

Topography, hydrogeological features and the location of nearby structures heavily
influence current subsurface landfill gas monitoring requirements and practices.  These
may be governed by regulations such as those issued by the California Integrated Waste
Management Board (Section 2.5.2).  Geological units that provide a pathway for gas
migration due to the permeability, orientation, and continuity of the bed should be
targeted for monitoring.  Shallow groundwater will require monitoring wells.  Any
permeable unsaturated soil or rock unit in contact with the landfill is a possible conduit
for gas migration and should be monitored.  The positions and size of landfill gas
monitoring wells are dependant on the location and depth of fractures, faults, and other
soil or rock defects that are continuous and permeable to gas.  The location of structures
both on and adjacent to landfills should be taken into account when placing gas
monitoring wells and probes.  Landfill gas monitoring frequencies are dependent upon
the level of gas detected, the presence of receptors, and the need for monitoring the
performance of a site's landfill gas collection and control system. 

2.4.7 Emissions

As an alternative to sampling and monitoring, the landfill gas Emission Model (USEPA,
1998a) was created to estimate emissions from landfills.  In the absence of site-specific
data, a set of default values from AP-42 (USEPA, 1997) can be used.  The default
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values are based upon a survey of typical municipal solid waste landfills found in the
United States and the constituents measured in landfill gas.  The table is shown below.

Table 2.3  Default concentrations for landfill gas constituents (USEPA 1997)

Compound Molecular Weight Default Concentration (ppmv) Data Pointsa

1,1,1-Trichloroethaneb 133.42 0.48 42
1,1,2,2-Tetrachloroethaneb 167.85 1.11 8
1,1-Dichloroethaneb 98.95 2.35 31
1,1-Dichloroetheneb 96.94 0.2 21
1,2-Dichloroethaneb 98.96 0.41 27
1,2-Dichloropropaneb 112.98 0.18 8
2-Propanol 60.11 50.1 2
Acetone 58.08 7.01 19
Acrylonitrileb 53.06 6.33 4
Bromodichloromethane 163.83 3.13 7
Butane 58.12 5.03 15
Carbon disulfideb 76.13 0.58 8
Carbon monoxidec 28.01 141 2
Carbon tetrachlorideb 153.84 0.004 22
Carbonyl sulphideb 60.07 0.49 6
Chlorobenzeneb 112.56 0.25 14
Chlorodifluoromethane 86.47 1.3 13
Chloroethaneb 64.52 1.25 25
Chloroformb 119.39 0.03 22
Chloromethane 50.49 1.21 21
Dichlorobenzened 147 0.21 2
Dichlorodifluoromethane 120.91 15.7 25
Dichlorofluoromethane 102.92 2.62 5
Dichloromethaneb 84.94 14.3 37
Dimethyl sulphide 62.13 7.82 10
Ethane 30.07 889 9
Ethanol 46.08 27.2 2
Ethyl mercaptan (ethanethiol) 62.13 2.28 3
Ethylbenzeneb 106.16 4.61 39
Ethylene dibromide 187.88 0.001 2
Fluorotrichloromethane 137.38 0.76 27
Hexaneb 86.18 6.57 19
Hydrogen sulfide 34.08 35.5 15
Mercury (total)b,e 200.61 2.53 x 10-4 14
Methyl ethyl ketoneb 72.11 7.09 22
Methyl isobutyl ketoneb 100.16 1.87 15
Methyl mercaptan 48.11 2.49 8
Pentane 72.15 3.29 17
Propane 44.09 11.1 21
t-1,2-dichloroethene 96.94 2.84 36
Tetrachloroetheneb 165.83 3.73 59
Trichloroethenea 131.38 2.82 57
Vinyl chlorideb 62.5 7.34 53
Xylenesb 106.16 12.1 40

NOTE:  This is not an all-inclusive listing of landfill gas constituents.  It is only a listing of constituents for which data were
available at multiple sites.
a  A data point is a single site average which may have been composited from many more source test results 
b  Hazardous Air Pollutants listed in Title III of the 1990 Clean Air Act Amendments.
c  Carbon monoxide is not a typical constituent of landfill gas, but does exist in instances involving landfill (underground)
combustion.  Therefore, this default value should be used with caution.  Of 18 sites where CO was measured, only 2 showed
detectable levels of CO in LFG.
d Source tests did not indicate whether this compound was the para- or  ortho- isomer.  The para-isomer is a Title III-listed HAP
e No data were available to speciate total Hg into the elemental versus organic forms.
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2.5 Japanese research

Trace gases at three landfills of different age in Tokyo Bay were sampled and the
results noted in Ikeguchi and Watanabe (1991). They found that the concentrations of
hydrogen, ethylene, acetylene, pentanes and oxygenated hydrocarbons decreased as the
waste got older.  They also suggested that the ratio of ethylene to ethane appeared to
correlate with the age of the landfill and may be a good indicator of ageing because of
the respective decrease in the ethylene to ethane ratio as the waste aged.
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3 RELEVANCE OF PUBLISHED DATA

The issues relating to trace components, raised in Section 1.3, can be broadly
categorised into:

odour and physiological effects;
corrosive effects;
effects on atmospheric chemistry; and
sources and lifecycle of waste degradation.

The information on trace components published in the literature is predominantly based
on chemical analysis and to a limited extent odour measurement.  The monitoring and
analytical methods chosen will affect the substances discovered in a particular study,
and it is clear that a variety of methods have been used.  The published results confirm
the expectation that gas composition varies and that factors such as waste type, age,
moisture content and site location have an effect on gas composition.  This contextual
information is not always included in the publication. The published literature is not
specific on the sources of most trace components, but some broad classifications have
been suggested (Table 3.1). 

Table 3.1  Probable source classification
Trace Component Probable source Probable release mechanism 
hydrogen Organics acids

Metals
Anaerobic Microbial respiration
Corrosion

hydrogen sulphide Sulphate wastes Anaerobic Microbial respiration
vinyl chloride Chlorinated solvents Anaerobic Microbial respiration
simple alkanes & alkenes Organic wastes Anaerobic Microbial respiration
organic acids Organic wastes Anaerobic Microbial respiration
mercaptans Organic material Anaerobic Microbial metabolism
alcohols & ketones Organic wastes

Solvents

Anaerobic Microbial respiration
Microbial metabolism
Evaporation & gas stripping
Aerosols

aldehydes Organic wastes Microbial metabolism 
limonene Plant material Anaerobic Microbial metabolism
ammonia Organic wastes Anaerobic Microbial respiration
amines Organic wastes Microbial metabolism 

Aerosols
esters Organic acids & alcohols Chemical reaction or microbial action

Aerosols
chlorinated hydrocarbons Solvents & paints in waste Evaporation, gas stripping
simple aromatic hydrocarbons Solvents & paints in waste Evaporation, gas stripping
chloro and chloroflurohydrocarbons Foams & propellants in waste Out-gassing
mercury Inorganic waste Microbial methylation

Evaporation
Dust

Understanding the impact of the lifecycle of waste degradation on the trace components
emitted has not changed significantly since the assessment made by Scott et al. in 1988.
Knox (1990) summarised three main phases that have distinct trace component profiles.  

These are:
young waste under aerobic conditions;
middle-aged waste under early anaerobic conditions when bulk gas production is
high; and 
old waste under anaerobic conditions when bulk gas production has passed its peak. 
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A detailed categorisation of the most significant substances mentioned in the published
literature is made in Sections 8 to 10 but the following conclusions may be drawn from
this preliminary screening.

A large number of the commonly reported trace components, particularly the simple
hydrocarbons, are similar to the bulk gases and are of little relevance to the main
issues.  Targeted studies do not need to take account of these in detail. 
Although water may facilitate the generation of landfill gas, its main impact is not in
the gas phase, thus it will not be considered further.
Toxic metallic elements are generally associated with solid particles (dust) and only
volatile forms of mercury and arsenic will be present as trace components of landfill
gas.
Trace components that impact on the atmosphere generally have other
characteristics (e.g., form corrosive products).  They are dealt with under different
research categories and are dealt with only briefly here in Section 11.
Trace components that are corrosive or produce corrosive substances have been
addressed in work on emissions from flares and engines, and need not be considered
in great depth here.
A wide variety of substances with very different chemistries and known to be
odorous are regularly reported as trace components.  Tables relating concentration
of particular substances to odour thresholds have been published (see Table 2.1) and
many of the main odour components can be identified, though the effect of
combined substances is not understood.  Odorous components are dealt with in more
detail in Sections 8 to 10.

General issues raised by this review of the published data are as follows.

1. Data on the concentration of trace gases are sparse relative to that on composition of
bulk gas.

2. Only a small number of published data sets contain the contextual information
required to address the issues raised in Section 1.

3. Data are more often expressed as local concentrations and there is far less
information on flux.

4. Data are normally summarised before publication and so some contextual
information is lost.

5. Problematic sites are over-represented in the data and so it is not easy to estimate
what the normal emissions might be.

6. The sources and pathways of the individual trace components within the landfill are
not fully understood, and so,

7. The data taken from old sites may not necessarily be used directly to predict
performance of new sites permitted under the Landfill Directive. 

Section 4 of this report addresses the issue of data relevance (item 2 above).  Sections 5
to 7 address items 1, 4 and to an extent, items 3 and 5 on the above list. The focus on
contextual information in Section 5 begins to address items 6 and 7 above.
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4 ASSESSING VALUES OF PUBLISHED DATA 

This section deals with a formal methodology for judging the relevance and quality of
published data that may be used in the present study.  Much of the data are available in
published papers where, for presentation purposes, the data values have been
summarised into ranges or averages.  The assessment uses a  ‘data worth’ matrix rated
with respect to the overall objectives of this project.  This matrix may be revised if
additional information is gathered in the future.  The assessment makes no judgement
on the accuracy of the chemical analysis but is concerned with the utility of the arising
data.

4.1 Data Assessment

Sixteen sources of primary data have been identified, as shown on Table 4.1, below.
The individual matrices and overall data-worth matrix (Section 4.2) provide a means of
assessing the usability of the published data in the context of the present project.  This
data-worth ranking is related to the specific relevance to the PI-438 project and not to
the objectives of the original paper.  No criticism of the referenced papers is implied in
their respective ratings.

The relevance of the rating to this project is:
POOR: The data are not of sufficient value to the project to enable conclusions to be
drawn.
FAIR: Conclusions based on these data should be treated with caution.
EXCELLENT: The conclusions based on these data can be stated with confidence.

The data worth matrix (Section 4.2) is based on five parameters, described in the
following sections.  It is worth noting that the importance of the five individual
parameters to trace landfill gas composition is not known.  If there are no data for that
specific parameter, then the published data have been ranked as poor, since the
importance of the parameter cannot be established.  If it is subsequently found that the
parameter is not important to trace component composition, then the published data may
be re-ranked as fair (see Section 4.1.4 for example).

4.1.1 Type of waste

Most landfill research provides a description of the bulk waste deposited at any given
facility.  When making conclusions about the composition and emissions of trace
components in landfill gas, the waste source is of key importance.  For example, studies
involving domestic waste only have tended to indicate that halogenated hydrocarbon
concentrations are lower than at industrial or co-disposal facilities.  However, almost
universally at older facilities that have supposedly taken domestic waste only, there is a
suspicion that industrial waste may have been deposited in the early years when waste
inventory records were less stringently applied.  To place confidence limits on
conclusions, it is important that the quality of ‘type of waste deposited data’ is
scrutinised.  The published data have been assessed on a location-specific basis using
the following general rules:

POOR: The data quality is assessed as poor if waste type is not provided or not known.  

FAIR: The data quality is downgraded to fair if there is suspicion about the types of
waste deposited.  For example, the landfill is old and its early waste procedures may
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have been lax.
EXCELLENT: Data quality is rated as excellent if the landfill is of recent construction
and the waste inventory is likely to be accurate.
Analysis of the data indicates that 6 % of the data are poor and 94% are excellent.  The
type of waste deposited is typically a parameter discussed in published papers (see
Table 4.1).
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4.1.2 Age of waste/Stage of waste degradation

A description of trace component genesis throughout the life cycle of a landfill has been
developed by a number of authors.  For example, it is known that alcohols are present in
the largest concentrations while the degradation of the waste is moving from the aerobic
to anaerobic phases.  For conclusions to be drawn about the components and emissions
of trace components, the age of waste deposited needs to be known and more
specifically the stage of waste degradation.  This is because the physical properties of
landfill construction lead to different rates of waste degradation.  Two landfills of
similar age, but differing construction, may be in a different stage of waste degradation
and therefore have markedly different trace gas composition.  Additionally, two
landfills in a similar stage of degradation, but which have been in that state for different
lengths of time, may also have different trace gas composition.  This leads to a
combined parameter including both age and degradation state (henceforth described as
degradation age).  Determination of the state of waste degradation requires a full suite
of gas analysis (bulk and trace gas components).  Published data have been assessed on
the following basis:

POOR: The data quality is assessed as poor if the age of the waste sampled is not
provided, data describing the state of waste degradation are absent, and analysis has
only been performed on isolated subgroups of the landfill gas.  
FAIR: The data quality is fair if the age of the waste is provided, but the state of waste
degradation is not known or the analysis of landfill gas is not exhaustive.
EXCELLENT: Excellent data come from research where the age of waste, degradation
state and landfill gas composition, for both bulk and trace components, are known.

Results for available data are: 31% of the data are poor, 19% are fair and 50% are
excellent with respect to degradation age information.  This means that in terms of the
age of waste deposited, approximately one third of the published data are not
sufficiently comprehensive to provide a basis for conclusions. 

4.1.3 Analytical methods used

As analytical techniques have developed, so more trace components have been
identified and quantified.  Published research has varied from identifying compounds to
quantifying them.  Some projects have focussed on quantifying only those compounds
thought to be an issue at that particular landfill.  Other projects have used sampling or
analytical techniques that would obviously not identify or quantify important
components of landfill gas.  For example, using only Tenax as an adsorbent in a thermal
desorption (ATD) tube would mean that low boiling point gases, such as
chlorofluorocarbons (CFCs) and chloroethene (vinyl chloride), would be very poorly
trapped.  This project aims to undertake research incorporating all components and
emissions at landfill sites.  Sampling techniques that had the best chance of detecting
the most trace components have therefore been given the highest data quality rating.
The rating has been done based on the following ‘rules’:

POOR: Data quality is assessed as poor if no information exists as to sampling and
analysis methods or if specific issues cast doubt on the entire data set.  
FAIR: The data quality is fair if the methods of sampling and analysis are known, but
there are specific issues that cause doubt about aspects of the data set.  For example,
Tenax was used as the sole adsorbent (virtually eliminating low boiling point
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compounds from the analysis).  Additionally, known methods of sampling and analysis
with only partial reporting of results will be rated as fair.
EXCELLENT: Excellent data arise from known sampling and analysis methods, with
no known issues associated with them.

Results for available data indicate that 87% of the analytical data has a fair rating and
13% have a poor rating.

No papers have been rated better than fair because none studied a full range of potential
contaminants.  Only one paper investigated polynucleic aromatic hydrocarbons (PAHs),
dioxins and polychlorinated biphenols (PCBs), and this paper did not analyse for more
volatile components.  Other papers only examined more volatile components.

4.1.4 Moisture content of landfill

The moisture content of a landfill may be a crucial factor in determining the production
of trace components and emissions in landfill gas.  Certain trace components may be
soluble in the moisture within the landfill and remain within the landfill as leachate.
The absence or presence of these components in the landfill gas because of moisture
content of the landfill affects the potential toxicity of landfill gas.  Because there are
only two possibilities for the data (moisture data or no moisture data) and it is not
certain whether moisture content is a crucial measurement, there are only two quality
rules:

POOR: The data quality is ranked poor if there is no moisture content data. 
EXCELLENT: Excellent data come from samples with associated moisture content
data.

If moisture content of the landfill is not an important parameter, then the absence of
moisture data becomes less important.  In this instance, the ranking would be changed
so that ‘no moisture data’ would warrant a ‘fair’ rather than a ‘poor’ ranking for the
dataset.
56% of published data do not comment on moisture content within the landfill and 44%
have moisture content information.  

4.1.5 Site location

The study is concentrating on UK data.  Although some non-UK data will relate to sites
taking wastes under very different regulatory and climatic conditions, there may be
circumstances where there is sufficient similarity to make the data of some interest (e.g.,
modern urban MSW deposited in a temperate climate).

FAIR: Any data that is not UK based will be classified as fair.  
EXCELLENT: UK data will be classified as excellent.

56% of data are classified as fair and 44% of data are from the UK.
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4.2 Data quality matrix

The ratings presented in the above subsections are summarised below in table form.  

Table 4.2 Published data worth summary

Category of Data Type of
Waste

Degradation
Age

Analytical
Method

Moisture
Content

Site Location

Data-worth Rating
Poor 6 31 13 56 0
Fair 0 19 87 0 56
Excellent 94 50 0 44 44

The data-worth of the individual pieces of research is shown below.  The lowest rating
is taken as the overall rating for that research’s data.  The rationale for this matrix is
shown in Table 4.1.

Table 4.3 Published data worth matrix

Published data Waste
Type

Degradation
Age

Analytical
Method

Moisture
Content

Site Location Overall Data
Quality

4 Papers – Young and Parker, 1983;Young
and Heasman, 1985;Dent et al 1986;Scott et
al (CWM41/88), 1988

Excellent Excellent Fair Excellent Excellent Fair

Assmuth and Kalevi, 1992 Excellent Excellent Fair Poor Fair Poor

2 Papers – Allen, Braithwaite and Hills, 1995,
1997

Excellent Excellent Fair Excellent Excellent Fair

.Stoddart et al.  1999 Excellent Poor Poor Poor Excellent Poor

Wilkins, 1994 Excellent Excellent Fair Excellent Excellent Fair

Knox, 1990 Excellent Excellent Fair Excellent Excellent Fair

2 Papers – LaRegina et al,1986;Harkov et al,
1985

Excellent Poor Fair Poor Fair Poor

Distler and Zamojski, 1991 Excellent Excellent Fair Excellent Fair Fair

Loizidou and Kapetanios, 1991 Excellent Poor Fair Poor Fair Poor

Ikeguchi and Watanabe, 1991 Excellent Excellent Fair Excellent Fair Fair

Deipser and Stegmann, 1993 Excellent Excellent Fair Excellent Fair Fair

Mitchell et al, 1993 Poor Poor Fair Poor Excellent Poor

Ward et al, 1992 Excellent Fair Fair Poor Excellent Poor

Califano and Barboza, 1991 Excellent Fair Fair Poor Fair Poor

Guy et al, 1994 Excellent Fair Fair Poor Fair Poor

The recommendations leading from this evaluation are:

all existing data sources should be approached to see if existing data quality ranking
can be improved to fit the projects data quality objectives; and
any future data collection should be conducted in a manner to ensure an ‘Excellent’
rating and at worst a ‘Fair’ rating.
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5 SITE SPECIFIC STUDY

In order to provide one comprehensive data-set that addresses some of the issues raised
in the data-worth assessment, sampling of landfill gas was undertaken at one, typical
UK co-disposal site.  This also provided an opportunity to evaluate analytical methods
with the potential to monitor the main trace components in landfill gas. In September
2001 samples of gas were taken from two phases of development at this site. The older
phase contained waste that had been in place for approximately 17 years old whereas
the new phase contained waste that was approximately 3 years old. The same points
were resampled using a revised methodology in March 2002.  The sampling and
analysis were devised to provide a unified data-set covering: 

All volatile organic compounds, including organohalogens and organosulphur
compounds.
The important semi-volatile organic compounds classified as dioxins, furans and
PCBs
Arsenic (as arsene).
Mercury (both elemental and complexed).
Minor inorganic gases.

Both sets of results from this site are reported in Appendix I.  The analytical data arising
from the sampling have been incorporated in the database.  This site work represents a
significant proportion of the total information entered on the database for the less
common analytes including mercury, arsenic and the Semi-Volatile Organic
Compounds.  The main conclusions of this work are:

At this typical site, examples of all the main classes of VOC trace components were
detected.  The concentrations of organosulphur and halogenated organic compounds
were generally lower than those from the problem sites that had been reported in the
literature.
The analysis of landfill gas from two locations confirmed that the organosulphur
sorbent method is preferable for the identification and quantification of
organosulphur compounds on a commercial basis. The Triple Sorbent Method is
suitable for the identification and quantification of the main groups of volatile
organic compounds with the exception of organosulphur compounds, but is not
available commercially. The second round of sampling used a commercially
available dual sorbent methodology. This gave similar results to the triple sorbent
method.
The landfill gas from the 3-year old waste phase contained predominantly aromatic
hydrocarbons, halogenated organics and alkanes. The gas from the ‘Old’ Phase of
the landfill contained mainly aromatic hydrocarbons, cycloalkanes and alkanes.
There were relatively high concentrations of sulphur compounds and cyanide in the
gas from the 3-year-old phase.  Surprisingly there were significant concentrations of
oxygenated organics in the ‘Old Phase’ gas.  This indicates that the age of the
landfill is not necessarily a good indicator of the phase of microbial activity that the
waste degradation has reached 
Dioxin levels were at the limit of detection for the approved methodology.
Concentrations of arsenic were close to the detection limit.
Concentrations of mercury were lower than 4 µg.m-3 and below the detection limit
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of the approved methodology.  The recommended sorbent has background levels of
mercury that limit the sensitivity of the method.

The concentrations of the principal classes of trace component found at this site are
summarised in Table 5.1, below:

Table 5.1  Summary of chemical group results from the triple packed ATD tubes

3-year old phase of
landfill Old phase of landfill

Alkanes 470,000 µg.m-3 360,000 µg.m-3

Alkenes 9,000 µg.m-3 10,000 µg.m-3

Cycloalkanes 80,000 µg.m-3 170,000 µg.m-3

Cycloalkenes 190,000 µg.m-3 470,000 µg.m-3

Aromatic hydrocarbons 940,000 µg.m-3 430,000 µg.m-3

Halogenated organics 510,000 µg.m-3 50,000 µg.m-3

Organosulphur compounds * 490 µg.m-3 900 µg.m-3

Alcohols 2,200 µg.m-3 49,000 µg.m-3

Oxygenated compounds 7,500 µg.m-3 68,000 µg.m-3

* by Organosulphur Sorbent Method organosulphur totals were 20,000 and 1,400 µg.m-3

for the New and Old Phase samples.

Based on the practical work, it was possible to recommend suitable analytical methods.
Although some of the more comprehensive methods do have some limitations, they are
fit for purpose in identifying the priority substances.  These issues are considered in
more detail in Section 12. 
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6 DATABASE

The trace component database has been designed to function as an analytical tool,
allowing the user to review trace landfill data from a large number of sources.  It has
also been designed to allow temporal variations to be studied at specific sites where
temporal data exist.  

6.1 Data sources

Operators, consultants, engineering companies and laboratories have been approached
for trace landfill gas data.

6.1.1 Operator data

Although all operators have bulk gas data, very few have trace gas data.  When trace
gas data have been collected, the reason most often quoted is for the purposes of
assessing compounds that are potentially damaging to landfill engines.  The bulk of data
provided for input into the database came from operators.

6.1.2 Research data

The bulk of trace landfill gas research appears to have been carried out in the late
1980’s.  Most of the original data have been archived, or the main researchers have
moved on and the data are no longer accessible.  The data from research entered into the
database are predominantly from published papers in which summary tables have been
displayed.

6.2 Database structure

The database is subdivided into twenty fields.  These are:

1. Record number.  The entry into the database – used for checking specific records
within the database.  A database management tool rather than useful for analysing
data.

2. Common name.  Many chemicals have been described by their common name or in
‘old style’ format.  An example of this would be vinyl chloride, chloroethylene or
most recently termed chloroethene.  This field shows the term uses in the original
data.

3. CAS Chemical Name.  This is the name used in the CAS registry for the particular
compound.  

4. CASRN - Registration Number.  This is the unique number that identifies the
chemical in the CAS registry.

5. Chemical Group.  Most chemicals of a similar structure or composition exhibit
similar properties.  Therefore the chemicals have been grouped so that analysis tools
may work on generic groups such as ‘Aromatic Hydrocarbons’ instead of individual
compounds.

6. Site ID.  Sites have been given a unique numerical identifier to preserve the
anonymity of particular sites.  Another spreadsheet held by Komex has the key to
correlate site ID number with the site name.  

7. Concentration.  Compound concentrations expressed as micrograms per metre
cubed (µg.m-3).
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8. Sign.  This allows numerical concentration data that is not exact to be sorted.  For
example the ‘less than <’ sign is used for non detect results.  Approximately ~ and
greater than > signs are also used.  The ‘greater than >’ sign indicates that the
concentration is greater than the noted number and signifies the compound was
measured in the sample but there were probable losses on trapping.  Having these
signs in the concentration field prevents certain simple macros that rely on exact
numerical values from running.

9. Sample ID.  Sample ID is numerical and based on sample date if known.  Otherwise
zeroes are entered followed by a four digit unique number. To make a record
unique, it must have the two fields ‘Sample ID’ and ‘Site ID’. 

10. Type of waste data.  This is a Yes/No field to allow analysis to be performed where
data are available.

11. Waste Type.  The following letters and significance have been used to designate
waste type.  C = Co-disposal, M = Municipal, I = Industrial

12. Degradation age data.  This is a Yes/No field to allow analysis to be performed
where data are available.

13. Degradation state.  The following letters and their significance are explained in the
next sentence.  O = Oxic, F = Fermentation, A = Anoxic.  Note that ‘Oxic’
designation does not preclude fermentation conditions.  Fermentation does not
preclude Anoxic conditions.

14. Age of waste.  Age since waste emplacement, if known.
15. Sample method data.  This is a Yes/No field to allow analysis to be performed

where data are available.
16. Sample method. Sampling methods are designated as follows: A = Adsorbent, T =

Tedlar bag, S = Summa canister, C = Condensate.
17. Analytical method.  Analytical method: MS = Gas Chromatography-Mass

Spectroscopy, FD = GC-FID (Flame Ionisation detector), FE = GC- FID/ECD
(Combined detection

18. Moisture data.  This is a Yes/No field to allow analysis to be performed where data
are available.

19. Moisture content.  Moisture content is designated: S = Saturated zone, U = No
saturated zone (unsaturated).

20. UK data.  This is a Yes/No field.

6.3 Development

Once data sources had been assembled into Microsoft Excel TM format, the data were
transferred into a Microsoft Access 97 TM Database.  The first task in developing the
database was to create a Graphical User Interface (GUI).  This GUI includes a series of
selection options called combo boxes.  Each of these combo boxes contained options for
the user to choose and query from.  Options include:

CAS Chemical Name - a pull down menu of all the chemical names. 
Waste degradation data - a list of three options, oxic, fermentation, and anoxic.
Type of waste - is displayed in three options, Industrial, Co-disposal, and
Municipal.
Function - allows the user to select the mathematical calculation they want to query
the concentration data with.  The functions include average, maximum and
minimum value. 
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After the query options are created, they become attached to the command button.
When the command button is clicked, a series of commands are executed based on the
option selections made by the user.  The commands retrieve data matching the chosen
options and display them in a table.  The user can then save this query for future use or
initiate a new query.

6.4 Database data worth

In Section 4, a ‘data worth’ matrix was assembled based on the published data, rated
with respect to the overall objectives of this project.  This matrix was designed to be
applied to additional data gathered in the future.  A recommendation was that any future
data collection would be conducted in a manner to ensure an ‘Excellent’ rating and at
worst a ‘Fair’ rating.  This would allow research based on the database to be done
knowing basic data quality.

Previous data worth analysis was performed on summarised published data.  The
analysis used for this study has been refined to allow assessment of source data.  The
individual matrices and overall data worth matrix provide a means of assessing the
usability of the database in the context of the current project.  This data worth ranking is
related to the specific relevance to this research project and not to the objectives of the
original data source project.  There is no criticism of the source projects implied in their
respective ratings.

The relevance of the rating to this project is:

POOR: The data is not of sufficient value to the project to enable conclusions to be
drawn.
FAIR: Conclusions based on these data should be reasonable, but should also be treated
with caution.
EXCELLENT: The conclusions based on these data can be stated with confidence.

The data worth matrix is based on five parameters, described in Sections 4.1.1 to 4.1.5.
It is worth noting that the importance of the five individual parameters to trace landfill
gas composition is not known.  If there are no data for that specific parameter, then the
published data have been ranked as poor, since the importance of the parameter cannot
be established.  Almost two thirds of the data provided for the database does not have
associated data worth data.  This has skewed the overall data worth score.

6.4.1 Type of waste

The data have been assessed on a location-specific basis using the following general
rules:

POOR: The data quality is assessed as poor if waste type is not provided or not known.  

FAIR: The data quality is downgraded to fair if there is suspicion about the types of
waste deposited.  For example, the landfill is old and its early waste acceptance
procedures may have been lax.
EXCELLENT: Data quality is rated as excellent if the landfill is of recent construction
and the waste inventory is likely to be accurate.
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The type of waste deposited is a parameter adequately discussed in only 19% of
available datasets.  The remaining 81% is rated as poor.

Type of waste’ data within the database indicates that 85% of trace gas monitoring is
performed at co-disposal facilities.  The remaining 15% of monitoring is carried out at
municipal landfills.

6.4.2 Age of waste/Stage of waste degradation

Data have been assessed on the following basis:

POOR: The data quality is assessed as poor if the age of the waste sampled is not
provided, data describing the state of waste degradation are absent, and analysis has
only been performed on isolated subgroups of the landfill gas.  
FAIR: The data quality is fair if the age of the waste is provided but the state of waste
degradation is not known or the analysis of landfill gas is not exhaustive.
EXCELLENT: Excellent data comes from research where the age of waste,
degradation state and landfill gas composition, for both bulk and trace components, are
known.

Results for available data are that 18% are rated as excellent and 82% are rated as poor.
This means that in terms of the age of waste deposited, only 18% of the published data
are sufficiently comprehensive to provide a basis for conclusions.  

Using this 18% of data, 68% of the acceptable data worth data in the database is from
anoxic landfills.  9% is at the fermentative stage, as evidenced by the presence of
alcohols.  Alcohols are present in waste ranging in age from 0.01 to 2.85 years.  The
remaining 23% of the data is from oxic landfills.

6.4.3 Analytical methods 

The rating has been done based on the following ‘rules’:

POOR: Data quality is assessed as poor if no information exists as to sampling and
analysis methods or if specific issues cast doubt on the entire data set.  
FAIR: The data quality is fair if the method of sampling and analysis are known, but
there are specific issues that cause doubt about aspects of the data set.  For example,
Tenax was used as the sole adsorbent (virtually eliminating low boiling point
compounds from the analysis).  Additionally, known methods of sampling and analysis
with only partial reporting of results will be rated as fair.
EXCELLENT: Excellent data come from known sampling and analytical methods,
with no known issues associated with them.

An excellent rating has been achieved by 20% of the data in the database.  75% is rated
as fair and 5% is rated as poor.

Data gathered while this project has been underway has been excellent.  When operators
have collected the data, the sampling and analytical method has usually been noted.  For
this reason, most of the data worth regarding analytical and sampling method is rated
fair.
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6.4.4 Moisture content of landfill

Because there are only two possibilities for the data (moisture data or no moisture data)
and it is not certain whether moisture content is a crucial measurement, there are only
two quality rules:

POOR: The data quality is ranked poor if there is no moisture content data. 
EXCELLENT: Excellent data comes from samples with associated moisture content
data.

Moisture content of 19% of the dataset is known and therefore 81 % of the moisture
content data are rated as poor.

6.4.5 Site location

The study is concentrating on UK data.  Any data that is not UK based will be classified
as poor.  UK data will be classified as excellent.  99% of the data are from the UK and
are rated as excellent.

6.5 Data quality matrix

The following table summarises the results within the data worth categories. 

Table 6.1 Database data worth summary

Category of Data Type of
Waste

Degradation
Age

Analytical
Method

Moisture
Content

Site Location

Data-worth Rating
Poor 81% 82% 5% 81% 1%
Fair 0% 0% 75% 0% 0%
Excellent 19% 18% 20% 19% 99%

The data worth categories described above are presented in the database in matrix form
relative to each site.  The lowest rating for each individual site can be taken as the
absolute rating for that research’s data.  The results of looking at each individual site are
summarised below:

17% of the sites within the database contain data suitable for conclusions to be
derived; and
83% of sites within the database do not have enough associated background data to
be confident that the landfill gas concentrations can be put into a research context.  

It reinforces the view from Section 4 that data regarding the trace components of
landfill gas within the landfill, in contrast to data on other aspects of landfill gas, are not
of sufficient “worth” to permit detailed interpretation.

6.6 Repository of data

The Access database containing all the raw data collected in this study is held on a CD
that has been deposited with the Environmental Agency’s Project Manager. A copy is
contained on the CD at the back of paper copies of this report.
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7 POTENTIAL TOXICITY IMPORTANCE MATRIX

In any particular landfill gas, between 120 and 150 compounds have historically been
detected and the newly developed database includes 557 trace compounds that have
been identified in various samples of landfill gas.  In order to assess this number of
chemicals, a simplified ranking system is required.  Data more normally used in
quantitative risk assessments have been adapted to aid in ranking the trace components.
Because the available data are semi-quantitative, the data sources are so diverse, and the
breadth of concentrations covered is enormous, ranges of toxicological and
concentration data have been used rather than absolute values.  Most of the assumptions
and generalisations would not be countenanced in a quantitative risk assessment.  This
ranking exercise uses data and methods common to risk assessments, but does not
attempt to undertake formal risk assessment.  Extrapolation techniques have been used
in some instances in order to produce a significance matrix for chemicals in the
atmospheric environment.  Close scrutiny of assumptions used in these extrapolations
would not be justified in any context other than this ranking exercise.

7.1 Rationale

A method of identifying potentially important trace landfill gas components has been
developed, because a published method is not, to our knowledge, available.  It has been
assumed that the potential importance of a compound is related predominantly to the
toxicity of that compound.  Since landfill gas is a vapour phase, an inhalation exposure
pathway has been assumed.  The physical properties of trace components also have a
bearing on the mobility and therefore availability of a compound for an inhalation
exposure route.  Physical properties are therefore also included in an assessment of a
compounds potential importance.  Toxicity data have been assigned a greater weighting
range (1-5) than fate and transport parameters (range 1-2) because the trace components
are reported in the vapour phase (pathway) and therefore toxicity characteristics are the
key to their relative importance.  Compounds that are ‘less mobile’ will tend to
condense out of the gas phase away from the source, or dissolve into atmospheric
moisture in the biosphere.  A schematic representation of the rationale is presented
below:

Examples would be benzene in the top right hand side of the diagram and benzoic acid
on the bottom left.  The matrix may be used for assessing the potential importance of
individual sites in the future, when trace component composition is known.  

LEAST
IMPORTANT

MOST
IMPORTANT

TOXICITY

MOBILITY
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For information, the organ targeted by non-carcinogenic or carcinogenic effects has
been added as a letter suffix to the overall potential importance ranking.  The following
‘organ’ subdivisions have been used:

CV = Cardio Vascular effects E = Endocrine disrupter B = Blood toxicant.
G = Gastro-intestinal effects F = Foetotoxic effects D = Developmental effects
I = Immunotoxic effects R = Respiratory effects including lung damage.
L = Damage to the liver K = Damage to the kidneys. 
C = Compound is toxic to the central nervous system.
N = Compound damages neurological functions.

7.2 Toxicity ranking methodology

There are sparse toxicological data on the majority of the 557 chemicals present in the
landfill gas database.  Where data is available it may not always be strictly relevant to
public health as a result of long term low level exposure, but is assumed adequate for
this ranking process. Chemicals with no toxicological data have, of necessity, been
omitted from the toxicity ranking.  This judgement is often used in risk assessments
based on the following pragmatic assumptions:

1. the compounds with no toxicology data, up to now, have provided researchers
with no evidence to suggest that they warrant toxicological research in sufficient
detail to derive reference concentrations or doses.  This does not imply that these
compounds are not toxic, but does suggest that no obvious toxicology links have
been identified.  

2. all major chemical groups have ‘type’ chemicals that do have toxicological data.
For example, alkanes can be represented by hexane.  Therefore, if it were
necessary to make a toxicological assessment on an individual chemical, the
toxicological properties of a similar compound could, as a last resort, be used.

Despite these limitations, the information is sufficient to allow a ranking of the relative
significance of the principal substances identified in the database.  This ranking of
toxicity has been broken down into two parts.  The first part is a rating for non-
carcinogenic compounds based on the reference concentrations (RfCs).  The second part
is a safety factor taking into account potential carcinogenicity and other factors.

7.2.1 Reference concentration rating

Inhalation reference concentrations are, in general, an estimate (with uncertainty
spanning perhaps an order of magnitude) of a daily inhalation exposure of the human
population (including sensitive subgroups) that is likely to be without an appreciable
risk of deleterious effects during a lifetime.

For many compounds, inhalation reference concentrations have not been derived due to
lack of experimental inhalation data.  For many of the substances, the only toxicological
data is based on an ingestion pathway.  These data are presented as daily reference
doses (RfD).  In general, the RfD is an estimate (with uncertainty spanning perhaps an
order of magnitude) of a daily exposure to the human population (including sensitive
subgroups) that is likely to be without an appreciable risk of deleterious effects during a
lifetime.  This needs to be converted initially to an inhalation RfD and then into an
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equivalent reference concentration.  Using a route to route extrapolation, ingestion RfDs
have been converted into inhalation RfDs following a methodology used by the UK
Committee on Toxicology (2000) incorporating the following assumptions:

the toxicity of the compounds following inhalation exposure is essentially the
same, both qualitatively and quantitatively, as the toxicity of the compounds
following oral exposure; and,
there are no significant differences in the extent of absorption of the compound
by either route. 

Using these simplifying assumptions, inhalation RfDs equal ingestion RfDs.  

The resulting inhalation reference doses have then been converted into reference
concentrations using the following method:

24
int

BW
IRRfCRfD

Where:
RfD is the reference exposure dose for non-carcinogens in (mg/kg-day); 
RfC is the reference air concentration (mg/m3);
IR is the inhalation rate of air (m3/d);
BW is the body weight of the receptor (kg); 

 is the inhalation bioavailability (unitless);
tin is the mean time spent per day in the building (hr); and,
24 is to adjust tin to a daily basis (hr).

This model calculates exposure dose of non-carcinogens based on mean daily exposure.
The dose is based on the exposure concentration (Cba), the rate of inhalation per
kilogram body weight (IR/BW), the proportion of inhaled compound that enters the
body ( ) and the proportion of the receptor’s day that they are exposed to the non-
carcinogen (tin/24).

The inhalation reference dose calculated by the route to route extrapolation method is
an acceptable dose that can be entered as RfD in the above equation to get an acceptable
concentration.

Following UK precedent for an adult, the inhalation rate is taken as 20 m3/day and
bodyweight is taken as 60 Kg (UK Committee on Toxicology, 2000).  Bioavailability is
the proportion of the chemical that enters the body compared to the amount inhaled.  In
all cases it is assumed to be 100% (unity) as a worst case. The acceptable, ‘reference’
concentration is therefore:
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Cba = ‘Reference dose’ x 60 kg x 24 hr  = 3 x ‘RfD’ mg/m3

20 m3/d x 24hr

In the absence of appropriate data, this provides a very approximate reference
concentration from oral ingestion reference doses for sorting trace components into
toxicity ranking ranges.

7.2.2 Safety factor ranking

The second part of the toxicity rating for a substance is the application of safety factors.
The most significant safety factor is to distinguish substances that are carcinogenic.
When applying safety factors to no observable adverse effect levels (NOAELs),
carcinogenic compounds have a greater safety factor applied compared to non-
carcinogenic chemicals.  One UK precedent for this occurs in setting occupational
exposure limits (Environment Agency, 1997).  In practice, an additional safety factor is
applied for chemicals where there is a particular concern, such as carcinogenicity.  This
gives a maximum exposure limit (MELs) that is higher than the other occupational
exposure standards (OESs).  Carcinogens have a safety factor of 5 applied and
following this precedent, carcinogenic compounds in the trace components database are
ranked after multiplying the toxicological ranking by a factor of 5.  Most carcinogenic
chemicals are also highly toxic and as a result, most of these trace components get an
overall toxicity ranking of 25.  Many compounds are possible or suspected carcinogens.
Although there are no data to prove that these compounds are carcinogenic, following a
precautionary principle, those compounds suspected of being carcinogenic have been
given the highest non-carcinogenic ranking (5), regardless of their reference
concentration.  The only toxicological data on certain compounds are that there is no
evidence of carcinogenicity.  It is assumed that these compounds have warranted
toxicological study, but have not been considered to be sufficiently toxic to warrant
development of a reference dose or concentration as a priority.  They have been
assigned a toxicity ranking of 1.

The second application of safety factors involves compounds that have a harmful but
non-lethal effect and are not carcinogens.  For example, compounds that appear on the
list of “adverse reproductive outcomes” (Table 16, WHO, 2000) and in Table 1 of
Maximum Exposure Levels (EH40/2001).  On the precautionary principle, an additional
safety factor is required for substances on List 1 of EH40 and the WHO Table 16 for
long term effects (long term effects would include adverse reproductive outcomes, but
not neurological effects that are more short term and an effect already taken account of
through toxicity).  Given that a factor of up to 5 is used for carcinogenicity, an effect
apparent at very low levels, a safety factor of 2 has been used for the non-lethal effects
where the substance has not already been given a safety factor for carcinogenicity.

The x-axis on the schematic graph shown in Section 7.1 is therefore:

1 2 3 4 5 25
 [………… Non Carcinogens……………] [ Carcinogens ]
[No Carcinogenicity evidence]       [Possible Carcinogens]

[………Long term non-carcinogenic effects…….]
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The toxicity ranking and its basis are provided in the table below:

Table 7.1 Toxicity rating scheme

Toxicity Rating 1 2 3 4 5 2-10 5-25

Reference Concentration
Range (mgm-3)

>1E0 =1E0 to
1E-1

=1E-1
to 1E-2

=1E-2
to 1E-3

=1E-3
to 1E-4
etc

Known
long term

effects

Known
Carcinogen

Some compounds are known to cause symptoms, such as gastrointestinal irritation, but
there are insufficient data to set a reference dose or concentration.  In these
circumstances, the toxicity ranking has been set to 1.  The logic behind this ranking is
that were the compound to be more toxic, the work would have been done to derive a
reference concentration or dose.  Setting a ranking as 1 rather than leaving it blank is a
conservative measure.

One group of compounds that fall outside these rules is the poly-chlorinated dioxins,
furans and biphenyls. The PCBs can be ranked as 5 due to their potential
carcinogenicity.  It is customary to use International Toxic Equivalents (ITEQ) values
when reporting polychlorinated dioxins and furans.  ITEQ values provide a means to
assess the overall toxicity of a sample by multiplying the individual results by a
weighting factor, which is the relative toxicity of the individual compound versus
2,3,7,8 tetrachlorodibenzodioxin (TCDD).  The World Health Organisation Tolerable
Daily intake of 1-4 pg TEQ/kg body mass/day can be converted to a reference
concentration of 3-12 pgITEQm-3 using UK data (see above).  Using the prescribed
method in Table 7.1, the toxicological significance of TCDD (the ITEQ standard)
would be 9, based on a reference concentration of 1E-07 to 1E-08 mgm-3 and a poor
mobility rating of 1.

The toxicity ranking of individual trace components in landfill gas is found in Table 1.

7.3 Physical property ranking methodology

The ranking for mobility has been based on two major physical properties of the
vapours concerned: Vapour Pressure and Henry’s Law.  The data available for these
properties varies from source to source and also with temperature.  While every effort
has been made to make data input into Table 2 at comparable temperatures and
conditions, this has not always be possible.  The values in Table 2 should be taken as
indicative and not used outside this context.

Henry’s Law governs water to vapour partitioning.  It therefore provides an indication
of how landfill gas trace components would partition into moisture in the atmosphere
outside the landfill.  Henry’s Law states that at steady state (equilibrium), there is a
linear relationship between the concentration of a gas above a liquid and the mole
concentration of the gas dissolved in the liquid.  The proportionality constant between
the two is called the Henry’s Law constant.  This is illustrated below:

C HCvs w
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Where :
Cvs = vapour phase concentration (mol/L)
H = ‘dimensionless’ Henry’s Constant for chemical

[(mol/L(vapour)/(mol/L(water))]
Cw = aqueous phase concentration of chemical (mol/L)

Assumptions:
the gas is sparingly soluble,
the gas phase is ideal, and
the gas will not react with the solute.

There are a number of inherent limitations to using Henry’s Law theory.  This is due to
influences such as ‘co-solvency’ problems in the presence of more than one
contaminant.  However, the basic tenet that the greater the Henry’s Law constant, the
greater the rate of volatilisation from water is reasonable.

Degradation rate was considered for inclusion in this ranking, but half-life data are very
sparse and often conflict by many orders of magnitude depending on which source of
data is used.  The difficulties applying this measure were deemed insurmountable, but
available data have been presented in Table 2 for interest.  Not accounting for
degradation is also a precautionary approach.

The mobility parameters provide a measure of how a substance moves through a vapour
contaminant migration pathway.  Compounds that are ‘less mobile’ will tend to
condense out of the gas phase away from the source, or dissolve into atmospheric
moisture in the biosphere.

The mobility of compounds has been assessed as a comparison to the physical
properties of benzene (approximately 95 mmHg vapour pressure and Henry’s Law
5.5E-3 atm.m3/mol).  Benzene vapourises relatively easily and has a reasonable affinity
for the vapour phase, even in the presence of water.  It is therefore used as a benchmark
of a relatively mobile compound.  As a conservative approach, to be certain that
compounds have lower mobility than benzene, values of both vapour pressure and
Henry’s Law need to be slightly lower levels than benzene.

Compounds ranked as having a lower than benzene mobility have a combination of:

Vapour pressure less than 50 mmHg.
Henry’s Constant lower than 5E-3 atm.m3/mol.

These compounds score a 1 on the physical properties ranking.

Compounds ranked as having a 2 score (a higher mobility than benzene) on the
mobility ranking have the following combination of physical properties:

Vapour pressure greater than 50 mmHg.
Henry’s Constant higher than 5E-3 atm.m3/mol.

The mobility ranking of individual trace components in landfill gas is found in Table 2.
Where mobility data are sparse, i.e. data only exists for one property, that property has
been used.  In this way, the mobility of 245 compounds has been assessed.
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7.4 Results

The potential importance ranking for a specific compound has been generated from the
product of a component's toxicity ranking and physical property ranking scores.  The
potential significance ranking of 175 of the compounds known to be in landfill gas is
identified in Table 3.  This also provides a list of potential target organs that may be
affected by the compound.  Table 7.2 lists the components of greatest potential
importance (toxicity matrix score > 5 for presentation purposes only) and their
importance ranking.  Where toxicity data exist, but corresponding physical data are
absent, the toxicity rating has been used in the importance rating because the presence
of the compound has already been demonstrated in the vapour phase.

Table 7.2 Potential toxicity importance matrix

Chemical Name CAS No. Chemical Group Toxicity
Ranking

Physical
Ranking

Importance
Ranking

Target Organ

benzene 71-43-2 Aromatic hydrocarbons 25 2 50 CV,B,E,G,L,I,N,R
chloroethane 75-00-3 Halogenated organics 25 2 50 CV,B,D,G,L,K,N,R
chloroethene 75-01-4 Halogenated organics 25 2 50 CV,B,D,G,L,N,F,R
2-butoxy ethanol 111-76-2 Ether 25 1 25 CV,B,D,E,G,L,K,N,R
arsenic 7440-38-2 Inorganic Compounds 25  - 25 CV,B,E,G,L,K,N,F,R
mercury 7439-97-6 Inorganic Compounds 10 1 10 CV,B,E,G,L,,I,K,N,R,F
methanal 50-00-0 Aldehydes 5 2 10 G,L,I,R,F
1,3-butadiene 106-99-0 Alkenes 5 2 10 CV,B,D,G,L,N,R,F
1,1-dichloroethane 75-34-3 Halogenated organics 5 2 10 N,CV,B
1,1-dichloroethene 75-35-4 Halogenated organics 5 2 10 CV,B,D,G,L,K,N,R
Tetrachloromethane 56-23-5 Halogenated organics 5 2 10 CV,B,D,E,G,L,K,N,F,R
Trichloroethene 79-01-6 Halogenated organics 5 2 10 CV,B,D,G,L,K,N,F,R
Furan 110-00-9 Oxygenated Compounds 5 2 10 CV,B,G,L,N,R
TetrachlorodibenzodioxinO Halogenated organics 9 1 10
1,2-dichloroethene 540-59-0 Halogenated organics 4 2 8 CV,B,D,G,L,K,N,R
Carbon disulphide 75-15-0 Organosulphur compounds 4 2 8 CV,B,G,L,E,N
hydrogen sulphide 7783-06-4 Organosulphur compounds 4 2 8 CV,B,N,R
chloromethane 74-87-3 Halogenated organics 3 2 6 CV,B,G,L,K,N,R

As can be seen from the chemical group categorisation, halogenated organic compounds
dominate the toxicity ranking.  A wide variety of other compounds make up the
remainder of the list, with no other chemical group strongly represented.

The importance ranking can be used to determine a representative toxicity of chemical
groups, for example, halogenated organics.  In this way, an importance ranking can be
assigned to compounds without any toxicology or mobility data in that chemical group.
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8 POTENTIAL ODOUR IMPORTANCE MATRIX

The most widely used method for noting the concentration of a trace component that
causes an odour is to express the concentration in terms of the number of volumes of
odour free air required to dilute the odour to the point where either: 

i) the majority will not be able to detect the odour,
ii) the majority will not be able to recognise the odour or,
iii) the majority will not find the odour objectionable. 

These dilution-based concentrations are referred to as the threshold odour concentration
(TOC), the recognition threshold (RT) and the objectionability threshold (OT)
respectively. The TOC has been further standardised and recognised as the
concentration at which 50% of those exposed will detect the odour.  The relationship
between these expressions is typically: TOC<<RT<<OT.  Although the components
will occur in a mixture of odourants, the individual component TOCs have been used to
prioritise the odourous components relative to one another.  

Threshold odour concentrations are quantified through the technique of "forced choice"
olfactometry.  A geometric series of dilutions of the sample odorant is prepared.  Each
sample is presented anonymously, along with two other samples of odourless air, to the
members of an odour panel. At each step in the series of dilutions, panel members are
forced to choose one sample as the odorant.  The threshold concentration is taken as the
maximum dilution at which 50% of panel members correctly identify the odour sample. 

8.1 Rationale

A method of identifying potentially important odorous trace components was needed to
rank substances present in landfill gas.  For the purposes of this assessment, it has been
assumed that the potential importance of an odorous compound is related to the
threshold odour concentration (TOC) of that compound.  The physical properties of
trace components have a bearing on the mobility and hence availability of a compound
for a nasal exposure route. Physical properties are therefore also included in an
assessment of a compounds potential importance.  Odour threshold data have a greater
weighting than mobility parameters because odorous trace components are already
recorded in the vapour phase (pathway).  A schematic representation of the rationale is
presented in Section 7.1, with odour threshold replacing toxicity.

8.2 Odour ranking methodology

The odour ranking is based on the detection limit.  The lower the detection limit, the
higher the potential importance of the odour.  The description of the odour has not been
taken into account because the judgement of an odour as disagreeable or pleasant is
somewhat subjective.  All odours have the potential to be nuisance odours.  A list such
as that described in Ruth (1986) (see Table 2.1) has been compiled for the purpose of
odour ranking.
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The odour ranking is provided in the table below.

Table 8.1 Odour rating scheme

Odour Ranking 1 2 3 4 5

Detection Concentration
Range (ugm-3)

>1000 100-1000 10 - 100 10 – 1 <1

The odour ranking of individual trace components in landfill gas is found in Table 4 of
Appendix III.  Assumptions made where odour data are sparse are also given.

Physical parameter ranking methodology is identical to that described in Section 7.3
and shown on Table 2 of Appendix III.

8.3 Results

The potential importance ranking for a specific odorous compound has been generated
from the product of a component’s odour ranking and physical property ranking scores.
Of the 89 odorous compounds identified from the database as potentially present in
landfill gas, Table 5 of Appendix III lists the odour importance of trace gas compounds
with odour and physical property data.  The following table lists the twelve components
with an importance score 4 or more; i.e. those with the greatest potential to cause odour. 

Table 8.2 Potential odour importance matrix

Chemical Name CASRN Chemical Group Physical
Ranking

Odour
Ranking

Odour Importance

1hydrogen sulphide 7783-06-4 Organo Sulphur Compounds 2 5 10
2methanthiol 74-93-1 Organo Sulphur Compounds 2 5 10
3carbon disulphide 75-15-0 Organo Sulphur Compounds 2 3 6
41-propanethiol 107-03-9 Organo Sulphur Compounds 1 5 5
5butyric acid 107-92-6 Carboxylic Acids 1 5 5
6dimethyl disulphide 624-92-0 Organo Sulphur Compounds 1 5 5
7ethanal 75-07-0 Aldehyde 1 5 5
8ethanethiol 75-08-1 Organo Sulphur Compounds 1 5 5
91-butanethiol 109-79-5 Organo Sulphur Compounds 1 4 4

101-pentene 109-67-1 Alkenes 2 2 4
11dimethyl sulphide 75-18-3 Organo Sulphur Compounds 1 4 4
12ethyl butyrate 105-54-4 Ester 1 4 4

As can be seen from the chemical group categorisation, organo-sulphurs dominate the
top twelve compounds.  This will be exaggerated in older waste, which typically has
reduced concentrations of carboxylic acids, aldehydes and esters.
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9 TRACE COMPONENT CONCENTRATIONS

The ranking of toxicity and odour are derived from the fundamental properties of each
substance and take no account of the frequency and concentration with which
substances actually appear in landfill gas.  To complete the actual significance ranking
of landfill gas components, a factor must be introduced to take account of how much of
a substance is likely to be present in the gas.

The average, median, minimum and maximum concentrations have been determined for
each component relevant to toxicity effects and are provided in Table 6 of Appendix III.
The average, median, minimum and maximum concentrations relating to odorous
compounds are provided in Table 7 of Appendix III. For the purposes of this
assessment, when calculating average and median values, non-detect entries have been
entered at the stated limit of detection (this is a precautionary approach). The 25
chemicals with the highest scores for potential toxic and odourous effects are plotted on
the charts below, with the ranges of concentrations graphically illustrated.

Figure 9.1 Reported concentrations of the 25 substances with the highest score for
potential toxic impact
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Single trace component concentrations in the database range from 0.00025 to
61,000,000 µgm-3, or approximately 2 E-16% to 1.5 % by volume, dioxin to
dichloroethane, respectively.  (The maximum hydrogen sulphide measurement in the
database is 6.9%).  It is worth noting that the database covers a wide range of data, with
many records for a particular compound being ‘non-detect’.  For most datasets, the total
of trace components will be less than 1% by volume.
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9.1 Use of median versus average concentrations

Due to the proportion of non-detect concentrations, which are generally a third of the
total results, together with a limited amount of high concentrations for many of the
chemicals, the average is, in almost all cases, higher than the median.  This indicates
that many of the averages are skewed towards higher concentrations.  Where highly
elevated averages are recorded (i.e. where the median value constitutes less than 2% of
the average), the concentrations most likely to be recorded in a landfill are better
represented by the median value.  This convention has been adopted for ethylbutyrate,
propylbenzene, 1-1-dichloroethene, 1,3,5-trimethylbenzene, acetonitrile, sec-butyl
alcohol, cycloheptane, propylpropionate and methyl isobutyl ketone.

Figure 9.2 Reported concentrations of the 25 substances with the highest score for
potential odour impact
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The following tables show the maximum, median and average concentrations for the 25
substances with the highest scores for potential toxic or odour effects, respectively.

Table 9.1 Comparison of maximum, median and average concentrations in the
toxicity table

Chemical Name Maximum
Concentration

µgm-3

Median
Concentration

µgm-3

Average
Concentration

µgm-3

No. of non-
detect

results/total
No. of results

1 1,1-dichloroethane 61784800 13260 476223 268/1418
2 chloroethane 6146000 5190 77867 414/1408
3 chloroethene 7657500 5600 64679 328/1418
4 hydrogen sulphide 97152000 2833 134151 805/1181
5 chlorobenzene 7466480 11880 246589 329/1378
6 tetrachloroethene 7714780 16640 112746 202/1456
7 1,1,1-trichloroethane 16523100 12905 189826 336/1410
8 chlorodifluoromethane 9902000 11570 167403 256/1396
9 benzene 114000 1200 4906 14/103

10 toluene 1461920 11995 86221 2/152
11 trichloroethene 608530 1485 11325 398/1446
12 n-butane 706730 13623 67412 2/70
13 1,2-dichloroethene 782620 1000 16495 46/99
- 1,1-dichloroethene 1516800 100* 10716 682/1389

14 1,2-dichloroethane 1821510 1575 16495 515/1380
15 dichloromethane 1523570 1240 19054 463/1429
16 n-hexane 500000 5000 19850 8/75
17 cis-1,2-dichloroethene 1830200 7700 33129 217/1319
18 carbon monoxide 5000693 5822 62952 325/759
19 2-propanone (acetone) 50350 535 8777 13/54
20 tetrachloromethane 152000 200 5334 46/71
21 propylbenzene 169000 200* 23778 20/40
22 dichlorodifluoromethane 1287600 2550 12619 493/1406
23 trans-1,2-dichloroethene 41000 2431 8760 5/18
24 dichlorofluoromethane 602000 3500 20131 285/1423
25 ethylbenzene 875000 6480 37792 12/81
26 1,2-dichlorotetrafluoroethane 6552600 3200 34046 350/1363

Note:  * Value taken forward for the toxicity significance ranking.

By using median instead of average values, Table 9.1 indicates that 1,1-dichloroethene
and propylbenzene will contribute to a much smaller degree in the toxicity significance
ranking developed in the next section.
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Table 9.2 Comparison of maximum, median and average concentrations with
respect to odour importance

Chemical Name Maximum
Concentration

µgm-3

Median
Concentration

µgm-3

Average
Concentration

µgm-3

No. of non-
detect

results/total
No. of results

1 hydrogen sulphide 97152000 2833 134151 805/1181
2 chlorobenzene 7466480 11880 246589 329/1378
3 1,1,1-trichloroethane 16523100 12905 189826 336/1410
4 n-butane 706730 13623 67412 2/70
- ethyl butanoate 350000 200* 32075 15/26
5 tetrachloroethene 7714780 16640 112746 202/1456
6 ethylbenzene 875000 6480 37792 12/81
7 toluene 1461920 11995 86221 2/152
8 methanthiol 87000 2400 7261 72/453
9 ethane 200007 6250 33577 9/25

10 butanoic acid (butyric acid) 11980 200 2308 19/26
11 2-butanol 210000 5400 18704 18/49
- Cycloheptane 51860 9* 17290 1/3

12 2-propanone (acetone) 50350 535 8777 13/54

13 2-butanone (methyl ethyl
ketone) 61850 1984 13614 15/47

14 1,1,2-trichloro-1,2,2-
trifluoroethane

173200 200 2309 673/1405

15 xylene 440000 4700 23900 27/169
16 propyl propanoate 200000 200 10190 19/20
17 dichloromethane 1523570 1240 19054 463/1429
18 Ethanal 52000** 200 2586 21/24
19 Cyclohexane 33000 4600 6664 8/57
20 1-propanol 21560 8425 9073 1/16
21 1,2,4-trimethylbenzene 12000 10850 10850 0/2
22 Benzene 114000 1200 4906 14/103
23 Methanol 210000 200 9719 21/22
24 propanoic acid 39900 200 3010 19/24
25 1-pentene 11000 200 1650 12/23

Note:  * Value taken forward for the odour significance ranking.

Ethyl butyrate, cycloheptane and propyl propionate will have a much smaller
contribution to the odour significance score in the next section if median concentrations
are used for these compounds.  However, the number of non-detect results suggests this
is warranted.

9.2 Amount of data

The amount of data for each chemical varies considerably.  Generally the amount of
data that exists for the halogenated compounds is far greater than for other chemicals,
with the exception of a few chemicals such as hydrogen sulphide (organosulphur
compound), and the siloxanes (silicon compounds).
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9.3 Chemical group results

The highest average concentration of 477,435 µgm-3 was recorded for 1,1-
dichloroethane.  Twelve of the top twenty-five (and seven of the top ten) highest
average concentrations are recorded for halogenated organic compounds, with the
remaining thirteen largely composing of aromatic hydrocarbons, ketones and alkanes.
This is shown in Table 9.3, below.

This may indicate that the trace gas component of landfill gas generally contains a high
proportion of these compounds but this observation could also be the result of a
sampling bias towards halogenated compounds, i.e. if fewer analyses are made for a
compound, then the probability of recording a significant concentration is lower.  It was
noted earlier that “studies involving domestic only waste have tended to indicate that
halogenated hydrocarbon concentrations are lower than at industrial or co-disposal
sites”.  Because 85% of the data came from co-disposal sites, this may have also caused
a bias towards halogenated compounds in the data.

However, halogenated compounds have extensive usage and are some of the most
volatile compounds recorded as trace components.  Hence the presence of halogenated
organics as trace components of typical landfill gas is to be expected.

Table 9.3 The highest average trace component concentrations

Chemical Name Chemical Group Median Average
Concentration

(µgm-3)
Concentration

(µgm-3)
1,1-dichloroethane Halogenated organics 13260 476223
chlorobenzene Halogenated organics 11880 246589
1,1,1-trichloroethane Halogenated organics 12905 189826
chlorodifluoromethane Halogenated organics 11570 167403
hydrogen sulphide Organosulphur compounds 2833 134233
tetrachloroethene Halogenated organics 16640 112746
toluene Aromatic hydrocarbons 11995 86221
chloroethane Halogenated organics 5190 77867
n-butane Aromatic hydrocarbons 13623 67412
chloroethene Halogenated organics 5600 64679
carbon monoxide Carbon Monoxide 5822 62952
ethylbenzene Aromatic hydrocarbons 6480 37792
1,2-dichlorotetrafluoroethane Halogenated organics 3200 34046
alpha-pinene Cycloalkenes 29300 33248
cis-1,2-dichloroethene Halogenated organics 7700 33129
xylene Aromatic hydrocarbons 4700 23900
dichlorofluoromethane Halogenated organics 3500 20131
n-hexane Alkanes 5000 19850
dichloromethane Halogenated organics 1240 19054
n-nonane Alkanes 8120 19015
2-butanol Alcohols 5400 18704
1,2-dichloroethane Halogenated organics 1575 16495
3-methyl-2-butanone Ketones 1984 13614
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10 TRACE COMPONENT PRIORITISATION

The final step in the prioritisation of trace components of landfill gas is to combine the
toxicological and odour importance score and the factor related to the actual
concentration of the substance in landfill gas.  The mathematical procedure used by the
USEPA to prioritise the importance of each component relative to one another provides
a convenient approach. This prioritisation procedure involves quantifying the
percentage of the total potential ‘importance’ which each trace component warrants.

When the methodology (USEPA, 1998b) is used in risk assessment it is necessary to
identify a maximum concentration in a medium of each chemical of potential concern
(COPC).  In risk assessment, this concentration is multiplied by its toxicity value
(1/Reference Dose RfD or, the Cancer Slope factor - CSF).  This provides an Individual
Indicator Chemical Score (IICS) for each chemical.  All of the IICS’s are then summed
to create a Total Indicator Chemical Score (TICS) for a mixture (one for carcinogens
and one for non-carcinogens).  Each individual chemical’s IICS is then divided by the
total IICS for the mixture (TICS) to find the relative percentage ‘risk’ for the chemical
in a mixture.  An estimate of each COPC's relative potential risk is then available.  If a
few chemicals are driving the risk, then resources can be focused e.g., if 95% of the risk
is from vinyl chloride in a chlorinated solvent landfill, then the other compounds can be
focussed upon at a later time.

10.1 Prioritising components with a potential for health impact

The prioritisation of trace components of landfill gas was undertaken broadly following
the procedures outlined above, without distinguishing for types of health impact.  The
total toxicological score for all potential components was estimated by summing the
individual chemical scores.  The individual chemical scores are a product of the
toxicological importance rating derived in Section 7 and a factor derived from the
average or median compound concentration obtained in the previous Section 9.  The
toxicity scoring was derived from a scoring convention based on the log of the toxicity
reference concentration and so for consistency the concentration factor was also
assigned from a logarithmic scale using the base 10 log of the average/median
concentration.  This gives the toxicity and concentration data an equal weighting.
Giving the concentration data a greater weighting is discussed in the sensitivity analysis
in Section 10.3.  The concentrations are expressed in picograms to allow a log scale to
stay as a positive integer.

The toxicity significance has accounted for carcinogenic effects so the exercise has been
carried out on both carcinogenic and non-carcinogenic compounds.  The data used to
obtain the “toxicological significance scores” are presented in Appendix III, Table 6
and take account of the decisions made on average and median concentrations.  The
contribution made to the total “toxicological significance score” by each chemical is
expressed as a percentage to give a final ranking of significance.  The 25 chemicals that
have the highest ranking based on toxicity significance score are listed in Table 10.1.
There are no obvious criteria for the “highest” priority cut-off, but the top 16
compounds each contribute more than 1% to the Total Significance Score shown in
Appendix III, Table 6.  The top six ranked trace components form a third of the total
score.
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Table 10.1 The 25 most significant trace components in landfill gas assessed by
toxicity

Chemical Name Toxicological
Importance

Average
Concentration

picogm-3

Toxicity
Significance Score

Percentage of
Total Score

1 chloroethane 50 7.78E+10 500 9.1777
2 chloroethene 50 6.47E+10 500 9.1777
3 benzene 50 4.91E+09 450 8.2599
4 2-butoxy ethanol 25 2.00E+08** 200 3.6711
5 arsenic 25 3.65E+06 150 2.7533
6 1,1-dichloroethane 10 4.76E+11 110 2.0191
7 trichloroethene 10 1.13E+10 100 1.8355
8 tetrachloromethane 10 5.33E+09 90 1.6520
9 methanal 10 2.93E+09 90 1.6520

10 furan 10 1.09E+09 90 1.6520
11 hydrogen sulphide 8 1.34E+11 88 1.6153
12 1,1-dichloroethene * 10 1.0E+8* 80 1.4684
13 1,2-dichloroethene 8 1.65E+10 80 1.4684
14 1,3-butadiene 10 1.82E+08 80 1.4684
15 mercury 10 4.09E+06 60 1.1013
16 carbon disulphide 8 7.87E+07 56 1.0279
17 tetrachloroethene 5 1.13E+11 55 1.0095
18 1,2-dichloroethane 5 1.65E+10 50 0.9178
19 dichloromethane 5 1.91E+10 50 0.9178
20 chloromethane 6 8.18E+08 48 0.8811
21 trichloromethane 5 3.61E+09 45 0.8260
22 ethanal 5 2.59E+09 45 0.8260
23 ethenylbenzene (styrene) 5 2.82E+09 45 0.8260
24 n-hexane 4 1.99E+10 40 0.7342
25 dichlorodifluoromethane 4 1.26E+10 40 0.7342

NOTE: *Denotes compound whose toxicological significance score based on median rather than
average concentration.

**Value taken at detection limit.

Toxicity has a major effect on the overall ranking.  Compounds such as hydrogen
sulphide are additionally elevated above more toxic compounds and into the top ten list
because of the high concentrations reported in landfill gas.  Certain groups of
compounds such as PCBs are not ranked near the top of the priority list because the
reported concentrations are small, even though the toxicity ranking is relatively high.

The significance of the dioxin/furan/PCB ranking can be judged using the data obtained
during the on-site sampling during March 2002, reported in Appendix II. Bearing in
mind that these are upper values because they are based on summing limits of detection,
the highest total ITEQ value is 0.058 ngm-3 or 58 pgm-3.  The highest individual ITEQ
value is 28 pgm-3 of 12378-pentachlorodibnezodioxin.  The highest ITEQ ‘detection
limits’ of 10 ITEQ pgm-3 are for the individual cogeners 12378-
pentachlorodibenzodioxin and 23478 pentachlorodibenzofuran.  Multiplying the
maximum possible total dioxin and furan cogener number (5.8E01 pgITEQm-3) by the
ITEQ toxicological significance of 9 results in a toxicity score of 9.  This would put
dioxin and furan cogeners at the highest in 121st place in a list of all priority trace
landfill gas components.  This suggests that detection limits do not need to be enhanced
to give data that is relevant for a significance score.
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10.2 Prioritising components with a potential for odour impact

Although threshold odour concentrations (TOCs) are typically well below hazardous
concentrations, the presence of odours can cause considerable stress and nuisance to
human receptors adjacent to landfill sites.  Following the procedures outlined above for
ranking toxicity significance scores, a similar procedure was followed to prioritise the
odour impact. The representative base 10 log concentrations of individual chemicals
have been multiplied by the odour importance rating derived in Section 8; the data used
is summarised in Appendix III, Table 7. The percentage contribution individual
compounds made to the total significance score was then calculated to give a final
ranking of significance.  The 25 chemicals that have the highest ranking based on odour
significance score are listed below in Table 10.2. There is no obvious criterion for
cutting off the “highest” priority but the top twelve compounds each contribute more
than 2% to the Total Significance Score, as shown in Table 7. The top 9 ranked trace
components form one third of the total score.

Table 10.2 The 25 most significant trace components in landfill gas assessed by
odour

Chemical Name Odour
importance

Average
Concentration

picogm-3

Odour
Significance Score

Percentage of
Total Score

1 hydrogen sulphide 10 1.34E+11 110 7.407
2 methanthiol 10 7.26E+09 90 6.061
3 butanoic acid (butyric acid) 5 2.31E+09 45 3.030
4 ethanal 5 2.59E+09 45 3.030
5 carbon disulphide 6 7.66E+07 42 2.828
6 ethyl butanoate * 4 2.0E+10 40 2.694
7 1-propanethiol 5 4.33E+08 40 2.694
8 dimethyl disulphide 5 2.15E+08 40 2.694
9 ethanethiol 5 1.45E+08 40 2.424

10 1-pentene 4 1.65E+09 36 2.155
11 dimethyl sulphide 4 4.8E+08 32 2.155
12 1-butanethiol 4 2E+08** 32 2.155
13 propanoic acid 3 3.016E+09 27 1.818
14 butyl ethanoate (butyl acetate) 3 2.81E+09 27 1.616
15 butanal 3 2E+08 24 1.616
16 methanoic acid (formic acid) 3 2E+08** 24 1.616
17 pentanal 3 2E+08** 24 1.616
18 propanal 3 1.9E+08 24 1.616
19 diethyl sulphide 3 1.22E+08 24 1.616
20 chlorobenzene 2 2.47E+11 22 1.481
21 1,1,1-trichloroethane 2 1.90E+11 22 1.481
22 n-butane 2 6.74E+10 20 1.347
23 ethylbenzene 2 3.78E+10 20 1.347
24 ethane 2 3.36E+10 20 1.347
25 2-butanol 2 1.87E+10 20 1.347

Note: * Denotes compound whose odour significance score based on median concentration rather than
average
** Value taken at detection limit

The organosulphur compounds dominate the odour significance and are therefore
heavily represented in the most significant odour score list.  Compounds produced
during fermentative degradation such as aldehydes and carboxylic acids are also
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odourous and form a major proportion of most significant compounds.  These
compounds would not normally be produced throughout a landfill life cycle.  The only
halogenated compounds in the priority list are chlorobenzene and 1,1,1-trichloroethane.
These are present in the priority list as a result of their very large concentrations relative
to other odourous species.

10.3 Sensitivity analysis

The trace gas ranking was determined using a log scale for both toxicity and
concentration data.  A log scale for concentrations is deemed most appropriate for two
reasons:

1. The chosen average or median concentration represents a national distribution from
the database.  Within the constraints of the database in terms of the type and
number of landfills sampled and methods of sampling and analysis, an order of
magnitude (log scale) number is most appropriate.

2. In order to have a simplified and manageable toxicity ranking, a log scale was
chosen.  To be consistent with this approach, the concentration data need to be in a
similar format.

This approach gives the two inputs similar weighting.  As a sensitivity analysis, using a
linear concentration scale, by multiplying the toxicity ranking (log scale) by the actual
concentration (linear scale) produces the following results:
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Table 10.3 The highest ranking trace components in landfill gas assessed on
toxicity using a linear concentration multiplier

Chemical Name Toxicological
Importance

Average or median
Concentration (µgm-3)

Toxicity Significance
Score

Percentage of
total score

1 1,1-dichloroethane 10 477435 4774352 28
2 Chloroethane 50 76821 3841050 22
3 Chloroethene 50 66324 3316235 19
4 hydrogen sulphide 8 134233 1073867 6
5 Chlorobenzene 3 245520 736561 4
6 Tetrachloroethene 5 113193 565968 3
7 1,1,1-trichloroethane 2 190856 381712 2
8 Chlorodifluoromethane 2 166169 332339 2
9 Benzene 50 4862 243125 1

10 Toluene 2 75698 151398 0.9
11 Trichloroethene 10 15040 150402 0.9
12 n-butane 2 70283 140568 0.8
13 1,2-dichloroethene 8 16495 131963 0.8
14 1,2-dichloroethane 5 19516 97583 0.6
15 Dichloromethane 5 19329 96645 0.6
16 n-hexane 4 20947 83791 0.5
17 cis-1,2-dichloroethene 2 33055 66111 0.4
18 carbon monoxide 1 62952 62952 0.4
19 Acetone 2 29203 58406 0.3
20 Tetrachloromethane 10 5262 52628 0.3
21 Dichlorodifluoromethane 4 12668 50674 0.3
22 trans-1,2-dichloroethene 4 10147 40590 0.2
23 Dichlorofluoromethane 2 19900 39802 0.2
24 Ethylbenzene 1 39165 39165 0.2
25 1,2-dichlorotetrafluoroethane 1 34382 34382 0.2

A log/lin scaling gives the concentration data greater weighting and raises less toxic
compounds into the priority list by virtue of their elevated concentrations.  In Section 3,
it was noted that the halogenated species are dominant in the highest concentration list.
It is not surprising therefore that this method promotes a number of halogenated organic
compounds into the priority list. Compounds such as arsenic, furan, 1,3-butadiene,
carbon disulphide and mercury are lost from the priority list if concentration data are
given a greater weighting.
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Table 10.4 The highest ranking trace components in landfill gas assessed on odour
using a linear concentration multiplier

Chemical Name Odour
Importance

Average or median
Concentration (µgm-3)

Odour
Significance

Score

Percentage
of total score

1 hydrogen sulphide 10 134151 1341510 44
2 chlorobenzene 2 246589 493178 16
3 1,1,1-trichloroethane 2 189826 379652 12
4 n-butane 2 67412 134824 5
5 tetrachloroethene 1 112746 112746 4
6 toluene 1 86221 86221 2
7 ethylbenzene 2 37792 75584 3
8 methanthiol 10 7260 72609 2
9 ethane 2 33577 67154 2

10 2-butanol 2 18704 37408 1
11 2-butanone 2 13614 27228 0.9
12 xylene 1 23900 23900 0.8
13 dichloromethane 1 19054 19054 0.6
14 methyl ethyl ketone 1 13614 13614 0.3
15 cyclohexane 2 6664 13328 0.4
16 ethanal 5 2586 12930 0.5
17 butanoic acid 5 2308 11540 1
18 1,2,4-trimethylbenzene 1 10850 10850 0.3
19 benzene 2 4906 9812 0.3
20 methanol 1 9719 9719 0.3
21 1-propanol 1 9073 9073 0.3
22 propanoic acid 3 3010 9030 0.3
23 2-propanone (acetone) 1 8777 8777 0.3

Similar to the ‘linear concentration’ toxic list, chlorinated compounds become priority
odour compounds if linear concentrations are used a multiplier.  Many of the organo-
sulphur compounds drop off the list and are replaced by halogenated and petroleum
hydrocarbon compounds.

Overall, changing the balance of factors affects the relative ranking for individual
substances but does not alter the general conclusion that the chlorinated and
sulphonated substances are the most significant trace components. The use of the
log/log relationship is preferred but the sensitivity analysis emphasises that the ranking
is indicative and categorises substances into bands rather than a strict sequence.

Compounds such as chloroethene and benzene that have been identified most frequently
as priority substances in earlier studies (Section 2) also rank high in the present
assessment. Other substances such as 1-3 butadiene and ethanethiol, that have been
prioritised elsewhere for health and odour effects, also have relatively high ranking
here. Dichloromethane and trichloromethane were prioritised in US reports and
although they are not in the top 16 in the current significance ranking, they are in the
top 25. The principal omission from the current list compared with the US list reviewed
in Section 2 are the aromatic hydrocarbons (toluene, xylene, ethylbenzene), and
acrolein.  These substances are chemically similar to ones that are on the current list and
the monitoring and emission reduction methods described will also be capable of
dealing with these substances.
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10.4 Detection limits

In order to be present in the 16 priority compound list and be more than 1% of the total
toxicity score, a trace component requires a toxicity score of over 50.  To ensure that
detection limits are adequate to allow compounds to be assessed in this manner, the
detection limits required to score higher than 50 have been calculated.  This not only
ensures that detection limits used in this research are adequate, it also provides a
benchmark for future testing.  From a scientific point of view, the detection limit should
ideally be an order of magnitude lower than what is required.  The ideal and current
detection limits are compared in Table 10.5, below.  The data illustrate that:

The existing detection limit for those VOC compounds with a toxicological
importance rating of 6 or lower are sufficient for us to be confident that they will be
reported in existing data below concentrations that would warrant them being
assigned a high position in the priority list; i.e. the existing detection limits are
adequate.
The existing detection limits for higher toxicity compounds with toxicity importance
rating greater than 7 are not adequate to prove the negative i.e., low enough to say
that there is not a problem were they not detected.  However, they have been
detected in sufficient quantities to place them in the top 16 priority components and
therefore detection limits have been adequate for the prioritisation exercise.

Table 10.5 Significant trace components assessed on toxicity and relevant detection
limits

Chemical Name Toxicological
Importance

Detection Limit to
achieve score over 50

(picogram.m-3)

Ideal Detection Limit
Order of Mag. Less

(µg.m-3)

Current
Detection Limit

(µg.m-3)
1 Chloroethane 50 1.00E+01 0.000001 5
2 Chloroethene 50 1.00E+01 0.000001 5
3 Benzene 50 1.00E+01 0.000001 5
4 2-butoxy ethanol 25 1.00E+02 0.00001 5
5 Arsenic 25 1.00E+02 0.00001 0.05
6 1,1-dichloroethane 10 1.00E+05 0.01 5
7 Trichloroethene 10 1.00E+05 0.01 5
8 Tetrachloromethane 10 1.00E+05 0.01 5
9 Methanal 10 1.00E+05 0.01 5

10 Furan 10 1.00E+05 0.01 5
11 Hydrogen sulphide 8 1.00E+06 0.1 140
12 1,1-dichloroethene * 10 1.00E+06 0.1 5
13 1,2-dichloroethene 8 1.00E+05 0.01 5
14 1,3-butadiene 10 1.00E+05 0.01 5
15 Mercury 10 1.00E+05 0.01 4
16 Carbon disulphide 8 1.00E+06 0.1 5
17 Tetrachloroethene 5 1.00E+10 1000 5
18 1,2-dichloroethane 5 1.00E+10 1000 5
19 Dichloromethane 5 1.00E+10 1000 5
20 Chloromethane 6 1.00E+8 10 5
21 Trichloromethane 5 1.00E+10 1000 5
22 Ethanal 5 1.00E+10 1000 5
23 Styrene 5 1.00E+10 1000 5
24 n-hexane 4 1.00E+12 100000 5
25 Dichlorodifluoromethane 4 1.00E+12 100000 5
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10.5 Omission analysis

The prioritisation process is inevitably limited by the availability of relevant data.
There are two important categories of omission:

No toxicological or odour data is available for a particular compound.
The circumstances where a particular substance is released have not been monitored
or the determinand has not been adequately quantified.

Of the 400 substances identified in landfill gas at the time of the toxicological
assessment, 178 had sufficient toxicological data to permit a full assessment.  Of the
remainder, many are inherently non-toxic or are homologues of compounds assessed as
low priority (e.g. the simple alkanes).  The most significant risk of omission in the
assessment is from substances that are found at relatively high concentrations and there
is no similar substance that is scored low-priority for toxicity. Substances falling into
this category are 1,1,1,2-tetrafluorochloroethane, 1,1,1-trichlorotrifluoroethane, 1,10-
undecadiene, 1,4-pentadiene, etc.  In the absence of toxicological data these cannot be
assessed further.

The assessment is not particularly sensitive to failure to monitor the highest
concentrations of potentially significant compounds.  The ranking has been undertaken
using a logarithmic scale so substances would have to be detected at concentrations an
order of magnitude above that recorded in the database before it might alter the score
used in ranking.
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11 POTENTIAL SYNERGY

Estimating the effect of chemical mixtures is a challenge because the presence of one
chemical may alter the response of an organism to the presence of another chemical in a
mixture.  Simple additive effects may occur when two substances have a very similar
mode of action on the organism. Synergy is defined as a reaction by an organism to two
or more chemicals that produce a toxicity greater-than-additive effect in the anticipated
response.  Synergism is typically associated with chemicals that have similar targets in
the body (e.g., same target organs, binding sites or enzymatic receptors).  Synergy is not
well defined for most chemicals but simply put, the presence of one chemical may
‘enhance’ the toxicity of another.  There are very few groups of chemicals where ‘true’
synergy has been studied.  The majority of chemicals identified in trace landfill gases
that may present a significant health risk, target the central and peripheral nervous
systems; the liver and kidneys; and the cells of the circulatory system (Table 11.1).
Synergistic reactions to trace components of landfill gases, if present, are likely to occur
in the target organs listed above. However, in the absence of information on the mode of
action of each compound, it is concluded that potential synergistic and additive effects
cannot be identified nor predicted for landfill gas.

Table 11.1 Effects of the sixteen most significant trace components on target
organs

Chemical Name Chemical Group Toxicological
Significance

Target Organ

   CV B E G L N R D K F I

chloroethane Halogenated organics 50 1 1  1 1 1 1 1 1   
chloroethene Halogenated organics 50 1 1  1 1 1 1   1  
benzene Aromatic hydrocarbons 50 1 1 1 1 1 1 1    1
2-butoxy ethanol Ether 25 1 1 1 1 1 1 1 1 1   
arsenic Inorganic Compounds 25 1 1 1 1 1 1 1  1 1  
1,1-dichloroethane Halogenated organics 10 1 1    1      
trichloroethene Halogenated organics 10 1 1  1 1 1 1 1 1 1  
tetrachloromethane Halogenated organics 10 1 1 1 1 1 1 1 1 1 1  
methanal Aldehydes 10    1 1  1   1 1
furan Oxygenated Compounds 10 1 1  1 1 1 1     
hydrogen sulphide Organosulphur compounds 8 1 1    1 1     
1,2-dichloroethene Halogenated organics 8 1 1  1 1 1 1  1   
1,1-dichloroethene * Halogenated organics 10 1 1  1 1 1 1 1 1   
1,3-butadiene Alkenes 10 1 1  1 1 1 1 1  1  
mercury Inorganic Compounds 10 1 1 1 1 1 1 1  1 1 1
carbon disulphide Organosulphur compounds 8 1 1 1 1 1 1      

Target Organ: L = Liver, K = Kidney, B = cellular necrosis, I = immunotoxicity, F = Foetal growth, N = neurotoxic,
R = respiratory impact, G = Gastro-intestinal, CV = Cardio-vascular, D = Development, E = Endocrine

NOTE: The fact that substances target a particular organ is not relevant unless the mode of action/toxicity
to that organ is the same.  There is insufficient information on mode of action to make such judgements
on these compounds.

11.1 Other effects

Many halogenated compounds have an impact both as greenhouse gases and as ozone
deleting substances.  In Table 11.2, the relative global warming potential and ozone
depletion effect of those substances having high significance scores for toxicity and
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odour are listed.

Table 11.2 Global impact of substances with high score for toxic and odour
significance

Substance Position;
toxic
significance

Position;
odour
significance

Global warning
potential relative to
carbon dioxide

Ozone deleting
potential relative
to CFC-11

1,1,1-trichloroethane NA 21 NA 0.1
Dichloromethane 19 NA 9 NA
tetrachloromethane 8 NA NA 1.1
Dichlorodifluoromethane
(CFC12)

25 NA NA 1.0

Trichlorofluoromethane
(CFC-11)

35 NA NA 1.0

NA signifies not applicable.

These data indicate that in general the impact of trace components on the global
atmosphere is less significant than any potential impact from toxicological or odour
characteristics.
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12 METHODS TO MONITOR EMISSIONS OF PRIORITY
COMPONENTS

The target analytes in both odorous and toxic categories cover a wide spectrum of
chemicals and consequently there is not one analytical technique that is applicable to
all.  In assessing methods, the likely sampling conditions were taken into account, such
as the requirement of intrinsically safe sampling equipment.  In order to avoid
proliferation of methods, the analytes were grouped according to common analytical
techniques.

Monitoring generally involves two stages, sampling and analysis.  If on-site, real time
monitoring techniques are used both these steps can be combined and problems, with
sample stability avoided. Hence an initial investigation was carried out into the current
capability of portable instruments to provide instant readings for the target analytes.

12.1 Real time analysis

The brief review of ‘real time’ techniques suggests that their suitability is still limited to
a screening tool.  For instance, although portable flame ionisation, photo-ionisation and
infrared detectors will detect some of the organic compounds in the target list, in
general they are less sensitive compared to pre-concentration and analysis by the
standard laboratory based techniques.  Perhaps more importantly, they are also usually
non-discriminatory and consequently of little use in providing toxicity data.  For
example, methane can affect the sensitivity of a photo-ionisation detector (PID) as
reported by Nyquist, 1990.  Research is being carried out into analysis coupled to
Thermogravimetric Analyser with simultaneous Fourier Transform Infrared
Spectrograph (TGA-FTIR).  Although this technique offers the possibility to screen for
a wide variety of compounds (both organic and inorganic), it would have neither the
sensitivity nor selectivity required for in depth analysis of the target compounds.

From the literature search, there appears to be little scope for real time analysis for
arsenic.  Mercury vapour analysers are available for real time occupational exposure
monitoring.  These portable detectors use a gold film sensor, with one product having a
stated sensitivity limit of 0.001 mg/m3.  These instruments would not be sensitive
enough to determine landfill gas concentrations (based on site-specific data in Appendix
II).

The determination of hydrogen sulphide in the field is more feasible than many of the
other target compounds.  It is a particularly difficult compound to trap and analyse by
traditional techniques such as gas chromatography.  The portable Jerome-631-X gold
film sensor instrument claimed to detect hydrogen sulphide at levels from 2 ppbv to 50
ppmv, which is likely to be as good as most laboratory based techniques.  Its selectivity
eliminates interference from sulphur dioxide (SO2), carbon dioxide (CO2), and carbon
monoxide (CO) and water vapour, but it does not discriminate other organosulphur
compounds.

Thus, it is considered that, with the exception of hydrogen sulphide, the use of real time
detectors available today may be confined to screening for the priority trace
components.
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12.2 Laboratory methods

Pre-concentration of the sample on site and laboratory analysis is the preferred approach
for the specific and sensitive analysis of the majority of target analytes.  Wherever
possible it is advisable to use accredited techniques and in the discussion below these
methods are referenced either to the compendium in which they are described – for
NIOSH methods the reference is NIOSH (1994), or the website where the method is
available.

Volatile organic compounds (VOCs), including organohalogens and organo-sulphur
compounds, make up the majority of compounds in the priority list.  Capillary gas
chromatography provides the most effective means of separating these substances
(Table 12.1) and many other VOCs lower down the priority list.  Specific capillary
columns, such as the ‘624’ with a thick film stationary phase, provide the necessary
resolution for the compound list.  Coupled with detection by mass spectrometry (MS), it
is the most effective combined instrumental technique.  An alternative detector, the
flame photometric detector (FPD) provides the selectivity and sensitivity for the
organosulphur compounds.

Provided that a suitable column is installed in the gas chromatograph, the compounds
listed in Table 12.1 can be satisfactorily detected by GC-MS/FPD.  It must be noted that
the sensitivity of the technique for compounds in the applicable list varies widely.

Table 12.1 Applicability of gas chromatography to target analytes

Analytes that are applicable Analytes not applicable
Toxic target list
Chloroethane Methanal
Chloroethene Arsenic
Benzene Hydrogen sulphide
1,1-dichloroethane Mercury*
Trichloroethane
Tetrachloromethane
1,1-dichloroethene
1,2-dichloroethene
Carbon disulphide
Butoxyethanol
1,3-butadiene
Furan
Odourous target list
Carbon disulphide Hydrogen sulphide
Ethyl butyrate Ethanal**
Methanthiol
Ethanethiol
1-propanethiol
1-Butanethiol
Butyric acid
Dimethyl disulphide
Dimethyl sulphide
1-Pentene

* dimethyl mercury will elute through a GC column
** borderline compound – some evidence for GC analysis.
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Although GC is a reasonably encompassing technique for most of the target analytes,
GC capillary columns are not generally applicable for inorganic species nor organic
species that are both very polar and very volatile.  Hence, alternative analytical
techniques are required for the aldehydes, mercury and arsenic.

Methanal polymerises when heated and so cannot be analysed reliably by gas
chromatography.  Alternative methods for the collection and analysis of methanal and
other carbonyl compounds have been developed involving in-situ derivatisation with
oxazolidine or equivalent.

Either atomic absorption spectroscopy, or inductively coupled plasma (ICP), used in
conjunction with mass spectrometry (MS) detects the two metallic species that are
identified as priority trace components.  The Cold Vapour method is the analysis most
suitable for mercury, but this technique does not differentiate between elemental and
other forms of the analyte. Where this is necessary, more specialised techniques must be
employed.

12.3 VOC sample collection

There are four widely recognised and established methods of VOC sample collection.
The methods are described on the referenced websites:

1. Tedlar bag (described in USEPA 0040).
2. Canister grab sample (described in USEPA TO-15).
3. Thermal desorption tube (described in USEPA TO-17).
4. Disposable charcoal tubes for solvent desorption (described in NIOSH1501).

12.3.1 Tedlar bag sampling

The Tedlar bag and the Teflon bag are specially designed to take grab samples, i.e.
capture of a gas sample without any changes in concentration.  The inert material
reduces possible analyte interaction to a minimum.  However, the stability data suggest
that this collection method does not perform well for polar compounds.  The target
analytes include a number of polar organic compounds for which the method has not
been validated (Table 12.2) and so there must be doubts about the applicability of this
approach for the quantitative capture of all the priority VOC trace components.
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Table 12.2 Validation of Tedlar bag sampling method

Compounds that have been
validated by the USEPA

Validated from other sources No data available Will not work

Chloroethane Hydrogen sulphide (NCASI 656) Methanal 1,3-Butadiene
Chloroethene Methanthiol (NCASI 656) Arsenic
Benzene Mercury
1,1-dichloroethane 2-Butoxyethanol
Trichloroethane Furan
Tetrachloromethane butyric acid
1,1-dichloroethene Ethanal
1,2-dichloroethene carbon disulphide
Carbon disulphide ethyl butyrate

1-propanethiol
dimethyl disulphide
Ethanethiol
1-pentene
Dimethyl sulphide
1-butanethiol

12.3.2 Summa canister

The canister method described in TO-15 has been widely adopted in the USA.  The
SUMMA canister collects the sample at slightly above or slightly below atmospheric
pressure.  In an intrinsically safe environment, only sub-atmospheric sampling would be
practicable as it does not require a bellows pump.  A valve allows the sample air to
enter the evacuated canister in a controlled fashion.  Canisters described in USEPA
method 0040 have a capacity of 6 litres.  The sample must be released onto a sorbent to
allow pre-concentration before analysis by GC-MS.  The technique is not widely
practised in the UK due to the complexity, cost and the difficulty in cleaning the
canisters.

12.3.3 Thermal desorption tube

Thermal desorption tubes are widely used in the UK for environmental sampling of
VOCs.  The technique is particularly suited to coupling with gas chromatography,
which allows the minimum of sample preparation.  The Perkin Elmer Corporation in the
USA and the Health and Safety Executive laboratory (HSL) in Sheffield have been
prominent in developing and validating thermal desorption tubes.  The ISO 16017,
ASTM D-6196-97, NIOSH 2549, MDHS 72 and 80, and Air Toxics TO-17 methods
provide a detailed protocol of the technique.  The analytes are pre-concentrated during
sampling and consequently this method does not suffer from some of the problems
associated with grab sample techniques, such as doubts about sample authenticity
during the period between sample collection and analysis.

Sorbent:  The effectiveness of the method is dependent on the choice of sorbent packed
in the tube.  The sorbent must be powerful enough to effectively trap the analytes in
unfavourable conditions (high levels of moisture and non-target hydrocarbons), but not
irreversibly so that it cannot be desorbed onto the GC.  Also, the sorbent should not be
hydrophobic because moisture levels in landfill gas are likely to be high.  The sorbent
packing needs to be completely inert and extremely pure.  Good examples of such
sorbents include Tenax and Spherocarb.  The latter is a sorbent with a similar strength
to Carbosieve SIII.  It can be used to collect very volatile chlorinated analytes such as
vinyl chloride as well as organosulphur compounds that have the potential to
breakdown in the presence of metallic compounds
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To increase the range of VOCs that can be trapped, multiple sorbent beds are often
packed.  The multiple bed tube is packed so that the weakest sorbent is always at the
front, followed by progressively stronger sorbents.  Tenax TA is considered the sorbent
of choice as the front packing due to its stable nature.  It is a relatively weak sorbent
that will trap (and more importantly release) the less volatile compounds entering the
ATD tube.  Thus it acts as a filter for the sorbent(s) behind it in the sample flow.  A
variety of molecular sieve, graphitised carbon and porous polymers have been
developed to trap the more volatile species.

Allen et al. (1995) used a three bed sorbent system comprising of Tenax, Chromosorb
102 and Carbosieve SIII for the analysis of trace components in landfill gas and this
approach was also used in the initial (September 2001) phase of this study.  However,
the thermal instability of Chromosorb has since made this compound less popular as a
packing material, because its maximum conditioning temperature is considerably below
that which will thoroughly condition Carbosieve SIII.

Advice on sorbent selection in ATD tubes can be found in USEPA method TO-17.

The surface area of some popular sorbents is:

Tenax TA 35 m2/g
Carbotrap B 100 m2/g
Chromosorb 102 350 m2/g
Carbosieve SIII 820 m2/g
Spherocarb 1200 m2/g.

Clearly Sphericarb has an advantage over the other sorbents because of its increased
surface area.

Tube Construction: Many of the target VOCs contain sulphur.  There are particular
difficulties in the analysis of the organosulphur compounds due to the ease with which
they undergo metallic catalysed degradation.  Standard ATD tubes are stainless steel,
which is obviously a problem when trying to detect labile organosulphur compounds.
Additionally, some sorbents cannot be made to sufficient purity such that the metallic
content is significant.  Where organosulphur analysis is required, sorbent should be
packed in an ATD tube that is coated with Silcosteel (or equivalent) so that the analytes
do not come into contact with the metallic surface.

In the resampling of landfill gas in March 2002 the preferred adsorbent was a
commercially packed Tenax TA (200mg) and Sphericarb (200mg) in an ATD tube that
is coated with Sulfinert to prevent metal catalysed degradation of the sulphur
compounds.

12.4 Methanal sampling and analysis

Sampling of methanal in the gas phase using oxazolidine coated silica gel has become a
widely used technique in environmental sampling adopting the USEPA method TO-
11A.  The analyte is collected and derivatised in-situ.  The oxazolidine route (described
in analytical methods NIOSH2539 and OSHA52) has been validated for indoor air
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monitoring where the determination of acrolein is of importance.  The derivatisation
and analysis by HPLC (USEPA TO-5) is a well established technique that has been
validated in environmental sampling.  The method advises that high ozone
concentrations will cause deterioration in sampling performance.  However, this is not
considered a likely in landfill gas.  The method also recommends that, where the sample
is below 15°C, it may be necessary to install a heated inlet probe.

The derivatised aldehyde is desorbed in the laboratory and analysed by HPLC using
ultra-violet detection.  The detection wavelength of 360 nm for the derivatised methanal
is a safe distance from the adsorption wavelength of most interfering compounds.

The scope of the method covers a number of the volatile carbonyl compounds in the
extended target list including ethanal, propanal, butanal, and pentanal.  This has the
advantage of providing some analytical overlap with GC-MS and hence it enables the
cross checking of results for these compounds.

12.5 Hydrogen sulphide sampling and analysis

Laboratory techniques for the analysis of hydrogen sulphide are not entirely
satisfactory.  A summary of the techniques has been written by the Environment
Agency for England and Wales (2001).  Hydrogen sulphide is not particularly soluble in
acid solution and reacts in alkaline solution.  Both OSHA and NIOSH provide methods
with stated detection limits between 10-20 ppm.  This does not compare favourably
with the real time methods.  NIOSH 6013 describes a charcoal trap, extraction with
peroxide solution and analysis by ion chromatography.  OSHA ID 141 describes the
collection of airborne hydrogen sulphide (H2S) in the workplace on a silver nitrate
(AgNO3)-impregnated filter and analysis by differential pulse polarography (DPP).
Neither method eliminates interferences (SO2 in the former and inorganic sulphides in
the latter).

The USEPA describes impinger methods designed for stack gas monitoring that involve
toxic impinger solutions.

Collection of hydrogen sulphide directly onto a cold trap followed by GC-MS analysis
has been achieved.  However, collection at ambient temperatures onto an ATD tube is
much more difficult.  Hence, the real-time analytical method is recommended in the
current context.

12.6 Metals sampling and analysis

NIOSH methods are available to determine the total arsenic and total mercury.  These
methods cover both organic and inorganic species.

12.6.1 Arsenic

NIOSH method 5022 uses the ion chromatography/hydride atomic absorption technique
for the measurement of organo arsenic compounds such as methylarsonic acid,
dimethylarsenic acid and p-aminophenol arsonic acid.  The method for organic arsenic
uses a PTFE backed membrane filter technique for sampling, followed by extraction
with a borate-carbonate buffer. The organic arsenic compounds are then separated by
ion chromatography before being introduced into an arsine generator, connected to an
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atomic absorption spectrometer fitted with a quartz cell furnace at 800oC.

The straightforward and established technique for the measurement of low levels of
arsenic, arsine and arsenic trioxide is graphite furnace atomic absorption.  NIOSH
methods 6001 and 7901 used for arsine and arsenic trioxide respectively employ this
technique.  Charcoal sorbent tubes are employed for sample collection; a membrane
filter may also be used in front of the tubes for trapping aerosols.  The arsenic
compounds are extracted by nitric acid digestion. Arsenic is then determined by
injecting aliquots of the extract into the atomic absorption graphite cell and comparing
the response obtained with those obtained from standards.  Alternatively, the samples
could be analysed by ICP-MS.  This method was used for the monitoring of arsenic in
this study.

The OSHA inorganic arsenic technique also uses graphite furnace atomic adsorption
after sampling through a 0.8 m mixed cellulose ester (MCE) filter.  A chemically
treated backup pad is also used if volatile inorganic species are suspected, with a
sampling train employed if arsine is suspected.  The filters and backup pads are then
digested in nitric acid solution, and if arsine is suspected, a nickel solution is added as
stabiliser.  Solutions are then analysed by atomic absorption with a heated graphite
furnace atomizer.

12.6.2 Mercury

The standard laboratory determination of total gaseous mercury (TGM) involves
collection on gold or iodated active charcoal traps and analysis by cold vapour atomic
absorption spectrometry after acid digestion of the traps (NIOSH 6009).  A variation of
this method would be analysis by ICP-MS.  This method was used for the monitoring of
total mercury in the study, although in order to reach the required low detection limit
the sampling method was modified to reduce dilution.

An alternative approach by Lindberg et al. (2001) is a sampling technique, as outlined
below, that allows the speciation of mercury compounds.  Total gaseous mercury can be
collected on gold or iodated active charcoal traps and analysed by cold vapour atomic
fluorescence spectrometry after acid digestion of the traps.  Cold traps precede the
charcoal traps which are themselves heated to about 50oC, slightly above the landfill gas
temperature.  This eliminates condensation as landfill gas is generally saturated with
water vapour.  Dimethyl mercury compounds can be sampled using Carbotrap adsorbers
and cold traps located upstream of separate Carbotraps for mono methyl mercury in the
landfill gas condensate.  Analysis is completed using thermal desorption
chromatography with atomic fluorescence detection after isolating mono methyl
mercury from the matrix by distillation and conversion of the methylethyl mercury by
aqueous phase ethylation.

12.7 Summary of analytical methods selection

The sampling and analytical techniques that might be suitable for monitoring the
priority trace components in landfill gas are summarised below in Table 12.3.  Based on
experience in the current project, the recommended methods are highlighted.
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Table 12.3 Summary of analysis techniques

Analytes Sampling method Analysis method
VOCs *ATD tube Canister grab

sample
followed by
preconcn

Tedlar bag
grab sample
followed by
preconcn

*GC-MS using
suitable capillary
column

Methanal (and
acetaldehyde)

*DNPH
impregnated
silica

Oxalzolidine *HPLC with UV
detection

Hydrogen
sulphide

*Charcoal Silver nitrate
filter

*Real time IC

Arsenic *Activated
charcoal /
Cellulose filter

*Cold vapour
AAS/ICP

Mercury *Iodated
charcoal

Gold trap Carbotrap *Cold vapour
AAS/ICP

GC-AFS

*Favoured approach.

The following points should also be considered.

1. It is assumed that landfill gas sampling must be carried out with intrinsically safe
sampling equipment.  The sampling described can be achieved with battery powered
intrinsically safe equipment.  This will allow sampling from points where there is
insufficient gas pressure to force gas through the sampling devices.

2. In most cases it is preferable to collect sample directly onto the extraction media of
choice. Use of a Tedlar bag grab sample and sub-samples taken from this should be
treated with caution because the stability of a number of target analytes within a
Tedlar bag has not been thoroughly tested.

3. The majority of the target VOCs, including the organohalogens and organosulphur
compounds, can be determined by the collection onto a mixed bed thermal
desorption tube and then analysed by GC-MS.  This technique will also detect many
of the VOCs that are lower down the priority list.

4. A separate technique must be used for determining methanal.  There is an
established and rugged technique involving in-situ derivatisation that will also
detect other carbonyl compounds.

5. Hydrogen sulphide can be adequately analysed using real-time hand-held analysers.
There are interference issues with both real time techniques and laboratory analysis.

6. The determination of total gaseous mercury using AAS or ICP is a recommended as
an initial step in a landfill gas survey, because these methods are straightforward.  If
significant amounts of mercury are determined, then Lindberg et al. (2001)
describes a technique that allows speciation of the mercury.

7. The determination of total arsenic by Cold Vapour AAS/ICP is recommended
before pursuing more complicated techniques that will provide speciated results

12.8 New developments

Direct gas injection into ICP-MS systems has recently been investigated by Shanks
(2002) to determine the total chlorine and sulphur content present in an air sample.
Because the majority of the priority substances based on toxicity ranking compounds
are chlorinated and the bulk of the odourous compounds are sulphonated, this offers the
possibility of a quick yet sensitive screening technique that could precede more
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thorough analysis.  This technique is not yet fully validated but warrants further
investigation.
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13 TREATMENT METHODS TO REDUCE EMISSIONS

Landfill gas should be collected and either utilised or treated.  However, some bulk gas
will be emitted, carrying with it trace components.  This section begins a discussion of
technologies to reduce emissions of priority trace compounds.  Some of these
techniques are aimed at reducing or preventing the emission of trace components in the
landfill gas.  Others are specialist technologies often used as pre-treatment stages prior
to landfill gas use.  It should be remembered that trace components are carried in the
bulk gas and so treatment or reductions in emissions of the whole landfill gas often
achieve a concomitant reduction in emissions of trace components.  This section
introduces technologies employed where landfill gas is treated to facilitate its use. This
gas cleaning, coincidentally, also reduces trace component emissions.  Attention is
drawn to some techniques that reduce emissions of trace components but may as a
consequence generate secondary wastes that require treatment or disposal.

The treatment of landfill gas can be split into five major components:

Reduction/control;
Pre-treatment (after capture into a collection system);
Secondary treatment;
Combustion/Energy utilisation;
Post Combustion/Energy utilisation.

These are examined below in context of their relevance to this project.

13.1 Reduction/Control

Reduction of trace gas emissions can be achieved by either preventing generation of the
substance of concern in the landfill gas, or by containing the gas within the landfill or
by converting the component to a benign form before it is released.  An examination of
the important sources of trace components listed in the introduction (Table 13.1, below)
highlights that many of these sources can be reduced or controlled by physical or
engineering methods and by normal best practice in management of the landfill.

For example, covering a landfill daily with soil can help reduce fugitive gas emissions
from newly deposited wastes.  This provides a low permeability barrier that reduces
passive venting of all gases, including trace components.  Other material such as high-
density polyethylene liners can be place on waste as daily cover and moved to limit
emissions.  However, containment without collection and treatment is only a short term
palliative.  More extensive cover is installed at landfill closure to prevent moisture from
infiltrating the refuse, to control bacterial growth and decomposition and to assist in
collection of gas for subsequent utilisation or flaring.

The effectiveness of cover can be improved by using material that will react with or
sorb the trace components of most concern (often the odours).  High-carbon wood ash
has been found to be a useful daily cover that reduces off site odour dispersion.
Alkaline materials such as PFA have been shown effective in reducing emissions of
trace components through cover material.  However, when the mechanism for removal
is only by sorption, the capacity of the material will eventually be exceeded.
Composted material is also effective, though this may be a combination of sorption and
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aerobic biological activity as the trace gases diffuse through the matrix.  At low rates of
emission, the techniques used to promote the action of biological oxidation of methane
in the cover material may also oxidise some of the trace components.

Table 13.1  Summary of potential methods for minimising emissions of trace
components by good management practice

Potential Source of Trace components Potential Means of Reducing Emission
Direct sources
Out-gassing of waste Intact cover, containment & controlled collection

for treatment
Vaporisation of low boiling point liquids in the
waste

Keep down temperature of waste fill and gas flow
rate

Anaerobic respiration by micro-organisms Exclude precursors that could lead to toxic or
odourous compounds

Corrosion of metals Recycling
Chemical reactions between organic or inorganic
substances, and

Control of deposits

Microbial degradation of organic substances. Minimise deposit of biodegradable waste
Indirect sources
Equilibration of substances from the aqueous phase
into the gas phase

Contain leachate headspace as well as gas
headspace

Gas stripping of substances from leachate as a
result of forced flow through the liquid

Keep leachate head low

Aerosols carrying liquid phase Trap condensate effectively
Dusts carrying material sorbed on the solid. Avoid high gas flow and dusty daily cover.

Vegetative growth on the landfill cover may also reduce emissions of many toxic
compounds.  There is significant evidence of active degradation of hydrocarbon
compounds in the root zone of plants.  Some research has been done on biofiltration to
control odours from compost piles that may be applicable (USAEC, 1997).

Operating the landfill at slightly negative pressures, through active gas extraction, helps
to prevent the uncontrolled emission of untreated landfill gas, but may allow air ingress
to landfills.  This may increase concentrations of the most odourous components (the
result of fermentation) in the landfill gas.  Obviously any break in the physical
containment will result in the emission of bulk gases that will carry trace components
with them.  Hence effective reduction of trace emissions requires that all fissures in the
cap, damage around intrusions into the landfill, openings in leachate wells or fractures
in gas management systems must be dealt with by good site management.

Management of waste deposits can reduce the quantity of priority trace components that
are present in the gas.  Hydrogen sulphide and chloroethene, two of the priority trace
components, are generated from relatively benign precursors by anaerobic microbial
activity in the waste.  Hence avoiding the deposition of biodegradable wastes with
sulphate waste or wastes containing substantial quantities of polychloroethenes would
reduce the source term for these emissions.  The source of many of the priority trace
components is unclear and so targeted management of waste inputs would be
impractical as a primary means of controlling emissions.

13.2 Pre-treatment

Several of the priority trace components are polar and will concentrate in an aqueous
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medium or sorb to particulate material.  Thus condensate or leachate can become
significant secondary sources, particularly of odorous compounds.  Pre-treatment
processes are used to remove water and particulate from the gas steam leaving the
landfill.

13.2.1 Water removal

Water removal to some degree is required in virtually all landfill gas collection systems.
Moisture has a tendency to condense out of the gas stream due to pressure and
temperature fluctuation in the pumping system.  If this condensate is not allowed to
collect safely, it can cause blockages in lower lying pipes.

In this context, there are 2 categories of water removal:

liquid removal,
water vapour reduction.

Liquid Removal: Liquid removal is usually achieved through a series of water traps
and drains.  It is common for the gas management system to incorporate a knockout pot
in which velocity reduction enables liquid to drop out of the gas stream.  The waste
liquid arising from this treatment is normally discharged back into the landfill.

Cyclones can be used to remove both water and particulates.  These work by imparting
an angular acceleration to the vapour stream.  Heavier particles are pushed to the
outside and relatively clean air is removed from the middle.

Water vapour reduction: By pre-cooling the vapour prior to liquid removal, much
lower absolute moisture levels can be achieved.  This is done by cooling the vapour
below its dew point temperature.  Liquid then falls from the vapour stream.  If the
vapour is subsequently raised back to its initial temperature, its relative humidity is
lower.

Solvent scrubbing or deliquescent bed absorption can also be used to reduce the water
vapour content.  These are expensive techniques and are usually only used in
combination/conjunction with a secondary treatment that requires low relative humidity.
Solvent scrubbing will reviewed in the secondary treatment section.

13.2.2 Particulate removal

Particulate removal is achieved through two main processes, cyclones and direct
filtration.  Cyclones have already been discussed above.  Direct filtration can be
achieved using fabric or stainless steel filter pads.

Electrostatic precipitators and wet scrubbing could conceivably be used for particulate
removal.
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13.2.3 Pre-treatment emission reduction

The liquid and solids in the process stream will be in or near to equilibrium with the
vapour stream.  A certain percentage of the total contaminant load will be dissolved in
or absorbed to the liquid and solid material.  Depending on a specific chemical’s
selectivity to the liquid or solid material removed, removal of a significant portion of
the total load of that contaminant may occur by removal of the liquid and solid phase.
For example, dioxins have a strong affinity for particulates.  However the secondary
waste streams created by these technologies should be treated with appropriate care and
will require disposal, usually back into the landfill.

13.3 Secondary treatment

A number of secondary treatment technologies have been developed to remove
unwanted trace components from bulk gas prior to utilisation.  Most secondary
treatment technologies can be summarised into the following categories:

wet scrubbing;
dry scrubbing;
membranes;
pressure swing processes; and
cryogenic.

Several of these methods have been dealt with in detail in the Environment Agency
R&D Project P1-330 (Environment Agency 2002b). As with pre-treatment
technologies, the trace components removed by secondary treatment normally form a
significant secondary waste stream.  In the case of secondary treatment the residues may
not be returned easily to the original landfill.

13.3.1 Wet scrubbing

Wet scrubbing technologies involve bringing the process stream into contact with a
solvent of some kind.  The solvent is selected to have a high affinity for the undesirable
compounds in the process stream.

Solvents range from water to alkanoamines or salt solutions.  Selection depends on
concentrations and behaviour of the primary contaminants at a given site.  With careful
selection, a clean gas, equivalent to commercial gas, could be generated.  Solvents are
usually regenerated, with the off-gas component going to flare for destruction.

There are a large variety of these systems in operation in industry, most relevantly by
the natural gas processing industry.  Removing water, CO2 and H2S from natural gas
streams is required prior to piping to customers.  These processes are well developed
and understood.  Many of these processes are applicable to landfill gas, with cost and
scale being the primary difficulties.  Most refineries treat volumes that dwarf the typical
landfill.

In terms of priority compound emission reduction, wet scrubbing involves transferring
the contaminant mass in the landfill gas to a lower volume stream of solvent scrubber.
Destruction through flaring and appropriate controls would still be needed.  These
systems have a proven track record in similar applications, greatly reducing
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concentrations of many of the priority compounds.

13.3.2 Dry scrubbing

Dry scrubbing technologies involve bringing the process stream into contact with some
kind of absorption material.  This may be a static or fluidised bed.  Additionally, it may
be reactive or absorptive

Reactive: Historically, H2S removal in gas streams was accomplished by contact with a
reduced “iron sponge” which oxidised H2S into crystalline solid.  This is also done
using iron impregnated wood (or other inert material) resulting in sulphur or pyrite
formation.  This may be effective in reducing mercaptans as well.

Absorptive: The use of activated carbon; as a powder, granules or fibres, is a well-
established method of removing trace hydrocarbon materials from a gas (or liquid)
stream.  This is fundamentally a process of transference.  The contaminant is
concentrated on the carbon and dealt with in a separate stand-alone process (frequently
steam reforming or thermal desorbtion/incineration).

Additionally, there are some complex systems built around activated process, such as
the Brayton Cycle Heat Pump (BCHP).  This technology offers a method for VOC
recovery and recycling.  A BCHP condenses VOCs from an air stream, offering the
potential for both recovery and either on-site or off-site recycling of a wide range of
VOCs.  The technology consists of Granular Activated Carbon (GAC) adsorbers located
at each extraction well, plus a truck-mounted BCHP to regenerate the adsorbers on a
periodic basis.  The VOC-laden air from the well is passed through the carbon bed,
adsorbing the VOCs.  When the bed becomes saturated, hot nitrogen from the
regenerator is used to desorb the VOCs from the bed.  The nitrogen passes through a
chiller, is compressed, and is then cooled in a recuperator.  Recovery of organics is
generally between 50% and 80% in this process.  The partially depleted nitrogen stream
is then expanded through a turbine, lowering the temperature to as low as –66oC thus
condensing the remaining organics.  The now-clean nitrogen passes through the
recuperator to cool the input VOC-laden nitrogen before returning to the carbon bed.
The only outputs will be the clean off-gas from the unit and a small amount of
recovered organics.

Vapour-phase carbon adsorption is not recommended to remove high contaminant
concentrations from the effluent air streams.  Economics favour pre-treatment of the
VOC stream, followed by the use of a vapour-phase GAC system as a polishing step.

Most dry scrubbing processes are batch processes that can lead to practical difficulties
in a continuous gas treatment process.

13.3.3 Membranes

High pressure membrane separation is another technology designed to treat feed-
streams that contain dilute concentrations of VOCs.  The organic vapour/air separation
technology involves the preferential transport of organic vapours through a nonporous
gas separation membrane (a diffusion process analogous to pumping saline water
through a reverse osmosis membrane).  In this system, the feed-stream is compressed
and sent to a condenser where the liquid solvent is recovered.  Limitations of this
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technology are:

inability to handle fouling constituents in soil;
inability to handle fluctuations in VOC concentrations; and,
membranes are sensitive to moisture.

Membrane technology involves preferential transport of organic vapours through a
selective membrane through use of a pressure gradient.  By careful selection of the
membrane, the process can be made selective for different compounds.

Membrane technology has been used to remove CO2 from landfill gas at several
locations.  Membrane technology for VOC reduction is being tested at the Hanford
Nuclear Site in Hanford, Washington, where VOCs will be obtained by vacuum
extraction.  Carbon tetrachloride and chloroform are expected to be preferentially
removed from the gas stream.  Based upon a VOC effluent concentration of 1,000 ppm,
this technology has a 95% removal efficiency (USEPA, 1994a).

13.3.4 Pressure swing processes

Pressure swing processes take advantage of different desorbtion characteristics of
different compounds.  High pressure landfill gas can be adsorbed onto granulated
activated carbon.  The bed is then depressurised with the methane desorbing at a
different time to the priority components.

This can only be run as a batch process, which can cause practical difficulties in a
continuous process.

13.3.5 Cryogenics

Cooling to just above the boiling point of methane may cause significant amounts of the
priority components to liquefy, separating from the process stream.  Nitrogen can be
removed as the gas phase if the methane is cooled past its boiling point.

13.4 Combustion/Energy utilisation

Combustion is the most common technique for treating and utilising landfill gas.  The
pre-treatment and secondary treatment technologies described above may be a precursor
to gas utilisation.  Combustion technologies such as flares, incinerators, boilers, gas
turbines, and internal combustion engines are efficient methods for destroying organic
compounds in landfill gas and generating heat or energy.  An additional benefit of
combustion is that methane is converted to carbon dioxide, which results in a large
reduction in greenhouse gas impact.  The thermal oxidation of trace components along
with the bulk gas will add to the normal combustion by-products (carbon dioxide,
water, etc.) but will also produce acid gases such as sulphur dioxide (SO2), hydrogen
chloride and hydrogen fluoride from combustion of organohalogen and organosulphur
compounds and other volatile sulphur compounds.  In addition, the high temperature
will generate NOX, and, as the product gases cool, compounds such as dioxins may
form from incompletely oxidised compounds.
Over 98% destruction of organic compounds is typically achieved during combustion
with adequate excess of oxygen at around 1000oC, although the fate of the remaining
chlorine atoms from the halogenated organic component is not fully understood.  One
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potential environmental impact of this technology is that when halogenated chemicals
are combusted in the presence of hydrocarbons, they may recombine into dioxins and
furans.  Dioxins may be formed during the cooling of  combustion gases containing
organic substances that have not been fully oxidised in the thermal process..  Maximum
formation rates are observed at approximately 300oC (Kilgroe et al., 1989), and dioxin
formation is insignificant above 380 oC.  Combustion of priority trace components will
not change the amount of the mercury and arsenic in the emissions but may alter their
speciation and oxidation state.

At methane concentrations greater than 20%, the landfill gas will readily form a
combustible mixture with ambient air, so that only an ignition source is needed for
operation.  At landfills with less than 20% methane by volume, supplemental fuel (e.g.
natural gas) is required to operate flares, greatly increasing operating costs.  When
combustion is used, two different types of flares can be chosen: open or enclosed flares.

The general options for dealing with landfill gas (once collected) are as follows:

1. Flaring the gas.
2. Using the gas to fuel boilers that make heat.
3. Using the gas to fuel internal combustion engines for electricity production.
4. Using the fuel in gas turbines to make electricity.
5. Using the gas in fuel cells to make electricity.
6. Using methane in the gas to produce methyl alcohol.
7. Adding the gas to natural gas lines, after cleaning it.

13.4.1 Flares

Flaring of landfill gas can be performed either in an open (candle) flare or an enclosed
(shrouded) flare.  An open flare is an open-air flame. With such, there is no reliable
means to monitor for emissions.  Enclosed flares enclose the flame in an insulated
cylindrical stack that can be anywhere from 5 to 20 m tall. It should be noted that some
(perhaps most or all) enclosed landfill gas flares have exit temperatures of around 700
to 800oC, which is above the temperature range for dioxin formation.  In such cases, any
dioxins will be formed in mid-air as the exhaust hits the cooler background air, after
leaving the stack (USEPA, 1998c).

Open flares (e.g., candle or pipe flares), the simplest flaring technology, consist of a
pipe through which the gas is pumped, a pilot light to spark the gas, and a means to
regulate the gas flow.  The simplicity of the design and operation of an open flare is an
advantage of this technology. Disadvantages include inefficient combustion, aesthetic
complaints, and monitoring difficulties.  Sometimes, open flares are partially covered to
hide the flame from view and improve monitoring accuracy.

Enclosed flares are more complex and expensive than open flares but this design
eliminates some of the disadvantages associated with open flares.  After December
2003, all permanent flares at licensed UK landfills must be enclosed and meet a
minimum standard of 1000oC and a retention time of 0.3sec or alternative performance
criteria, conditions chosen to maximise destruction of input gases while minimising
secondary emissions.  Enclosed flares consist of multiple burners enclosed within fire-
resistant, insulating walls that extend above the flame.  Unlike open flares, the amount
of gas and air entering an enclosed flare can be controlled, making combustion more
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reliable and the thermal oxidation of the organic material more efficient.

Ideally gas should be used as an energy source instead of just being destroyed, but at
small landfills with low gas generation volumes it may not be practical to use the gas.
In these cases, flaring may be the best practical solution for thermal oxidation of the
components of landfill gas.  In addition, several separation technologies use a flare to
destroy a waste stream.

13.4.2 Boilers

Boilers are among the cheapest options for landfill gas utilisation.  They produce heat,
not electricity.  Boilers are generally less sensitive to landfill gas contaminants and
therefore require less cleanup than other alternatives.  Boilers have the lowest NOx and
carbon monoxide emissions of the combustion technologies.

Use of landfill gas in boilers requires piping of the gas to local industries.  While boilers
themselves may not require much cleanup of the gas, the pipelines do require some gas
cleanup, since corrosive compounds in the raw gas (particularly the acids and H2S) can
damage the pipework. Concerns associated with landfill gas pipelines have been raised
by environmentalists living near to landfills considering the use of boilers.  Among the
concerns are the integrity of the pipeline, liability issues, and the economic support of
neighbouring polluting industries that might use the gas (USEPA, 1998).

13.4.3 Internal combustion engines

Internal combustion engines are normally operated to optimise power output and so
may not  achieve complete destruction of all organic trace components in landfill gas.
Early work indicated that engines  emit carbon monoxide and NOx and may also release
higher concentrations of  dioxin than other combustion technologies (USEPA 1991b).
However, internal combustion engines are available in modules that match the gas
capacity and gas generation profiles of UK landfills and so are more practicable than
gas turbines for most landfills. The Environment Agency has commissioned research to
measure the actual emissions of modern engines taking gas for energy production at UK
landfills.

13.4.4 Gas turbines

The emissions of carbon monoxide and NOx from gas turbines are intermediate between
those of boilers and internal combustion engines.  There are insufficient data on dioxin
emissions from landfill gas turbines to provide a comparison.  Capstone microturbines
are small units that are modular and have increased in use over the last several years.

13.4.5 Fuel cells

Fuel cells are the most expensive technology, as they are still largely experimental.
They are described as "potentially one of the cleanest energy conversion technologies
available."  In order not to poison the fuel cells, halogenated contaminants must be
removed.

Energy recovery technologies use landfill gas to produce energy directly.  Currently, the
phosphoric acid fuel cell (PAFC) is the only commercially available non-combustion
energy recovery technology.  Other types of fuel cells (molten carbonate, solid oxide,
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and solid polymer) are still under development.  The PAFC system consists of landfill
gas collection and pre-treatment, a fuel cell processing system, fuel cell stacks, and a
power conditioning system.  Several chemical reactions occur within this system to
create water, electricity, heat, and waste gases.  The waste gases are destroyed in a flare
(USEPA 1992).

13.4.6 Emissions from combustion technology

There are limited data comparing emissions from landfill gas flares with energy
producing combustion devices (which includes boilers, turbines and internal
combustion engines).

Dioxin emissions data are also very sparse. The USEPA, in the 1998 dioxin inventory,
looked at only a few tests and showed that for the most part, flares produce more dioxin
than internal combustion engines or boiler mufflers (USEPA, 1998c).

However, a more comprehensive review (by the County Sanitation Districts of Los
Angeles County in 1998) of about 20 studies involving 76 tests at 27 facilities shows
that internal combustion engines on average produce 44% more dioxin than shrouded
flares.  However, there is considerable variability due to differences in waste and the
output of particular engines and so these figures should not be applied to site-specific
situations (Caponi et al., 1998).

The combustion of landfill gases results in more emission by-products than the
combustion of natural gas. Whether using an internal combustion engine or a gas
turbine, the combustion of landfill gas without significant secondary treatment to
produce energy emits more pollution per kilowatt-hour than natural gas (USEPA 1995).

13.4.7 Post combustion/energy utilisation

There are several techniques that may be applicable to reduce the priority component
concentration in the exhaust gas from combustion technologies.  These are listed below:

Scrubbers (wet or dry);
Thermal/Catalytic Oxidation; and
Adsorption technologies.

Scrubbers: Scrubbing was described in Section 14.3.  Scrubbing units are in common
use to reduce emissions in industry, particularly for NOx and SOx.  These techniques
may assist in reducing priority component concentrations themselves, or to control
potentially toxic by-products of the combustion of landfill gas.

Thermal/Catalytic Oxidation: Thermal or catalytic oxidation operated as an
“afterburner” on the exhaust gas may allow for more complete destruction of many of
the priority components.  The effectiveness of this technique is highly dependent on the
configuration of the primary combustion unit.
Adsorption Technologies: The use of activated carbon (or other adsorbent) for
“polishing” the post combustion exhaust may help reduce many priority component
concentrations directly, or to control potentially toxic by-products of the combustion of
landfill gas.
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A summary of the treatment options and their relative merits has been compiled in
Table 8.

13.5 Other uses of landfill gas

As with utilisation of gas for direct combustion, most other uses of landfill gas will
require pre-treatment or secondary treatment of the bulk gas to remove trace
components.  The same issues of disposal of the secondary wastes arising will apply
when the treated landfill gas is destined for other applications.

13.5.1 Methanol production

Converting methane from landfills into methanol is being demonstrated at landfills in
the US. However, the halogenated organics filtered out in this process are sent to a flare
(USEPA 1994b).  Other companies have expressed interest in converting the carbon
dioxide in landfill gas to dry ice for sale to industry.  They have claimed that the carbon
dioxide in landfill gas is actually more profitable to recover than the methane.

Gas-to-product conversion technologies focus on converting landfill gas into
commercial products, such as compressed natural gas, methanol, purified carbon
dioxide and methane, or liquefied natural gas.  The processes used to produce each of
these products vary, but each includes landfill gas collection, pre-treatment and
chemical reactions and/or purification techniques.  Some of the processes use flares to
destroy gaseous wastes.

13.5.2 Cleaning to natural gas pipeline specifications

Since natural gas prices are low, this is not expected to be an economically viable
option.  It also requires a high degree of cleaning and filtering the gas.  If the gas is not
adequately filtered, then the landfill gas will degrade the quality of the natural gas by
adding more contaminants to the system.
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14 CONCLUSIONS

14.1 Review of published data

The review made the following conclusions:

The research started in the early 1980s at three UK landfills by the Waste Research
Unit at Harwell remains the largest dataset containing adequate background data.
The research by Allen et al. (1997) is the greatest known addition of new
knowledge since.
An understanding of trace component composition throughout the lifecycle of waste
degradation has been developed.  The trace components of landfill gas change as
various degradation processes develop.
Published data have often been summarised for presentation purposes.
Most published UK data has been gathered at sites likely to generate a large suite of
trace components.  A consequence of this is that the dataset of published data
relates to worst case sites.
When analytical methods allowed vinyl chloride to be measured, it was found to be
the most significant trace component in terms of potential impacts for on-site and
off-site receptors.  Benzene is often included as the other component of most
concern.
In terms of odour, hydrogen sulphide has received much attention because of its
nuisance value. Other potential odourants such as mercaptans have received less
attention.  Mercaptans have been identified in complementary research in North
America as being priority compounds due to potential hazard and odour.
A suitable site-specific suite of landfill gas trace components is needed to make
future monitoring effective.

14.2 A database of published information, grey data & site specific data

The specific objectives were to:

quantify and identify trace components from limited site study;
review grey (unpublished) data; and
compile all data into a database for subsequent analysis.

Regarding the site specific data:

A limited site study has identified a complete suite of trace components of landfill
gas at a co-disposal landfill site that accepts 67% municipal waste and 33% trade
waste.  The site is not a ‘problem’ site and is interpreted to be a typical example of
this type of landfill.
The analysis of landfill gas from two locations confirmed that the organosulphur
sorbent method is preferable for the identification and quantification of
organosulphur compounds on a commercial basis. The Triple Sorbent Method is
suitable for the identification and quantification of the main groups of volatile
organic compounds with the exception of organosulphur compounds, but is not
available commercially.
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The landfill gas from the 3-year-old phase contained predominantly aromatic
hydrocarbons, halogenated organics and alkanes. The gas from the ‘Old Phase’ of
the landfill contained mainly aromatic hydrocarbons, cycloalkanes and alkanes.
There were relatively high concentrations of sulphur compounds and cyanide in the
gas from the 3-year-old phase.  Surprisingly there were significant concentrations of
oxygenated organics in the ‘Old Phase’ gas.  This indicates that the age of the
landfill is not necessarily a good indicator of the phase of microbial activity that the
waste degradation has reached.
The limited site study has identified problems in available sampling and analytical
preparation techniques.  Following NIOSH methods for mercury sample
preparation raises the detection limits above what is desirable.

Regarding the Database:

A database of over 45,000 records has been developed from 79 sites, predominantly
in the UK.  557 trace components of landfill gas have been identified.  The data
worth of available records was rated as 17% excellent and 83% poor.  The data are
in a Microsoft Access 97 TM database that can be readily updated.

Shortcomings of the database include:
Many datasets do not include non-detect data – it is difficult to know if a compound
such as vinyl chloride is absent or has been excluded from the analytical suite.
Some datasets lack information on both analytical and sample methods.
Data worth analysis for ‘age of waste’ is often not a parameter recorded, especially
for cells within landfills.
In contrast to the previously published data, there is not an obvious bias towards
data from problem sites.  The reason for this appears to be that the driver for trace
gas monitoring is their potential to damage landfill gas engines.  Monitoring to
assess problem sites or odours has been less common.

14.3 Ranking the inherent toxicological and odour importance

A method has been developed to rank the potential importance of compounds with
know toxicity that have been found at trace concentrations in landfill gas. The method
takes account of the inherent toxicology of 178 substances, includes a safety factor for
carcinogenic compounds and takes account of the physical properties of the compounds.
A similar method has been used to rank the importance of odourous trace components.
Components not ranked either have no toxicological or odour threshold data. Together,
these two rankings facilitate identification of components that may impact the
environment from a human perspective.  Although data used in risk assessments have
been included in these ranking tools, no assessment of risk to human health has been
carried out, or should be implied.
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Components identified in landfill gas of greatest potential toxicological importance are:

benzene chloroethane chloroethene 2-butoxy ethanol
arsenic mercury Methanal 1,3-butadiene
1,1-dichloroethane 1,1-dichloroethene Tetrachloromethane trichloroethene
tetrachlorodibenzodioxin furan 1,2-dichloroethene carbon disulphide
hydrogen sulphide chloromethane

Halogenated organic compounds dominate the toxicity ranking.  A wide variety of other
compounds make up the remainder of the list, with no other chemical group strongly
represented.

The twelve components identified in landfill gas with the greatest potential for odour
importance are:

hydrogen sulphide methanthiol carbon disulphide 1-propanethiol
butyric acid dimethyl disulphide ethanal 1-ethanethiol
1-butanethiol 1-pentene dimethyl sulphide ethyl butyrate

Organosulphur compounds dominate the top twelve compounds for odour importance.
This will be exaggerated in older waste, which typically has reduced concentrations of
carboxylic acids, aldehydes and esters.

Whether these compounds are of significance in the mixture of compounds found in
actual landfill gas depends on the amount of the substance to be found in UK landfill
gas.

14.4 Ranking significance of trace gases reported in UK landfill gas

An existing risk assessment methodology has been adapted for ranking the actual
significance of individual substances found in landfill gas.  The mathematical product of
the toxicity importance score for the trace component and the average or median
concentration found in UK landfill gas equals the toxicological significance score.  The
toxicological significance of the trace component is then ranked by comparison to
similarly derived scores for other trace components.  A similar process has been used to
rank the significance of the odour of substances in landfill gas.  There are no clear
criteria for a threshold of significance, but the 16 substances with the highest ranking on
the basis of toxicity and the 12 substances with the highest ranking on the basis of odour
are listed below.  Together, these can be regarded as the trace components of landfill
gas that may impact the environment from a human perspective.
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Chemical Name Toxicity Score Chemical Name Odour Score
Chloroethane 500 hydrogen sulphide* 110
Chloroethene 500 methanthiol 90
Benzene 450 butyric acid 45
2-butoxy ethanol 200 ethanal 45
Arsenic 150 carbon disulphide* 42
1,1-dichloroethane 110 ethyl butyrate 40
Trichloroethene 100 1-propanethiol 40
Tetrachloromethane 90 dimethyl disulphide 40
Methanal 90 ethanethiol 40
Furan 90 1-pentene 36
Hydrogen sulphide 88 dimethyl sulphide 32
1,1-dichloroethene 80 1-butanethiol 32
1,2-dichloroethene 80
1,3-butadiene 80
Mercury 60
Carbon disulphide 56

Note: * denotes that these chemicals are also a priority for toxicity.

This priority ranking should be regarded as semi-quantitative table.  The relative
position assigned to a substance has a substantial uncertainty associated with it due to
limitations in the toxicological and the monitoring data.  The list is a coarse ranking that
distinguishes substances with the greatest “significance” from those that do not justify
detailed attention.  However, based on this, monitoring at any particular site can focus
on a relatively small number of priority substances that are likely to have the greatest
impact. Several of these substances have been highlighted in previous reviews but other
have been prioritised as a result of the current assessment. Substances not on this list
that have been highlighted elsewhere are chemically similar to others on the list and can
be detected by the same analytical methods.

Of the sixteen trace components with the highest toxicological significance score 94%
may affect the cardio-vascular system, cause cellular necrosis and act as neurotoxins
within the human body.  88% of the chemicals may also impact the respiratory system,
affect the hepatic and gastro-intestinal organs.  However, in the absence of detailed
information on the mode of action of these substances it is not possible to estimate any
additive or synergistic effects from mixtures of the priority compounds.

14.5 Monitoring methods

The priority trace components of landfill gas identified above can be monitored by a
suite of four laboratory techniques and one real time method.

The volatile organic compounds, including organosulphur and organochlorine
substances, can be effectively monitored by sampling landfill gas into a mixed bed
thermal desorption tube.  The preferred packing currently is Tenax TA and
Sphericarb in a Silcosteel lined tube.  The desorbed material can be analysed by
GC-MS to determine not only many of the priority trace components but a
substantial number of the VOCs that appear lower down the priority list. The
sensitivity of the method may be poor for two of the substances, butadiene and
butyric acid.



R&D TECHNICAL REPORT P1-438/TR 89

Methanal must be determined separately using in situ derivatisation and HPLC
analysis.  This method will also detect other carbonyl compounds, including some
lower down the priority list.
Total mercury can be determined using AAS or ICP.  If speciation is required the
method recommended by Lindberg et al is appropriate.
Total arsenic can be determined by an accredited method; a further method is
available if speciation is required.
Hydrogen sulphide can be determined satisfactorily by a real time method on site.

It has been assumed that landfill gas sampling must be carried out with intrinsically safe
sampling equipment.  The sampling described can be achieved with battery powered
intrinsically safe equipment.  This will allow sampling from points where there is
insufficient gas pressure to force gas through the sampling devices.

14.6 Emission reduction

A number of technologies have been identified that have relevance to reducing the
priority component concentrations escaping from landfills.

Physical/mechanical containment methods that prevent uncontrolled release of bulk
gases also control emission of trace components.  However, containment alone will
not prevent emission of the trace components over the long term.
Good practice in landfill management will avoid mixing biodegradable wastes with
wastes that may be precursors for microbial generation of priority trace components
such as hydrogen sulphide and chloroethene.
Pre-treatment of gas to remove water vapour and particles will separate some trace
components.
Trace components may be removed from the bulk gas by a number of separation
techniques but the arising secondary waste may present a new problem.
When the bulk gas is combusted, many of the trace gas components are also
destroyed but the halogenated substances in particular may generate secondary trace
emissions that have an environmental impact.

Some of these technologies are already used routinely, and others have only been
implemented on a pilot or research scale.  The configuration of a complete system that
would best practically reduce emissions would depend on site specific conditions within
any landfill and may change over time.  It is important to look at the emissions
holistically, as a system comprised of one, or many of the possible technologies
(reduction/control, pre-treatment, secondary treatment, energy utilisation and post
utilisation treatment).
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APPENDIX I

SITE SPECIFIC SAMPLING DATA

SITE BACKGROUND
The landfill was chosen for two main reasons:

1. An established co-disposal landfill, the site is not a ‘problem’ site and is likely
to provide results indicative of a ‘typical’ well-run landfill.

2. There is a large temporal database of trace analytical results from cells within
this site for comparison and analysis of the degradation cycle.

The site has been accepting waste since 1984.  The bulk of the waste is municipal
(67%), but some trade waste (33%) is accepted.  The waste fill is 15 metres deep.  There
is a gas collection system in place, with gas being used for electricity generation.
Leachate generated on-site is controlled predominantly by recirculation.

The first sampling location was in one of the older cells used in of the landfill
development and contains waste that is approximately 17 years old.  This ‘Old Phase’
landfill gas was previously sampled 3 years ago by Nottingham Trent University.  This
sample location provides data on temporal release patterns, changes that have occurred
over the relevant years and a check that the methodology provides results consistent
with previous monitoring.  The site has facilities for sampling the total gas from each
phase of development, and a second sampling location was chosen near to recently
emplaced waste.  This 3-year old Phase landfill gas was also sampled in 1998, at which
time the waste had only been emplaced for 3-6 months.

At the ‘old phase’ sampling location, the monitoring point is a stand alone monitoring
well, not connected to the gas collection system.  The 3-year-old phase sampling well is
connected to the gas collections system, although the system is only run intermittently
connected to the well.  Because the water table within the landfill is known to fluctuate,
the wells are screened to the approximate base of the waste and therefore may
encompass the water table.  The 10 cm diameter wells are capped at surface with a gas
valve for sampling purposes.  The landfill gas was under slight positive pressure during
sampling of the old phase (both monitoring events) and the 3-year-old phase in
September 2001.  A slight negative pressure was noted in the 3-year phase (March
2002), thought to be because the 3-year-old phase was connected to the site gas
collection system, which was active during the March 2002 sampling.

DATA QUALITY OBJECTIVES
The data quality objectives for this work were identification and order of magnitude
quantification of a full suite of trace components.  Prioritisation of compounds of
concern in this project uses the order of magnitude detected concentrations or the
available detection limits to determine whether the compounds in the analytical suite are
likely to be significant.  For this reason, absolute concentrations are not a data quality
objective in this phase of work and samples were taken in duplicate rather than
triplicate.

In September 2001, the approach was to monitor all determinands in duplicate at one
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well and all determinands (one sample) at one 3-year-old waste well.

In March 2002, the approach was to monitor all determinands in a single sample at the
‘17 year old waste’ well and at the ‘3-year old waste’ well.

DATA COLLECTION PHILOSOPHY
The sample for analysis is typical of the raw gas from the main body of the waste.  It is
recognised that trace gases are a minor component of this gas.  Consequently, some
separation and concentration of these traces is required to aid the identification and
quantification of these substances.  The approach taken in this study has been to:

1. Confirm that the candidate sample point has a bulk gas composition in the typical
range for the bulk landfill gases methane and carbon dioxide and that it is anoxic.
This has been done in the field with a hand-held device.

2. Pull bulk gas from the selected sample point through sorbent that selectively
captures the trace components and allows the bulk gases to pass.

3. Take the sorbent back to a laboratory and desorb the substances for gas phase
analysis.

This approach depends on the selectivity of the sorption and desorption processes to
particular substances and the capacity and affinity of the sorbents to give accurate
quantification of types of substances.

The target substances and sampling/analytical methods were selected in the light of data
identified in the published data review.  Target substances were VOCs, SVOCs,
mercury and arsenic.

Volatile organic compounds (VOCs) are the most diverse group of trace components
and are expected to be the largest component of the trace component fraction.
Compared with previously reported studies, this multisorbent study for VOCs is capable
of recovering a wider range of substances from one sample, but it can potentially under-
report some substances.  As highlighted in the Data Quality discussion above, this does
not impact on the objectives of the study.

For single sorbent tubes (SVOCs, mercury and arsenic), a check-sampling device has
been used to test for potential breakthrough of the sampled substances.  The different
sampling methods were used in parallel at the same sample point.

TRACE GAS SAMPLING METHODS
Landfill gas was sampled at two points, ‘Old Phase’ and ‘3-year-old Phase’, for a range
of analytes on 28th September 2001.  The ‘Old Phase’ site was sampled in duplicate.
The sampling method involved drawing raw landfill gas through sorbent tubes at a set
flow rate for a specified time.  At both locations in September 2001, the sample was
taken from a gas monitoring well screened within the waste mass, where the gas was at
a slight positive pressure.  To provide a landfill gas concentration, the mass of trace
component sorbed was divided by the volume of air drawn through the tube.  For the
triple packed ATD tubes, the sampling period was 20 minutes at 50 mL/min.  For all
other sample tubes, the sampling period was 2 hours at 50 mL/min.  A diagram of the
sampling layout is shown below:
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The in-line flowmeter was attached immediately after the sample tube at the beginning
and end of testing.  If duplicate or triplicate samples were taken, these were bundled
together in one parallel set.  The flow rate through each individual tube set was tested.

A liquid water interception bottle was placed immediately after the monitoring well
point to prevent water being drawn into the sampling tubes.  However, no drying
medium was present before the sampling tubes because of concerns that certain trace
components of the landfill gas may have adsorbed onto a drying medium.  In addition,
certain components have the capacity to be carried in the moisture content of landfill
gas.  Since this project focuses on the source term landfill gas, the aim of the sampling
was to identify trace components that are mobile, in either pure vapour phase or in
moisture being carried within the landfill gas.  It is recognised that any particulates
carried in the gas will also be captured by this method, and the trace components
detected on the tubes provide a measure of the total emission from the landfill.  Both
aerosols and particulates, if present in the gas stream, will be collected.  Because the
sampling flow rate is so low in the static wells used at this site, the sampling regime is
unlikely to generate particulates and therefore the ‘total’ measurement is likely to be an
accurate reflection of mobile trace components in the landfill.  The lack of particulate
contribution data is not therefore interpreted to be crucial, but work on polychlorinated
furans, dioxins and PCBs addressed the particulate issue in March 2002.

On 11th March 2002, landfill gas was once again sampled, but for a limited range of
analytes.  Similar to September 2001, a header tube was fitted to the monitoring well
sampling valve.  This was then split into branches that were in turn connected to
appropriate sampling tubes run in series (XAD, Carulite and coconut shell carbon
tubes), or individually (dual sorbent tubes).  A flow meter was placed between the tubes
and the individual pumps at the beginning and end of sampling.

In March 2002, for the dual packed Automated Thermal Desorption (ATD) tubes, the
coconut shell carbon and the mercury sampling tubes, the sampling period was between
75 and 120 minutes at 60 - 90 mL/min, depending on the tube.  For the XAD resin
sample tubes, the sampling period was 75 – 120 minutes at approximately 2000
mL/min.

GAS
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INTERCEPTION
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SAMPLE TUBE
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IN-LINE
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For the dioxin sampling in March 2002, a filter was placed in front of the XAD tube to
analyse whether or not dioxins are present in landfill gas as particulates or in the vapour
phase.

Each sample for mercury, SVOCs and VOCs by coconut shell carbon, consisted of two
tubes placed in series.  Both the front and back tubes in the series sampling were
analysed to demonstrate the degree of breakthrough.  This step is not practical on the
multi-sorbent tubes (with the possible exception of the lightest components), because
heavier components passing through the first sorbent are very unlikely to pass though
the second or third.  In fact, heavier components that break through the first Tenax
adsorbent may not desorb at all from the second or third sorbent.  This could cause an
under-reporting of some organics if breakthrough of the Tenax occurs.  Sample volumes
were selected to keep this possibility to a minimum.

In September 2001, dioxin and furan sampling was attempted through XAD resin tubes
but the intrinsically safe pumps used on site were unable to pump a significant amount
of gas through the tubes used.  As an alternative, coconut shell charcoal tubes were
deployed in an attempt to assess, semi quantitatively, the presence of other semi volatile
organic compounds.  In March 2002, using new pumps, the problem with the XAD
tubes was overcome.

In September 2001, the principal method chosen to quantify these substances pre-
concentrated the trace VOCs using sample tubes containing a sandwich of three
adsorbents.  The method then used automated thermal desorption – gas chromatography
– mass spectrometry to quantify the VOCs.  This methodology has been peer reviewed
as part of a PhD and open publication (Allen, 1995) and is referred to as the Triple
Sorbent method in this report.  In March 2002, the dual sorbent used in September 2001
for organosulphurs was used to measure VOCs.  March 2002 sampling concentrated on
methods that are available commercially, which precluded the continued use of the
triple sorbent method.

Mercury sampling method
Mercury is one of the inorganic substances most commonly reported as a trace volatile
component of landfill gas.  The methodology chosen to detect mercury was NIOSH
method 6009 issue 2 (NIOSH, 1994).  The September 2001 results indicated that the
analytical method did not produce low enough detection limits, and it was modified in
March 2002.  Sampling methodology remained the same.  Four sample tubes packed
with Carulite (SKC catalogue number 226-17-1A) were used for sampling mercury
compounds.

Arsine sampling
Arsenic and mercury are the inorganic substances most commonly reported as trace
volatile components of landfill gas.  The methodology chosen to detect arsenic was
NIOSH method 6001 issue 2.  Eight sample tubes packed with coconut shell charcoal
(SKC catalogue number 226-01) were used to sample arsenic compounds in September
2001.  Repeat sampling was not required in March 2002.

Organosulphur compound sampling
Sulphur compounds are the largest contributor to odour.  The principal method chosen
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to quantify these substances was Silico-steel tubes with Tenax TA and Sphericarb
adsorbents.  Markes International market this combination as the proprietary equipment
for organosulphur sampling.  Four Silico-Steel coated ATD tubes packed with Tenax
TA and Sphericarb were used to trap organosulphur compounds. Migration between
sorbents is minimised by sulphinert steel placed between the sorbents and the front and
back end of the tube and by sampling well below the breakthrough volumes of landfill
gas.  The tubes and adsorbents were prepared as recommended.

Semi volatile organic compound sampling
Semi-volatile organic compounds (SVOCs) such as dioxins, furans, polychlorinated
biphenyls (PCBs) and poly aromatic hydrocarbons (PAHs) need to be analysed by a
methodology involving extraction of the compounds rather than desorption.  The
principal method chosen to quantify these substances uses XAD resin as the sorbent.
This NIOSH (1994) method was developed specifically for PAHs (NIOSH method
5515 issue 2) and is also used by the USEPA for dioxin sampling.  The method failed in
September 2001 but was successful in March 2002 using new pumps.

When the XAD method failed in the field in September 2001, an alternative technique
using coconut shell carbon tubes was used as a replacement.  Coconut shell carbon
adsorbs a broad range of organic compounds but this method is not normally used for
SVOCs.  The September 2001 results from this adsorbent were anomalous and were
investigated as part of the VOC sampling method in March 2002.  Four sample tubes
packed with coconut shell charcoal (SKC catalogue number 226-01) were used in
March 2002, in a similar manner to the September 2001 sampling.

Volatile organic compound sampling
Volatile organic compounds (VOCs) are the most diverse group of trace components in
landfill gas.  A triple sorbent approach was used to collect the sample in September
2001, the sorbents being selected to collect VOCs from a boiling point range of
approximately -30 to 190 C.  A schematic diagram of the triple sorbent tube is
provided below:

Migration between sorbents is minimised by having inert Vitrosil between the sorbents
and by sampling well below the breakthrough volumes of landfill gas.  The small
sample volume minimises potential problems from water vapour.  Collected samples
were stored at 0 - 4 C to reduce the relative vapour pressures.

The principal method chosen to quantify trace VOC substances in March 2002 pre-
concentrated them using sample tubes containing a sandwich of two adsorbents.  The
method involved the use of silico-steel tubes with Tenax and Sphericarb adsorbents.
This combination is marketed by Markes International as the proprietary equipment for
organo-sulphur sampling, but also detects a wide range of halogenated and petroleum
hydrocarbon VOCs.  The sampling method was identical to the September 2001
sampling event.  Four tubes were used at the two sampling locations.  A schematic of
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the sampling tube is shown below:

FIELD PARAMETERS
Field measurements were taken of the bulk gases using an LMSxi portable gas monitor.
The results are provided in Table A1.1, below:

Table A1.1 Field Measurements

Parameter Unit Old Phase Old Phase 3-year-old Phase 3-year-old Phase
September

2001
March 2002 September 2001 March 2002*

Bulk gases
methane % 39.5 47.5 41.3 22.5
carbon dioxide % 26.0 27.0 27.0 25.0
oxygen % 0.0 0.0 0.0 0.0
Residue assumed to be
mainly nitrogen

% 34.5 25.5 31.7 52.5

Minor gases
hydrogen sulphide ppmv 1.2 5.4 5.1 16.4
hydrogen cyanide** ppmv (2.1) (14.5) (42) (39.1)

*The 3-year-old phase was hooked up to the on-site gas collection system in the March 2002 sampling.
** The hydrogen cyanide cell has a significant response to H2S.  It would be reasonable for the entire
reported Hydrogen Cyanide concentrations to be caused by the H2S in the gas stream.

The field measurements indicate that at both the sampling points, the wastes are anoxic,
with no oxygen present.  The bulk landfill gases, methane and carbon dioxide make up
47.5% – 74.5% of the total gas; the residue is assumed to be nitrogen that is not
detected by the field instrument.  Compared with previous measurements at these
locations, the reported methane concentrations are low.  Similar to the values detected
by this project, carbon dioxide concentrations have historically been 26 – 27% of total
landfill gas composition at this landfill.  The landfill has been consistently anoxic.
From the September results, it was assumed that air had been drawn into the landfill
some distance from the sampling locations because the landfill gas had a slight positive
pressure relative to atmosphere at the time of sampling.

The field instrument also provides data on two minor gases that fall within the
definition of trace components.  In terms of health and safety concerns associated with
undiluted landfill gas in September 2001, the hydrogen sulphide concentration of 5
ppmv was lower than the Occupational Exposure Standard of 10 ppmv (long term 8
hour exposure) and 15 ppmv short term (15 minute) exposure limit.  In September 2001,
the hydrogen cyanide concentration reported in new phase landfill gas was four times
higher than the short term (15 minute) Maximum Exposure Level of 10 ppmv.  It was
twenty times higher than concentrations in the old phase landfill gas.  However, there is
some doubt in the relevance of this value since the instrument is known to suffer
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interference from hydrogen sulphide in the gas. In March 2002, the hydrogen sulphide
concentration of 5.4 ppmv in the old phase was lower than the long term 8 hour
exposure Occupational Exposure Standard of 10 ppmv and 15 ppmv Short Term (15
minute) Exposure Limit (STEL).  The 3-year-old phase landfill gas in March exceeded
both these criteria with a concentration of 16.4 ppmv.  The hydrogen cyanide
concentration in 3-year-old phase landfill gas remained four times higher than the STEL
of 10 ppmv, which in March 2002 was also exceeded by the old phase gas.

Comparison between the old phase gas in September 2001 and March 2002, indicates
that the carbon dioxide concentration is relatively constant, and of the bulk gases, only
the methane concentration has changed, with an increase of approximately 20%.  The
minor gases hydrogen sulphide and hydrogen cyanide concentrations have also
increased.  These changes are believed to be at the expense of the nitrogen component
of the gas.

Comparison between the 3-year-old phase gas in September 2001 and March 2002
indicates a marked decrease in methane concentration, although the carbon dioxide and
hydrogen cyanide concentrations are relatively stable.  The decrease in methane
concentration is assumed to be linked to the well being connected to the site gas
collection system and the gas being under a slight negative pressure.  The connection to
the gas collection system is assumed to pull in ambient air to the waste.  Whilst the
oxygen content of the air is immediately used, the methane production has not yet
driven the nitrogen content from the landfill.  The increase in hydrogen sulphide
concentration may also be linked to the change in the gas generation dynamics
associated with the sampled well.

ANALYTICAL METHODS
Both sampling and analytical procedures need to be robust and reproducible.  The
accreditation status of each analytical method is as follows:

Although the preparative method based on NIOSH 6009 used in this report is not
accredited because it varies from the NIOSH 6009 method by employing a reduced
number of dilutions, the measurement of aqueous solutions for mercury by ICP-MS
is within the scope of the UKAS accreditation.
The arsine tubes were extracted following NIOSH method 6001 and measured using
ICP-MS.  Measurement of aqueous solutions for arsenic by ICP-MS is UKAS
accredited
Measurement of the SVOCs - dioxins, furans, and PCBs from filters and XAD
sorption tubes is within the scope of the UKAS accreditation.
Triple sorbent VOC sampling – not accredited, based on method peer reviewed and
published in Allen, 1995.
Although the analysis of BTEX and chlorinated butadienes by ATD-GC-MS is
within the scope of the UKAS accreditation, the non-specific screening of ATD
tubes for VOCs (including organosulphurs) is not.
Measurement of VOCs from coconut shell tubes is not accredited.

The laboratory received the samples on 1st October 2001. Harwell Scientifics undertook
the analysis of mercury, arsenic, organosulphur and GC-MS scans and Nottingham
Trent University analysed the VOCs sampled by the Triple Sorbent method.  In March
2002, Harwell Scientifics undertook all analyses.
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Mercury analysis
In September 2001, the mercury tubes were extracted following NIOSH method 6009,
diluted and measured using ICP-MS.  Two sample dilutions were also prepared.  The
samples were measured using ICP-MS (Thermo Elemental PlasmaQuad3), which was
calibrated using the method of standard additions.  Indium and thallium were added as
an internal standard to monitor and correct instrumental drift.  Quality control standards
at levels 10, 20 and 40 µgL-1 mercury were prepared from alternative stock standards
from those used to prepare the calibration standards.

In March 2002, each of the samples, plus five blank tubes, was prepared in accordance
with NIOSH Method 6009 Issue 2.  The method states the samples should be made to a
final volume of 50ml and the resulting solution diluted a further 5 times prior to
measurement.  The final dilution step was omitted improve detection limits.

The analytical method determines total mercury rather than the speciated forms.  The
method follows NIOSH 6009 except for the detection method.  Mercury in all forms has
been desorbed from the Carulite with acid, diluted and analysed.  The method is not
UKAS accredited.  The analytical method used in March 2002 varies from the
September 2001 analysis by reducing the number of dilution steps to decrease the
detection limit, as detailed above.

Arsine analysis
The arsine tubes were extracted following NIOSH method 6001 and measured using
ICP-MS.  The samples were measured using ICP-MS (Thermo Elemental
PlasmaQuad3), which was calibrated using the method of standard additions.  Indium
and thallium were added as an internal standard to monitor and correct instrumental
drift.  Quality control standards at 17µg.L-1 Arsenic and 40µg.L-1 mercury were
prepared from alternative stock standards from those used to prepare the calibration
standards.  Arsine analysis was only performed in the September 2001 monitoring
event.

Organosulphur compound analysis
The ATD tubes used to sample for organosulphur compounds were analysed using a
Perkin Elmer Turbo Matrix ATD linked to an Agilent 5973N GC-MS.  The sample
tubes were analysed along with standards and blanks using a Perkin Elmer TurboMatrix
thermal desorption unit coupled to an Agilent gas chromatograph mass spectrometer
(ATD-GC-MS).  The mass spectrometer was operated in scan mode.
Standards were prepared by injecting methanol solutions containing a suite of analytes
onto conditioned ATD tubes under a flow of helium.  The compounds present in the
standard solution are as follows: dichloromethane, methyl-tert-butyl ether, methyl ethyl
ketone, ethyl acetate, trichloroethane, butanol, benzene, toluene, o-xylene, decane and
trimethylbenzene.  A control tube supplied from an external source was run alongside
the standards to confirm the calibration.
Significant peaks were identified with the aid of mass spectral libraries.  The most
appropriate compound present in the standard was used to quantify each identified peak.
Organosulphur compounds identified were quantified against standard compound
methyl-tert-butyl ether. Results are semi-quantitative and assignments are tentative.
The detection limit was determined from the response of the standard analyte peaks in
the chromatograms.
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Semi-volatile (SVOC) compounds
The proposed SVOC method in September 2001 could not be applied because the
sampling procedure failed.  This analysis was subsequently performed on samples
obtained in March 2002.  Each sample was spiked with an extraction standard
containing a selection of 13C labelled dioxins, furans and PCB isomers.  Each sample
was then Soxhlet extracted with toluene for a minimum of 14 hours.  The resulting
liquors were reduced to a few millilitres by rotary evaporation/air blow down prior to
chromatographic separation and clean-up.  The resulting liquids were again reduced in
volume and solvent exchanged into a GC standard containing a selection of 13C labelled
dioxin/furan/PCB isomers.

Dioxin and furan analysis
For dioxin and furan analysis, the final volume of liquid was 0.1 mL.  The resulting
liquid was then stored refrigerated until ready for analysis by gas chromatography-high
resolution mass spectrometry (GC-HRMS)

A laboratory blank was prepared with the samples.  The concentrated and blank samples
were transferred to GC vials and analysed for all congeners and total homologue groups
using a Hewlett Packard 5890 GC and Micromass Autospec X HRMS operating at a
resolution of 10000.  The GC column used was a 60 m J&W DB5-MS.  Injection
volume was 2µL.

Calibration was achieved using a relative response standard containing known amounts
of native and 13C dioxin/furan isomers.  Identification of individual isomers was
achieved by a combination of GC retention times and mass spectra.  Identities of
isomers significantly above the limit of detection were confirmed by isotope ratio.

The integration windows needed for the total dioxin/furan analysis were determined
using a commercially available standard containing the first and last eluting isomers of
each congener group specific to the GC column used.

The modified UKAS accredited methods used for the sample preparation and
measurement are in compliance with EN1948-2:1996 and EN1948-3:1996, the standard
European method for stack gas analysis.  The modifications made were to take into
account the different sample types used – filter and XAD resin tube versus XAD resin
trap.

The filter from each sampling site was analysed separately to gain an indication of
dioxins and furans in the particulate fraction of landfill gas sampled.  One tube from the
old phase was split in two and the front and back portions analysed separately to assess
any breakthrough.

PCB analysis
A fraction of the dioxin and furan extract was also analysed for PCBs using an Agilent
6890 /5973 GC-MS operating in selective ion mode (SIM).  The GC column used was a
60 m J&W DB5-MS.  Injection volume was 2µL.

The procedure for analysis and calculation was similar to that of the dioxin and furan
analysis.  Carried out at Harwell Scientifics, both methods are UKAS accredited for
dioxins/furans/PCBs.
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VOC analytical methods
Three methods have been used in the project to detect VOCs.  Although the coconut
shell tubes from the September sampling were supposed to detect SVOCs, they in fact
detected predominantly VOCs.  Because of the anomalous September results, coconut
shell tubes were re-analysed for VOCs in March 2002.  In September 2001, the triple
sorbent method was employed by Nottingham Trent University.  This was not repeated
in March 2002 because of equipment difficulties at the university and because a
commercially available method would be required for future monitoring.  In March
2002, the dual sorbent method, previously used for organosulphurs was employed to
detect VOCs.

The triple sorbent method
Sampling and analysis for VOCs was undertaken using the method described in detail in
Allen et al., 1995.  The method is similar to the organosulphur compound method of
analysis.  In summary, the method includes pre-concentration of the trace components
using sample tubes containing a sandwich of three adsorbents, Tenax TA, Chromosorb
102 and Carbosieve SIII.  The trace components are then desorbed onto a cold trap
before being transferred in a narrow band of vapour to a Hewlett Packard 5890 gas
chromatograph.  This in turn is connected to a Hewlett Packard 5970 mass selective
detector.  The instrument was calibrated with respect to dichloromethane, hexane,
cyclohexane, ethanol, benzene, heptane, toluene, 1,4-dimethylbenzene, nonane, 1-
limonene, decane and dodecane.

Coconut shell method
The coconut charcoal tubes were cracked open and the front and back portions of the
tubes placed into separate sample vials.  Each portion was desorbed with 1mL of carbon
disulphide, which was then placed into an autosampler vial for analysis.  The samples
were analysed on a Hewlett-Packard 6890/5973 gas chromatograph-mass spectrometer
operating in scan mode.  A blank tube was extracted in the same way as the sample.

This analysis was primarily for the purposes of comparison, so only the twenty most
prominent peaks present on the sample chromatogram were identified with the aid of
mass spectral libraries.  A laboratory standard containing benzene, toluene, xylenes and
decane was run alongside the samples.  A concentration value for the analyte in the
landfill gas was calculated for the prominent peaks using this standard.  The
concentration assigned for any peak identified in the samples as benzene, toluene,
xylene or decane was calculated using the response factor determined for the respective
analyte in the standard.  Concentrations of alkanes identified were calculated using the
response factor for decane.  Concentrations for other peaks identified were calculated
using an average response factor for all the analytes in the standard.  Results are semi-
quantitative and assignments are tentative.  The detection limit was determined from the
response of the standard analyte peaks in the chromatograms.

LABORATORY RESULTS
The analytical detection methods provide a mass of trace component present on the
sampling tube.  To provide a landfill gas concentration, the mass of trace component
sorbed is divided by the volume of air drawn through the tube.

Mercury results
Mercury found on the tubes is expressed as a concentration in units of ng.m-3.  The
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method detects all mercury species including elemental mercury vapour and methylated
mercury

Table A1.2 Results of the September 2001 Analysis for Mercury

Customer Reference Mercury Total Mercury
UNITS ng.m-3 ng.m-3

Limit of Detection 2000 2000
Old Phase Front 5000 7000

Back 2000
Old Phase (Dup) Front 3300 6600

Back 3300
3-year-old Phase Front 2000 4000

Back 2000
Blank 1 <2000 <2000
Blank 2 <2000 <2000

QC Standard 41 µg.L-1 41 µg.L-1

1. The expected QC Standard value is 40µg.L-1

2. Results within an order of magnitude of the LOD have a higher uncertainty.

Apart from the Old Phase sample, these results are of poor quality. This resulted from
the NIOSH 6009 method being rigorously followed, incorporating the dilution steps.
The 3-year-old Phase sample shows trace detections in both front and back tubes.
Under normal circumstances, detection of compounds in the back tube indicates
breakthrough.  However, in this case with both concentrations being at the detection
limit, it is not possible to establish whether these numbers represent actual conditions.

A similar comment can be made with regard to the Old Phase duplicate sample.  The
old phase sample result may represent actual conditions, with 5000 ng.m-3 being 2.5
times the detection limit in conjunction with the back tube only containing trace
concentrations.

Mercury concentrations may be very approximately 5000 - 7000 ng.m-3 from Old Phase
landfill gas and possibly 4000 ng.m-3 from the 3-year-old Phase at this site.

In a study in Florida USA (Lindberg et al., 2001), the total gaseous mercury
concentrations at Brevard County (BC), Martin County (MC) and Palm Beach County
(PB) landfills were quoted.  At the PB landfill, total gaseous mercury concentration was
360  920 ng.m-3.  At the MC landfill, the concentration was 560  560 ng.m-3.  At the
BC landfill, the total gaseous mercury was 7190  330 ng.m-3, with 30  18 ng.m-3 of
dimethyl mercury.  This landfill received 900 tonnes of waste per day.

The old phase of the landfill chosen for the present study appears to contain higher
concentrations of mercury than the PB and MC landfills and comparable concentrations
to the BC landfill.  Mercury bearing material in municipal landfills may have come
from fluorescent lights, batteries, electrical switches, thermometers and general waste.
Based on these results, landfill gas from more recently emplaced waste contains less
mercury.  This may be due to reduced mercury content in more recent waste.  If the
relationship between total gaseous mercury and organomercury compounds seen in
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Florida is similar in the UK, then dimethyl mercury in the old phase of the landfill can
be hypothesised to be in the 30 ng.m-3 range.  This is likely to be broken down by the
landfill gas engine at this site.

These results highlight the requirement to refine the NIOSH 6009 method for mercury
analysis if reduced detection limits are required.  A reasonable detection limit for
mercury analysis should be an aim of future tasks.

In March 2002, a modified method was employed to try and lower detection limits.
Mercury found on the tubes is expressed in Table A1.3, below, as a concentration in
units of µgm-3.  The method detects all mercury species including elemental mercury
vapour and methylated mercury.
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Table A1.3 Results of the modified March 2002 analysis for mercury

Customer Reference Mercury
ng on tube

Mercury
ugm-3

Instrumental LOD 8 0.78

Blank tube 1 40 3.9
Blank tube 2 40 3.9
Blank tube 3 30 2.9
Blank tube 4 30 2.9
Blank tube 5 40 3.9
Old Phase (Front) 40 3.9
Old Phase (Back) 50 4.9
Old Phase Dup (Front) 40 3.5
Old Phase Dup (Back) 60 5.3
3-year-old Phase (Front) 40 9.5
3-year-old Phase (Back) 30 7.1
QC Standard 10µg.L-1 9.8 µg.L-1

QC Standard 20µg.L-1 20 µg.L-1

QC Standard 40µg.L-1 41 µg.L-1

The expected QC Standard values are 10, 20 and 40µg.L-1

Results within an order of magnitude of the LOD have a higher uncertainty.
Results quoted to 2 significant figures.  Further precision is not warranted.

The results show that there is an issue of background contamination.  In both laboratory
blank tubes and exposed tubes, mercury was detected consistently between 30ng and
60ng.  This background level is likely to be significantly above the levels of mercury
collected on the tubes.  The ICP MS detection limit was an order of magnitude below
the background level.

Arsene results
Arsene found on the tubes is expressed as a concentration in units of ng.m-3.  The arsene
results may include elemental arsenic and are a measure of total arsenic.

Table A1.4  Results of September 2001 analysis for arsenic

Customer Reference Arsenic Total Arsenic
UNITS ng.m-3 ng.m-3

Limit of Detection 20 20
Old Phase Front 1200 1680

Back 480
Old Phase (Dup) Front 1100 1100+

Back Sample lost
New Phase Front 2300 2850

Back 550
Blank 1 50 50
Blank 2 33 33

QC Standard 19 µg.L-1 19 µg.L-1

1. The expected QC Standard value is 17µg.L-1

2. Results within an order of magnitude of the LOD have a higher uncertainty.
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The arsenic results are more reliable than the mercury results, although breakthrough is
indicated in every sample.  This may mean that total arsenic values reported are
minimum concentrations in the gas.  The results do indicate that landfill gas from the 3-
year-old phase contains a higher total arsenic concentration than the old phase
(approximately double).  This suggests arsenic concentration decreases with time as a
result of degradation, or there has been an increased recent input into landfills of arsenic
rich waste.  It is worthy of note that this landfill has only received limited amounts of
special waste and this has only been received in the 3-year-old phase.  Potential recent
sources of arsenic in special waste include gasworks waste.

Organosulphur results
The method used for analysis of the organosulphur tubes was developed primarily for
the analysis of organosulphur compounds.  Organic compounds found on the tubes are
expressed in units of g.m-3.

Table A1.5  Results of September 2001 Analysis for Organosulphur and Volatile
Compounds

Customer Reference Old Phase Old Phase 3-year-old Phase Blank
ug.m-3 ug.m-3 ug.m-3 ug.m-3

Aliphatic Hydrocarbons
1,3-Pentadiene 18 13 <1 <
1-Butene <1 160 <1 <
1-Hexene 140 130 <1 <
1-Pentene 1300 1100 <1 <
1-Propene 9.0 11 <1 <
2-Pentene 27 24 <1 <
Butane 940 930 1100 <
Cycloheptane <1 9.0 <1 <
Cyclohexane- trimethyl- <1 <1 1200 <
Cyclohexane, -dimethyl- (Isomer 1) <1 <1 230 <
Cyclohexane, -dimethyl- (Isomer 2) <1 <1 410 <
Cyclohexane, ethyl- <1 <1 2200 <
Cyclohexane, methyl- 250 940 120 <
Cyclopentane, -dimethyl- (Isomer 1) 62 <1 <1 <
Cyclopentane, -dimethyl- (Isomer 2) 42 13 <1 <
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Table A1.5  Results of September 2001 Analysis for Organosulphur and Volatile
Compounds (continued)

Customer Reference Old Phase Old Phase 3-Year Ph Blank
ug.m ug.m-3 ug.m-3 ug.m

Aliphatic Hydrocarbons
Cyclopentane, ethyl- 33 81 <1 <5
Cyclopentane, methyl- 260 150 <1 <5
Cyclopentene <1 3.0 <1 <5
Cyclopropane, ethyl- <1 <1 28 <5
Decane <1 <1 4300 <5
Dodecane <1 <1 160 <5
Heptane 37 140 730 <5
Heptane, -dimethyl- (Isomer 1) <1 <1 280 <5
Heptane, -dimethyl- (Isomer 2) <1 <1 350 <5
Hexane 1000 940 <1 <5
Hexane, -methyl- 2.0 70 <1 <5
Isobutane 210 200 47 <5
Isobutene 280 280 <1 <5
Isopentane 85 62 16 <5
Nonane <1 <1 7100 <5
Nonane, -methyl- <1 <1 1300 <5
Octane <1 <1 4400 <5
Octane, -dimethyl- <1 <1 1800 <5
Pentane 970 410 158 <5
Pentane, -dimethyl- (Isomer 1) <1 70 <1 <5
Pentane, -methyl- 290 150 <1 <5
Pentane, -dimethyl- (Isomer 2) 8. 27 <1 <5
Propane <1 <1 38 <5
Undecane <1 <1 1300 <5

Aromatic Hydrocarbons
alpha-pinene <1 <1 4500 <5
2-Propyltoluene <1 <1 22 <5
Benzene 920 740 230 <5
Camphene <1 <1 5200 <5
Delta-Carene <1 <1 1500 <5
Ethylbenzene <1 <1 4600 <5
Junipene <1 <1 11 <5
Limonene <1 <1 3300 <5
M/p-Xylene <1 <1 8500 <5
Methyl-4-isopropenylbenzene <1 <1 1000 <5
Naphthalene <1 <1 41 <5
o-Xylene <1 <1 13000 <5
p-Cymene <1 <1 6000 <5
Toluene 120 950 47000 <5
Trimethylbenzene <1 <1 1100 <5

Halogenated Compounds
Dichloromethane 380 320 190 <5
Ethane, 1,1-dichloro- 210 120 10 <5
Ethane, 1,2-dichloro-1,1,2-trifluoro- 7. 4 <1 <5
Ethane, 1-chloro-1-fluoro- <1 <1 220 <5
Ethene, 1,1-dichloro- 1100 910 940 <5
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Table A1.5  Results of September 2001 Analysis for Organosulphur and Volatile
Compounds (continued)

Customer Reference Old Phase Old Phase 3-Year P Blank
ug.m-3 ug.m-3 ug.m-3 ug.m

Ethene, tetrachloro- 89 310 <1 <5
Ethene, trichloro- 210 140 <1 <5
Methane, dichlorodifluoro- 13 27 <1 <5
Methane, dichlorofluoro- 120 120 27 <5

Organosulphur Compounds
Carbon disulfide 170 140 1080 <5
Dimethyl sulfide 1300 1100 640 <5
Disulfide, dimethyl 19 16 <5 <5
Thiophene <5 <5 150 <5
Thiophene, -propyl- <5 <5 18000 <5

Polar Compounds
Butyl acetate 39 <5 <5 <5
Diethyl ether <5 2300 570 <5
Dimethyl ether <5 <5 410 <5
Furan <5 6000 <5 <5
Furan, -methyl- 380 350 190 <5
Methyl butyrate 110 38 9.0 <5
Methyl ethyl ketone <5 <5 140 <5
Propyl acetate 20 <5 <5 <5

Both older and younger wastes were producing carbon disulphide and dimethyl
sulphide.  Carbon disulphide was an order of magnitude more abundant in the newer
waste.  Gas from the 3-Year Phase also contained thiophene and propyl thiophene.
Dimethyl sulphide was more prevalent in gas from the older waste (almost double the
concentration in gas from the newer waste), whereas dimethyl disulphide was only
present in gas from the older waste.

Field measurements of hydrogen sulphide using a portable landfill gas monitor fitted
with an electrochemical cell indicated that gas from the newer waste was richer in
hydrogen sulphide (5.1 ppmv compare with 1.2 ppmv in the older waste landfill gas).  It
is worthy of note that while the equipment was being connected and disconnected, the
landfill gas from the newer waste had the more sulphurous odour.

Amines were not detected in any of the samples.

There are obvious problems within the Organosulphur Sorbent dataset for VOCs.  For
example, furan and diethyl ether were not detected on the old phase main sample, but
were present at concentrations 3 orders of magnitude higher on the duplicate sample.
The detection limit was substantially exceeded and the laboratory has checked their
data.  The compound concentrations detected by this method are an order of magnitude
less than their counterparts detected by the triple sorbent method, which also detected
more compounds.
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VOC Results from coconut shell carbon sorbent method
These coconut shell carbon tubes were run in September 2001 because the XAD resin
sampling method was not successful in the field.  These tubes were run to attempt to
detect semi-volatile hydrocarbons that may be present in landfill gas.  There is no
suggestion that coconut shell carbon is the preferred method to detect semi-volatile
hydrocarbons.  The results indicate that this method is more applicable to VOC
sampling.

Concentrations of VOCs on the coconut shell carbon were orders of magnitude higher
than those detected on the organosulphur tube packed with Tenax TA and Sphericarb.
The reason for this is not clear but it is interpreted as being due to the differing nature of
the adsorbents.  No VOCs of greater retention time than undecane on the GC-MS scan
were detected on the coconut shell carbon.  This suggests there is no advantage to
coconut shell carbon in comparison to Tenax and Sphericarb (the Organosulphur
Sorbent Method) when sampling for VOCs.

The results from the coconut shell carbon were orders of magnitude higher than any
previous results at this landfill.  The coconut shell carbon results are not thought to be
as accurate as those taken using the Triple Sorbent Method.  The results are reported
below, but are not judged suitable for inclusion in the database.

Table A1.6 Results from the Analysis of Coconut Shell Carbon for VOCs

Customer Reference Old Phase Front Old Phase Back Blank 1
ug.m-3 ug.m-3 ug.m-3

Benzene 8200 <50
Heptane 11000 <50
Methyl cyclohexane 8600 <50
Toluene 40000 160 <50
Octane 16000 <50
Tetrachloroethene 8500 <50
Ethyl cyclohexane 8000 <50
Ethyl benzene 21000 <50
o-Xylene 28000 <50
M/p-Xylene 11000 <50
Nonane 26000 <50
Alpha-pinene 55000 <50
Ethyl toluene 22000 <50
1,2,4-trimethylbenzene 12000 <50
1,3,5-trimethylbenzene 23000 <50
Decane 18000 <50
Gamma-terpinene 17000 <50
p-cymene 21000 <50
Limonene 32000 <50
Undecane 8600  <50
Cyclohexane 3600 <50
Heptane 7600 <50
Methyl cyclohexane 7300 <50
Toluene 53000 860 <50
Octane 8400 <50
Ethyl cyclohexane 4400 <50
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Table A1.6 Results from the Analysis of Coconut Shell Carbon for VOCs

Customer Reference Old Phase Front Old Phase Back Blank 1
ug.m-3 ug.m-3 ug.m-3

Ethyl benzene 15000 <50
o-Xylene 34000 <50
M/p-Xylene 8600 <50
Nonane 10000 710 <50
Alpha-pinene 50000 <50
Beta-pinene 4500 <50
1,3,5-trimethylbenzene 9000 <50
Decane 6400 <50
Delta-carene 14000 <50
Beta-cymene 16000 <50
Limonene 9100 <50
1-methyl-4-propylbenzene 3100 <50
1-ethyl-2,3-dimethylbenzene 2400 <50
Undecane 3600 <50

VOC Results from triple sorbent method
The data from the newer part of the landfill (age 3 years) and the old phase (age 17
years) is presented below. The analysis run on the old phase sample did not record the
first eluting compounds (up to chloroethene) because of an oversight in setting the timer
on the Mass Spectrometer.
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Table A1.7 VOC Results from the Triple Packed ATD tubes

3-year-old Phase Old Phase
COMPOUND Concentration Concentration

µg.m-3 µg.m-3

Alcohols
ethanol 1292 ND
2-propanol 883 10901
1-propanol ND 5472
2-butanol ND 32695

Alkanes
2-methylpropane 237 PM
n-butane 18272 946
2-methylbutane 4914 20590
n-pentane 33052 10200
n-hexane 14012 14356
2,2-dimethylpentane 1595 ND
2,4-dimethylhexane 1610 2177
2-methylhexane ND 2965
3-methylhexane 1842 2523
n-heptane 21243 15755
2,5-dimethylhexane 419 419
trimethylhexane ND 1030
3-ethylpentane 1091 ND
2-methylheptane 5261 5730
3-methylheptane ND 6882
n-octane 27376 26893
2,4-dimethylheptane 3323 1268
2,6-dimethylheptane 9759 3559
2,3-dimethylheptane 11558 11558
3-methyloctane 27783 ND
n-nonane 94866 90083
2,3-dimethyloctane 5499 ND
3,5-dimethyloctane ND 2496
2,6-dimethyloctane 60294 32582
4-methylnonane 10200 8918
2-methylnonane 14393 10073
3-methylnonane 23538 21158
2,6-dimethylnonane ND 8002
n-decane 73704 49246
2-methyldecane 2789 849
5-methyldecane 1167 668
4-methyldecane 1335 634
3-methyldecane 882 129
dimethylundecane 49 ND
n-dodecane 978 ND
n-undecane ND 3675
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Table A1.7 VOC Results from the triple packed ATD tubes (continued)

3-year-old Phase Old Phase
COMPOUND Concentration Concentration

µg.m-3 µg.m-3

Alkenes
2-methyl-1-propene 535 2796
1-butene 1266 398
2-butene 766 ND
2-methyl-1-butene 221 ND
2-methyl-1,3-butadiene 120 290
2-methyl-1-pentene 54 3594
1-hexene 1943 1415
2-hexene 776 950
di-methyl-pentene 431 711
1-heptene 2860 ND

Aromatic Hydrocarbons
benzene 11871 7448
methylbenzene 181612 124803
ethylbenzene 59358 51860
p-xylene 398519 110907
o-xylene 21332 9534
propylbenzene 12757 ND
1-ethyl-2-methylbenzene 10670 3458
1,3,5-trimethylbenzene 52990 26131
1-methyl-2-propylbenzene 3779 1925
1-methyl-3-propylbenzene 2951 1439
2-methyl-propylbenzene ND 2797
1-methyl-4-(methylethyl)benzene 170581 ND
2-ethyl-1,3-dimethylbenzene 7780 90042
diethylbenzene 1442 ND
decahydro-2-methylnaphthalene 137 ND
tert-butyl-benzene 40 ND
1-methyl-4-(1-methylethyl)-benzene 460 ND

Cycloalkanes
1-methyl-2-propylcyclopentane 3124 3342
methylcyclopropane ND 81704
ethylcyclopropane 11531 329
1,1-dimethylcyclopropane ND 684
1,2-dimethylcyclopropane 247 364
methylcyclobutane ND 114
cyclohexane 675 1186
methylcyclopentane ND 1296
1,3-dimethylcyclopentane 329 2227
1,2-dimethylcyclopentane 842 ND
methylcyclohexane 3717 9343
1,3-dimethylcyclohexane 2085 ND
1,4-dimethylcyclohexane 461 570
cycloheptane ND 6019
1-ethyl-2-methylcyclopentane 2340 2667
dimethyl cyclohexane 228 378
ethylcyclohexane 16263 20328
1,1,3-trimethylcyclohexane 4599 5505
1,2,4-trimethylcyclohexane 537 3363
1-ethyl-4-methylcyclohexane 1877 6425
1-ethyl-2-methylcyclohexane 20869 937
propylcyclohexane ND 25219
(methylethyl)cyclohexane 46 ND
methylpropylcyclohexane 10650 ND
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Table A1.7 VOC Results from the triple packed ATD tubes

3-Year Phase Old Phase
COMPOUND Concentration Concentration

µg.m-3 µg.m-3

Cycloalkenes
alpha-pinene 88404 733
camphene 13319 423345
beta-pinene 11554 8251
gamma terpinene 38829 ND
delta-3-carene ND 17810
limonene 37619 16409
beta thjone 1403 ND
alpha thjone 518 ND

Ester
sabinyl acetate 1080 ND

Halogenated Organics
chlorofluoromethane 338 PM
chloroethene 448 PM
chloroethane 119 163
dichlorofluoromethane 26673 16695
trichlorofluoromethane 954 708
1,1-dichloroethene 255 677
dichloromethane 322 322
1,1-dichloroethane 441809 4152
1,2-dichloroethene 9017 8154
1,1,1-trichloroethane 275 ND
trichloroethene 17692 11144
tetrachloroethene 7364 8297
1,2-dichlorobenzene 5915 ND

Organosulphur compounds
dimethyl sulphide 489 903

Oxygenated compounds
Furan 2080 5722
Tetrahydrofuran 731 2812
2,5-dimethylfuran 4667 ND
2-butanone ND 49416
4-methyl-2-pentanone ND 9900

Miscellaneous
Decahydronaphthalene ND 1045

ND denotes Not Detected; PM denotes Peaks Missed through early elution

Comparison with Results from the Organosulphur Sorbent Method
Using the Triple Sorbent Method, dimethyl sulphide was the only organosulphur
compound detected (489 µg.m-3) in the 3-Year Phase gas sample.  This compares with
640 µg.m-3 detected by the Organosulphur Sorbent Method using Tenax and Sphericarb
designed specifically to look for organosulphurs.  In the Old Phase gas sample, the only
organosulphur compound detected was dimethyl sulphide (903 µg/m3), which again is
reported at a lower concentration than that found in the same sample using the
Organosulphur Sorbent Method (1300 µg/m3).  The result from the Organosulphur
Sorbent has been used for the database in this instance.

The Triple Sorbent Method detected a significant number of non-sulphur compounds
that were not found by the Organosulphur Method.  Using the Triple Sorbent Method,
ethanol and propanol were detected in the 3-Year Phase gas samples at concentrations
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of high hundreds of µg.m-3.  The Triple Sorbent Method also detected ten more alkane
compounds than were found in the sample by the Organosulphur Sorbent Method.  The
Triple Sorbent Method reported butane at over 18,000 µg.m-3 and 74,000 µg.m-3 of
decane, compared with 1100 µg.m-3 butane and 6,400 µg.m-3 decane suggesting that this
method is, as expected, better at detecting alkanes.  Alkane values from the Triple
Sorbent Method have been selected for the database.

The aromatic hydrocarbons were also better detected by the triple sorbents, which gave
benzene concentrations of 12,000 µg.m-3 compared to 230 µg.m-3 detected by the
Organosulphur Sorbent methodology.  The halogenated organic compound results
repeated this trend.  The data from the Triple Sorbent method for the landfill gas taken
from the 3-Year Phase and the Old Phase is summarised below.

Table A1.8  Summary of Chemical Group Results from the Triple Packed ATD tubes

3-year-old Phase Old Phase
Alkanes 470,000 µg.m-3 360,000 µg.m-3

Alkenes 9,000 µg.m-3 10,000 µg.m-3

Cycloalkanes 80,000 µg.m-3 170,000 µg.m-3

Cycloalkenes 190,000 µg.m-3 470,000 µg.m-3

Aromatic hydrocarbons 940,000 µg.m-3 430,000 µg.m-3

Halogenated organics 510,000 µg.m-3 50,000 µg.m-3

Organosulphur compounds * 490 µg.m-3 900 µg.m-3

Alcohols 2,200 µg.m-3 49,000 µg.m-3

Oxygenated compounds 7,500 µg.m-3 68,000 µg.m-3

* by Organosulphur Sorbent Method organosulphur totals were 20,000 and 1,400 µg.m-3 for the New and
Old Phase samples..

3-year-old Phase trace gas data
In terms of chemical group distribution, the table shows that aromatic hydrocarbons
were the dominant chemical group. Alkanes and Halogenated organics were the next
most abundant major components. Cycloalkenes followed by cycloalkanes were the
next most common chemical groups. Although the abundance of aromatic hydrocarbons
is an order of magnitude higher than the abundance of cycloalkanes, all these groups
may be described as the major trace components of this landfill gas.

The concentrations of alkenes, oxygenated compounds and alcohols are an order of
magnitude lower than the cycloalkanes. Organosulphur compounds detected by this
method were another order of magnitude less abundant.

Old Phase trace gas data
The alcohol concentrations were higher in the old phase of the landfill compare with the
new phase. This is contrary to expectations since landfill gas generation typically moves
from fermentative to purely anoxic processes during the first few decades after
emplacement.  The presence of fermentative activity is also supported by the increase in
oxygenated compounds, particularly the presence of ketones.  Furan concentrations also
increased.

The pattern of hydrocarbons found in the two phases is more consistent with
expectations.  The concentration of alkane compounds was generally diminished in
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comparison to the new phase landfill gas composition.  Lower concentrations were
especially noticeable among the longer chain alkanes.  The concentration of total
alkenes was broadly similar in both phases, but the composition was characterised by an
increase in some compound concentrations and the disappearance of others.

Aromatic hydrocarbon concentrations were generally lower in the Old Phase gas.
These may be degrading to cycloalkane compounds that were detected in generally
higher concentrations in the Old Phase.  A possible example of this is the appearance of
propylcyclohexane, which may be a degradation product of substituted aromatic
compounds.  While specific cycloalkane concentrations increased in comparison to new
phase detections, other cycloalkanes disappeared.

Cycloalkenes as a group generally had lower concentrations in the Old Phase gas.  The
major exception to this is camphene.  Overall, the cycloalkene group concentration has
twice the concentration to the new phase gas on the basis of camphene detection.

The concentration of halocarbons was lower in the Old Phase gas compared top the 3-
year-old phase gas, as might be expected.

Dual-sorbent results in March 2002
In March 2002, sampling was repeated using the dual sorbent (Tenax-Sphericarb) and
coconut shell carbon tubes to compare their results and resolve the anomalies described
above.

Table A1.9  Results from the March 2002 Analysis of the Dual-Sorbent tube

File Old Phase Old Phase 3-year-old
Phase

Duplicate
Air Volume (L) 7.8 7.2 4.5

Class Compound ugm-3 ugm-3 ugm-3

Aliphatic Hydrocarbons 1-hexene 190 220 <1
dimethylbutane <1 33 <1
2-pentene 370 660 1392
3-methylpentane <1 <1 333
butane 3111 3066 3676
2-methylbutane 452 360 704
cyclobutane <1 486 <1
dimethyl (Isomer1)cyclohexane <1 <1 1331
dimethyl (Isomer2)cyclohexane 943 1023 1367
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Table A1.9  Results from the March 2002 Analysis of the Dual-Sorbent tube
(continued)

File Old Phase Old Phase 3 year-old
Phase

Duplicate

Aliphatic Hydrocarbons ugm-3 ugm-3 ugm-3

ethyl-methylcyclohexane 1793 2446 <1
Ethylcyclohexane 4723 4375 3710
1,2-dimethylcyclopentane 717 635 932
methylcyclopentane 1401 942 946
decane 1178 2221 3006
methyldecane 599 415 867
heptane 507 567 1019
hexane <1 <1 218
3-ethylhexane <1 <1 571
isobutane 3544 1719 <1
methylcyclohexane 2384 1994 3843
nonane 2208 1663 2306
octane 3433 2687 2102
4-methyloctane <1 621 <1
2-methylpentane <1 <1 680
3-ethylpentane <1 <1 1808
ethylpentane 1370 1001 <1
2-methylpropane <1 <1 1821
undecane 454 1102 859

Aromatic Hydrocarbons benzene 2490 1882 2401
diethylbenzene 1265 1073 <1
ethylbenzene * 17077 15111 17910
ethyltoluene 2144 2284 2524
isopropylbenzene 1409 1218 2019
propylbenzene 421 1002 <1
propyltoluene <1 <1 131
xylenes* 29871 34353 26536
toluene* 44791 40433 133680

Halogenated dichloromethane 1557 1069 606
1,1,1-trichloroethane 58 43 171
1,1,2-trichloro-1,2,2-trifluoroethane 1224 878 <1
1,2-dichloroethane, 102 59 <1
1,2-dichloro-1,1,2-trifluoroethane 542 426 <1
1-chloro-1-fluoroethane <1 <1 1738
tetrachloroethene 5481 5362 3571
trichloroethene 6575 3958 5931
dichlorodifluoromethane, 3240 3558 1964
dichlorofluoromethane 1315 241 525
trichlorofluoromethane 422 257 313
trans-1,2-Dichloroethene 2361 1604 1501

chloroethene ** Detected Detected Detected



R&D TECHNICAL REPORT P1-438/TR 119

Table A1.9  Results from the March 2002 Analysis of the Dual-Sorbent tube
(continued)

Class Compound ugm-3 ugm-3 ugm-3

Miscellaneous alpha pinene 1385 1237 2794
delta 3 Carene 652 1667 1639
camphene <1 <1 3558
carbon disulfide 668 238 230
dimethyl sulfide 845 526 <1
limonene 2150 2978 3197
para-cymenyl 941 1010 1255
p-Cymene 1620 1614 726
phellandrene <1 <1 1256

carbon sulphide Detected Detected Detected

Polar 1-propanol 1395 1118 <1
2-butanone 3677 4524 <1
2-hexanone 2413 1678 <1
butanol 4615 14973 <1
2-ethyl-cycloheptanone 5017 4084 4896
ethyl acetate <1 556 <1
furan 4771 3024 <1
methyl butyrate 588 443 <1

*Compounds semi-quantified from FID responses
**Chloroethene approximately 1000 µgm-3, but the peak was masked by a very large alkane peak, so
resolution was not possible.

Of note when looking at the results is that this sensitive technique became saturated
with high concentrations of individual alkanes at the column and the detectors.  This has
meant that concentrations of compounds such as chloroethene and carbon sulphide have
been detected (chloroethene probably 1000µgm-3), but cannot be quantified.

March 2002 results from coconut shell carbon method
One of the objectives of the March 2002 programme was to compare results using this
method and the results from the charcoal tube, described below.  The results in Table
A1.10 are from the coconut shell carbon tubes.

Table A1.10  Results from the March 2002 analysis of the charcoal tube

Old Phase Compounds Observed Amount (mgm-3)

Blank tube <0.04
methyl cyclopentane 1.73

Aliphatic Hydrocarbons 3-methylhexane 2.41
3-methylpentane 4.97
heptane 6.55
methylcyclohexane 5.94
2,4-dimethylhexane 2.44
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Table A1.10  Results from the March 2002 analysis of the charcoal tube
(continued)

Old Phase Compounds Observed Amount (mgm-3)

1,2,4-trimethylcyclopentane 1.41
2,3,4-trimethylpentane 2.27
2,4,4-trimethylpentane 1.89
2,3-dimethylhexane 1.87
1,3-dimethylcyclohexane (cis) 3.57
1-ethyl-3-methylcyclopentane 2.38
octane 6.91
1,3-dimethylcyclohexane (trans) 1.07
2,6-dimethylheptane 5.10
ethyl cyclohexane 7.39
1,1,3-trimethyl cyclohexane 5.96
1,3,5-trimethyl cyclohexane 5.86
1,2,4-trimethylcyclohexane 1.74
1-ethyl-3-methylcyclohexane 13.38
nonane 23.73
1,4-dimethylcyclohexane 7.23
2,4,6-trimethylheptane 6.63
decane 23.15
4-methyl decane 11.75
3-methyldecane 3.45
undecane 2.74

Aromatic Hydrocarbons benzene 9.46
toluene 29.57
ethylbenzene 17.09
xylene 1 22.13

Halogenated Hydrocarbons tetrachloroethene 5.50
1,1,1-trichloroethane 0.016*
trichloroethene 1.08*
delta-3-carene 20.31

Miscellaneous Hydrocarbons limonene 25.16
alpha pinene 62.20
octamethyl cyclotetrasiloxane 25.79
decamethyl cyclopentasiloxane 1.00

Polar Hydrocarbons Furfuryl alcohol 9.09

* These compounds were specifically searched for in the chromatograms after the initial calculation
because they were identified by ATD method.
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Table A1.10  Results from the March 2002 analysis of the charcoal tube
(continued)

Lab Ref. Customer Ref. Compounds Observed Amount (mgm-3)

Old Phase Duplicate
Hexane 1.20

Aliphatic Hydrocarbons methyl cyclopentane 1.58
3-methylhexane 1.71
Heptane 5.07
methyl cyclohexane 4.57
2,4-dimethylhexane 1.83
2,3,4-trimethylpentane 1.69
2,3,3-trimethylpentane 1.40
2,3-dimethylhexane 1.40
1,3-dimethylcyclohexane (cis) 2.69
methyl cycloheptane 1.03
octane 6.67
2,4-dimethylheptane 1.28
2,6-dimethylheptane 2.59
ethyl cyclohexane 5.61
1,1,3-trimethylcyclohexane 4.59
1,3,5-trimethylcyclohexane 4.44
nonane 19.42
1,4-dimethyl cyclohexane 5.64
2,4,6-trimethylheptane 6.18
methylenecyclohexane 10.56
decane 20.57
1-methyl-4-(1-methylethyl)benzene 8.45
4-methyldecane 11.27
3-methyldecane 5.22
undecane 3.56

Aromatic Hydrocarbons benzene 7.27
toluene 24.35
xylene 1 7.05
xylene 2 20.27

Halogenated Hydrocarbons tetrachloroethene 5.39
1,1,1-trichloroethane 0.015*
trichloroethene 0.870*
alpha pinene 49.07

Miscellaneous Hydrocarbons delta-3-carene 19.89
limonene 14.47
octamethyl cyclotetrasiloxane 13.27
2-propyl thiophene 6.74



R&D TECHNICAL REPORT P1-438/TR 122

Table A1.10  Results from the March 2002 analysis of the charcoal tube
(continued)

Lab Ref. Customer Ref. Compounds Observed Amount (mgm-3)

3 Year Phase
methyl cyclopentane 1.42

Aliphatic Hydrocarbons 3-methylhexane 3.29
1,3-dimethylcyclopentane (trans) 3.97
heptane 7.01
methylcyclohexane 8.75
ethyl cyclopentane 2.09
2,4,4-trimethylpentane 1.41
2,3,4-trimethylpentane 1.48
1,3-dimethylcyclohexane (cis) 3.97
octane 8.32
1,4-dimethylcyclohexane 0.96
2,4-dimethylheptane 1.93
2,6-dimethylheptane 2.58
ethyl cyclohexane 6.65
1,1,3-trimethylcyclohexane 4.55
1,2-dimethyl-3-(1-methylethyl)cyclopentane 6.60
3-methylheptane 6.45
4-methylnonane 43.49
1-methyl-4-(1-methylethyl)cyclohexane 6.47
decane 21.83
4-methyldecane 2.96
3-methyldecane 1.90
undecane 2.02

Aromatic Hydrocarbons benzene 10.18
toluene 59.10
ethylbenzene 17.42
xylene 1 14.98
xylene 2 18.39
1-methyl-4-(1-methylethyl)benzene 11.46

Halogenated Hydrocarbons tetrachloroethene 2.36
1,1,1-trichloroethane 0.048*
trichloroethene 0.248*
limonene 15.63

Miscellaneous Hydrocarbons alpha pinene 79.40
delta-3-carene 20.41
2-propyl thiophene 12.89
octamethyl cyclotetrasiloxane 28.09

*These compounds were specifically searched for in the chromatograms after the initial calculation
because they were identified by ATD method.

The charcoal tube analysis (Table A1.10) showed differences to the dual sorbent
analysis (Table 5.9) that could not be explained by differences within the error of the
methods.  The trends follow the results obtained in the September 2001 sampling event.
In both sampling events, although the predominant group of compounds present were
alkanes, the total detected in the charcoal tubes far exceeded the total detected in the
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dual sorbent tubes.

SVOC results by XAD tube
Sampling using XAD tubes was not possible in September 2001.  Sampling was
successful in March 2002 and the results are discussed below.

It is customary to use International Toxic Equivalents (ITEQ) values when reporting
dioxins and furans.  ITEQ values provide a means to assess the overall toxicity of a
sample by multiplying the individual results by a weighting factor, which is the relative
toxicity of the individual compound versus 2,3,7,8 tetrachlorodibenzodioxin (TCDD).
Where a result is less than the limit of detection, an ITEQ value has been calculated
using the limit of detection as the result.  The sum of all the ITEQ values for the 17
toxic dioxins and furans can be used to compare samples.

Table A1.11  Results from the XAD Tubes for dioxins and furans

Old Phase Filter Old Phase front tube Old phase back tube

Filter Tube (Front) Tube (Back)
Result ITEQ Result ITEQ Result ITEQ
ngm-3 ngm-3 ngm-3 ngm-3 ngm-3 ngm-3

Dioxins
2378 <0.003 0.0030 <0.003 0.003 <0.003 0.003

12378 <0.009 0.0045 <0.009 0.0045 <0.009 0.0045
123478 <0.004 0.0004 <0.008 0.0008 0.0086 0.00086
123678 <0.004 0.0004 <0.008 0.0008 <0.008 0.0008
123789 <0.005 0.0005 <0.004 0.0004 0.011 0.0011

1234678 0.0093 0.000093 0.01 0.0001 <0.01 0.0001
OCDD 0.053 0.000053 <0.06 0.00006 <0.06 0.00006
Total 0.087 0.0089 0.10 0.0097 0.11 0.010

 Furans
2378 <0.006 0.0006 <0.006 0.0006 <0.006 0.0006

12378 <0.01 0.0005 <0.01 0.0005 <0.01 0.0005
23478 <0.01 0.005 <0.01 0.005 <0.01 0.005

123478 <0.004 0.0004 <0.009 0.0009 <0.009 0.0009
123678 <0.004 0.0004 <0.003 0.0003 0.0044 0.00044
123789 0.0034 0.00034 <0.009 0.0009 <0.009 0.0009
234678 0.012 0.0012 <0.05 0.005 <0.05 0.005

1234678 0.014 0.00014 0.012 0.00012 0.01 0.0001
1234789 <0.01 0.0001 <0.008 0.00008 <0.008 0.00008
OCDF 0.022 2.2E-05 <0.03 0.00003 <0.03 0.00003
Total 0.095 0.0087 0.15 0.013 0.15 0.014

Grand Total 0.18 0.018 0.25 0.023 0.26 0.024
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Table A1.11  Results from the XAD Tubes for dioxins and furans (continued)

Old Phase Filter Old Phase front tube Old phase back tube

Filter Tube (Front) Tube (Back)
Result ITEQ Result ITEQ Result ITEQ
ngm-3 ngm-3 ngm-3 ngm-3 ngm-3 ngm-3

Total Dioxins
Total Tetra 0.046 0.029 0.042
Total Penta 0.090 0.16 0.18
Total Hexa 0.075 0.040 0.059
Total Hepta 0.020 0.023 0.022

 Total Furans
Total Tetra 0.053 0.064 0.065
Total Penta 0.057 0.038 0.047
Total Hexa 0.11 0.047 0.077
Total Hepta 0.037 0.035 0.035
Mean Spike

Recovery 73 66 67

Old phase Duplicate Old phase duplicate
3 year Phase 3 Year Phase

Filter Tube Filter Tube
Filter Filter Tube Tube
Result ITEQ Result ITEQ Result ITEQ Result ITEQ
ngm-3 ngm-3 ngm-3 ngm-3 ngm-3 ngm-3 ngm-3 ngm-3

Dioxins
2378 0.0034 0.0034 0.0084 0.0084 0.016 0.016 <0.003 0.003

12378 <0.009 0.0045 0.057 0.0285 <0.02 0.01 <0.009 0.0045
123478 0.004 0.0004 <0.008 0.0008 <0.02 0.002 <0.008 0.0008
123678 0.0052 0.00052 <0.008 0.0008 <0.02 0.002 <0.008 0.0008
123789 0.0052 0.00052 <0.01 0.001 0.0097 0.00097 0.0055 0.00055

1234678 0.022 0.00022 0.037 0.00037 <0.02 0.0002 <0.01 0.0001
OCDD 0.068 0.000068 0.27 0.00027 <0.1 0.0001 <0.06 0.00006
Total 0.12 0.0096 0.40 0.040 0.21 0.031 0.10 0.0098

 Furans
2378 <0.006 0.0006 <0.01 0.001 <0.01 0.001 <0.006 0.00060

12378 <0.01 0.0005 <0.02 0.001 <0.02 0.001 <0.01 0.00050
23478 <0.01 0.005 <0.02 0.01 <0.02 0.01 <0.01 0.00500

123478 <0.004 0.0004 0.011 0.0011 <0.02 0.002 <0.009 0.00090
123678 <0.004 0.0004 0.014 0.0014 <0.006 0.0006 0.0046 0.00046
123789 0.0032 0.00032 <0.004 0.0004 <0.02 0.002 <0.009 0.00090
234678 <0.01 0.001 0.022 0.0022 <0.1 0.01 <0.05 0.00500

1234678 0.01 0.0001 0.04 0.0004 0.023 0.00023 <0.01 0.00010
1234789 <0.01 0.0001 <0.02 0.0002 <0.02 0.0002 <0.008 0.00008
OCDF <0.02 0.00002 0.055 0.000055 <0.06 0.00006 <0.03 0.00003
Total 0.087 0.0084 0.22 0.018 0.30 0.027 0.15 0.014

Grand Total 0.20 0.018 0.61 0.058 0.50 0.058 0.25 0.023
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Table A1.11  Results from the XAD Tubes for dioxins and furans (continued)

Old phase Duplicate Old phase duplicate
3 year Phase 3 Year Phase

Filter Tube Filter Tube
Filter Filter Tube Tube
Result ITEQ Result ITEQ Result ITEQ Result ITEQ
ngm-3 ngm-3 ngm-3 ngm-3 ngm-3 ngm-3 ngm-3 ngm-3

Total Dioxins
Total Tetra 0.088 0.091 0.077 0.042
Total Penta 0.14 0.16 0.37 0.23
Total Hexa 0.072 0.099 0.090 0.068
Total Hepta 0.051 0.078 0.049 0.024

 Total Furans
Total Tetra 0.078 0.0028 0.090 0.051
Total Penta 0.059 0.062 0.051 0.061
Total Hexa 0.082 0.21 0.16 0.130
Total Hepta 0.043 0.11 0.051 0.028
Mean Spike

Recovery 59 82 79 72

The dioxins detected were not analytically significant.  The few heavier compounds that
were detected were near the limit of detection.  At such low concentrations, these
heavier dioxins and furans are often present as artefact peaks.  That the detections were
artifact peaks is supported by the fact that the analytes were identified in filter, and front
and back sections of the XAD at similar concentrations.  The ITEQ values reported are
predominately derived from the limits of detection and not any positive results.

Table A1.12  Results from the Analysis for PCBs

PCB QC Std Old Phase Old Phase Old Phase Old
Phase
Dup

Old Phase
Dup

3-year-old
Phase

3-year-old
Phase

100 ng Filter Tube Front Tube Back Filter Tube Filter Tube

Compound Total ng µgm-3 µgm-3 µgm-3 µgm-3 µgm-3 µgm-3 µgm-3

PCB-18 Not present <0.013 <0.013 <0.013 <0.013 <0.013 <0.024 <0.024
PCB-31 Not present <0.013 <0.013 <0.013 <0.013 <0.013 <0.024 <0.024
PCB-28 101 <0.013 <0.013 <0.013 <0.013 <0.013 <0.024 <0.024
PCB-51 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB-52 93 <0.013 <0.013 <0.013 <0.013 <0.013 <0.024 <0.024
PCB-49 Not present <0.009 <0.009 <0.009 <0.009 <0.009 <0.016 <0.016
PCB-47 Not present <0.004 <0.004 <0.004 <0.004 <0.004 <0.008 <0.008
PCB-101 86 <0.017 <0.017 <0.017 <0.017 <0.017 <0.032 <0.032
PCB-99 Not present <0.004 <0.004 <0.004 <0.004 <0.004 <0.008 <0.008
PCB-81 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB-77 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004



R&D TECHNICAL REPORT P1-438/TR 126

Table A1.12  Results from the Analysis for PCBs (continued)

PCB QC Std Old Phase Old Phase Old Phase Old
Phase
Dup

Old Phase
Dup

3-year-old
Phase

3-year-old
Phase

100 ng Filter Tube Front Tube Back Filter Tube Filter Tube

Compound Total ng µgm-3 µgm-3 µgm-3 µgm-3 µgm-3 µgm-3 µgm-3

PCB-123 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB-118 88 <0.009 <0.009 <0.009 <0.009 <0.009 <0.016 <0.016
PCB-114 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB-153 102 <0.017 <0.017 <0.017 <0.017 <0.017 <0.032 <0.032
PCB-105 Not present <0.002 <0.002 <0.002 <0.002 0.002 <0.004 <0.004
PCB-138 90 <0.013 <0.013 <0.013 <0.013 <0.013 <0.024 <0.024
PCB-126 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB-128\167 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB156 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB157 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB-180 90 <0.013 <0.013 <0.013 <0.013 <0.013 <0.024 <0.024
PCB-169 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB-170 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
PCB-189 Not present <0.002 <0.002 <0.002 <0.002 <0.002 <0.004 <0.004
Internal Std
Recovery
13C-PCB-28 101 62 73 65 61 78 70 86
13C-PCB-52 110 64 70 63 63 72 72 86
13C-PCB-101 112 69 70 67 66 71 76 87
13C-PCB-118 99 68 73 71 66 72 72 81
13C-PCB-153 95 66 72 71 65 70 72 82
13C-PCB-138 107 68 75 70 66 73 77 87
13C-PCB-180 103 66 71 68 65 73 77 86
Mean Analytical
recovery 104 66 72 68 65 73 74 85

No PCBs were detected at concentrations greater than the detection limit.

DATA INTERPRETATION

Mercury
In the September 2001 sampling event, both ‘front’ and ‘back’ tubes were measured to
demonstrate the degree of breakthrough.  With the mercury results at detection limit in
both front and back tubes was not possible to determine whether breakthrough has
occurred.  Although mercury was reported at up to 7 µgm-3, the results were dismissed
as being unreliable because both front and back tubes contained mercury at the limits of
detection.  By removing dilution steps in the method, the limit of detection was
effectively reduced to the instrumental limit of detection (0.78 µgm-3) in March 2002.
However, results from the blank tubes indicate that the dominant factor is now
background mercury contamination on the Carulite tubes.  Each tube appears to carry
30 – 40 ng of mercury.  Because the results from the field sample tubes are similar to
blank tubes, field results have been discounted.

The results are useful in the sense that mercury concentrations have been demonstrated
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not to be significantly higher than 4 µgm-3.  This is a worst case because detected
mercury is thought to be a tube contaminant.  A more probable case would be less than
1 µgm-3.

The March 2002 sampling did not meet the objective of confirming the presence of
mercury.  By lowering the detection limit, it did, however, indicate that mercury
concentrations at this landfill are not significantly greater than 4µgm-3 and are probably
lower than 1 µgm-3.  4µgm-3 is half the value that was postulated by the September 2001
sampling programme.

Arsenic
The arsenic results are more reliable than the mercury results, although breakthrough is
indicated in every sample.  This may mean that total arsenic values reported are
minimum concentrations in the gas.  The results do indicate that landfill gas from the 3-
year phase contains a higher total arsenic concentration than the old phase
(approximately double).  This suggests arsenic concentration decreases with time as a
result of degradation, or there has been an increased recent input into landfills of arsenic
rich waste.  It is worthy of note that this landfill has only received limited amounts of
special waste and this has only been received in the 3-year phase.  Potential recent
sources of arsenic in special waste include gasworks waste.

VOCs
Three methods have been used in the project to detect VOCs.

Using the Triple Sorbent Method, only one organosulphur compound detected in the 3-
Year Phase gas sample.  This compares with many others detected by the
Organosulphur Sorbent Method using Tenax and Sphericarb designed specifically to
look for organosulphurs.

In contrast, the Triple Sorbent Method detected a significant number of non-sulphur
compounds that were not found by the Organosulphur Method.  Using the Triple
Sorbent Method, ethanol and propanol were detected in the 3-Year Phase gas samples at
concentrations of high hundreds of µg.m-3.  The Triple Sorbent Method also detected
ten more alkane compounds than were found in the sample by the Organosulphur
Sorbent Method.  The Triple Sorbent Method reported butane at over 18,000 µg.m-3 and
74,000 µg.m-3 of decane, compared with 1100 µg.m-3 butane and 6,400 µg.m-3 decane
suggesting that this method is, as expected, better at detecting alkanes.  Alkane values
from the Triple Sorbent Method have been selected for the database.

The aromatic hydrocarbons were also better detected by the triple sorbents, which gave
benzene concentrations of 12,000 µg.m-3 compared to 230 µg.m-3 detected by the
Organosulphur Sorbent methodology.  The halogenated organic compound results
repeated this trend.

The results from the dual sorbent indicated a chromatogram that became saturated with
high concentrations of individual alkanes at the column and the detectors.  This has
meant that concentrations of compounds such as chloroethene and carbon sulphide have
been detected, but cannot be quantified.
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Coconut shell carbon tubes were run in September 2001 because the XAD resin
sampling method was not successful in the field.  These tubes were run to attempt to
detect semi-volatile hydrocarbons that may be present in landfill gas.

Concentrations of VOCs on the coconut shell carbon were orders of magnitude higher
than those detected on the organosulphur tube packed with Tenax TA and Sphericarb.
The reason for this is not clear but it is interpreted as being due to the differing nature of
the adsorbents.  No VOCs of greater retention time than undecane on the GC-MS scan
were detected on the coconut shell carbon.  This suggests there is no advantage to
coconut shell carbon in comparison to Tenax and Sphericarb (the Organosulphur
Sorbent Method) when sampling for VOCs.

Differential detection of trace components by differing methods of sampling and
analysis is not surprising for a number of reasons, a few of which are presented below:

1. Different model/manufacture of Mass Spectrometer apparatus will have
different responses;

2. Charcoal tubes will give different results by virtue of the sorbant properties;
3. Degradation of some compounds on the surface of coconut shell carbon is

possible;
4. Recovery problems with some compounds on the surface of coconut shell

carbon are possible;
5. There are potential problems using Tenax and Sphericarb co-sorbents, since the

mid range compounds (boiling point 30 – 80°C) may be pass through Tenax and
not be quantitatively eluted from the Sphericarb.

6. Different Mass Spectrometry libraries may be a problem; and,
7. Harwell used different references to NTU for the semi-quantitative data.

Even though the coconut shell carbon gives higher results, it is not believed to be
reliable for a number of reasons:

1. The coconut shell carbon data is higher than the values obtained by previous
temporal monitoring programmes; and,

2. Concentrations of VOCs on the coconut shell carbon were orders of magnitude
higher than those detected on both the organosulphur tube packed with Tenax
TA and Sphericarb and the triple sorbent NTU method.  The latter two methods
are widely recognised as being the most appropriate for VOC analysis.

There are two families of differences apparent in the comparison of the results from the
charcoal tube and multi-sorbent methods:

1. The degree of difference in quantification.  Concentrations of several compounds
(mostly aliphatics) are approximately an order of magnitude higher in the coconut
charcoal tube than in the dual sorbent tubes.

2. The difference in detected compounds.  There are a number of compounds that
appear in one tube that do not appear in the other.

These are discussed below:

1.  The degree of difference in quantification could be due to:
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Selectivity of the sorbent - the heavier aliphatic compounds may desorb from the
charcoal under solvent extraction better than from the ATD tubes under thermal
extraction.
Breakthrough - if some of the aliphatic compounds breakthrough the Tenax
portion of the ATD tube, they may irreversibly sorb to the sphericarb.  This
would result in the significantly lower responses.  This problem may be
enhanced by the large moisture content common in landfill gas.  The water
vapour can interfere with the sorption of some compounds.
Saturation of the instrument - if the responses on the ATD tube (the more
sensitive of the methods) are near the maximum response level of the
instrument, compounds may be significantly under reported.

2.  The difference in detected compounds could be due to:

Selectivity of the sorbent - some compounds do not desorb well from certain
sorbents.  Polar compounds are known to have a very high affinity for charcoal
and may not come off the tube during the solvent extraction.
Masking by other compounds - because there are so many compounds detected,
some peaks may be masked by other, nearby peaks (co-elution).  This can be
manually determined at times through careful analysis of the mass spectra, but
this is a time consuming and challenging procedure and can also lead to
misidentification of co-eluting peaks.  This can be mitigated through careful
selection of sample volumes and GC columns and GC operating conditions
(temperature ramping and gas flow-rates).
Reaction with the sorbent - sulphur compounds may react with the metallic trace
compounds in the charcoal.  There has been some evidence of chemical
reactions catalysed by sorbtion onto charcoal in the past, especially with polar
compounds.

Generally speaking, the likely errors will lead to negative bias.  The more accurate
value is therefore generally the higher.

A considerable number of priority compounds were detected in the dual sorbent tubes,
with less detected in the charcoal tubes.  There was a reasonably good correlation in
quantification when the target compounds were detected by both the analytical
techniques.  In summary:

Aromatic compounds and a few of the heavier chlorinated priority compounds
were found using both types of analysis.
The lighter chlorinated compounds may have been lost in the more cumbersome
extraction technique or unresolved from the solvent front when using the
charcoal tubes.
The polar compounds identified in the dual sorbent tubes may have been poorly
recovered from the charcoal because of the strong binding of polar compounds
to charcoal.
The sulphur compounds identified by dual sorbent method could not be
identified by charcoal method – they may have reacted with the metallic content
of the charcoal.
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It would appear that in terms of this project the dual sorbent technique is superior in
identifying the full list of target compounds at low concentrations.  The difficulty is in
collecting the correct volume of sample.  The target compounds carbon disulphide and
chloroethene could be identified in the dual sorbent samples but could not be quantified
easily due to the co-elution with alkane compounds.  The high concentrations of alkanes
and alkenes (most of which may be considered interferences) have swamped the more
toxic compounds found at lower concentrations.  In future, the dual sorbent method
could be improved by taking a smaller sample volume.

SVOCs
No dioxins, furans and PCB’s were detected above an analytically significant level (5 x
detection limit).  Putting the results into context, the emission limit for waste incinerator
stack gas is 0.1 ng.m-3 ITEQ.  It can be seen that when adding the filter and tube results
together, the old phase samples are below this limit but the 3-year phase sample is
above it.  However, it should be remembered that the majority of the results are derived
from the limit of detection.  Limits of detection are at least an order of magnitude higher
than used for stack gas samples due to the reduced sampling volume associated with
intrinsically safe pumps.  Analysing the filter and tube samples individually will also
have increased the results because the two sets of results have been added together.  In
summary, it is probable that the sampled landfill gas is below the waster incinerator
stack emission limit of 0.1 ng.m-3 ITEQ.

If detection limits need to be improved on future sampling trips, this could be achieved
by sampling for a longer period using the XAD tube method and NIOSH method 5515.
By using a larger capacity XAD trap the flow rates could be increased by an order of
magnitude, depending on pump capacity and back pressure.

The objective of obtaining representative results for poly-chlorinated dioxins, furans
and biphenyls has been achieved.  The detection limit is adequate for the purposes of
this project, but would need to be improved if definitive concentrations were required.
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APPENDIX II

IDENTIFIED TRACE COMPONENTS IN LANDFILL GAS

Chemical Name Chemical Name

50 1,2,4-trimethylbenzene
1  2-methyl-1-pentene 51 1,2,4-trimethylcyclohexane
2  3-methyl- 2-butanone 52 1,2,4-trimethylcyclopentane
3 p-cresol 53 1,2-dichloro-1,1,2,2-tetrafluoroethane
4  tert-butylbenzene 54 1,2-dichloro-1-fluoroethane,
5  tetrahydro-2-furanmethanol 55 1,2-dichlorobenzene
6 (1-methylethyl)benzene 56 1,2-dichloroethane
7 (1-methylethyl)cyclohexane 57 1,2-dichloroethene
8 1-(ethenyloxy)-butane 58 1,2-dichlorotetrafluoroethane
9 1-(ethylthio)-butane 59 1,2-dimethyl-3-(1-methylethyl) cyclohexane
10 1,1,1,2-tetrachloroethane 60 1,2-dimethylcyclohexane (2,3)
11 1,1,1,2-tetrafluorochloroethane 61 1,2-Dimethylcyclopentane
12 1,1,1-trichloroethane 62 1,2-dimethylcyclopropane
13 1,1,1-trichlorotrifluoroethane 63 1,3,5-trimethyl cyclohexane
14 1,1,1-trifluoro-2-chloroethane 64 1,3,5-trimethylbenzene
15 1,1,1-trifluorochloroethane 65 1,3,5-trimethylcyclohexane
16 1,1,2,2-tetrachloroethane 66 1,3-butadiene
17 1,1,2,2-tetrafluoroethane 67 1,3-dichlorobenzene
18 1,1,2-trichloro-1,2,2-trifluoroethane 68 1,3-dimethylcyclohexane
19 1,1,2-trichloroethane 69 1,3-dimethylcyclohexane (cis)
20 1,1,2-trifluoro-1,2,2-trichloroethane 70 1,3-dimethylcyclohexane (trans)
21 1,1,2-trifluoro-1,2-dichloroethane 71 1,3-dimethylcyclopentane
22 1,1,2-trifluoro-1-chloroethane 72 1,3-dimethylcyclopentane (trans)
23 1,1,3-trimethylcyclohexane 73 1,3-dioxolane
24 1,10-undecadiene 74 1,3-pentadiene
25 1,11-dodecadiene 75 1,4-dichlorobenzene
26 1,1-chlorofluoroethane 76 1,4-dimethylcyclohexane
27 1,1-dichloroethane 77 1,4-pentadiene
28 1,1-dichloroethene 78 1,6-dimethylnaphthalene
29 1,1-dichlorotetrafluoroethane 79 1,6-heptadiene
30 1,1-difluoro-1-chloroethane 80 1,8-nonadiene
31 1,1-dimethylcyclopropane 81 1,9-decadiene
32 1,1-thiobispropane 82 1-butanethiol
33 1,1-trichloroethane 83 1-butanol
34 1,2 dichlorobenzene 84 1-butene
35 1,2,3 trichlorobenzene 85 1-chloro-1,1-difluoroethane
36 1,2,3,4 tetrachlorobenzene 86 1-chloro-1-fluoroethane
37 1,2,3,4,6,7,8-hpcdd 87 1-chloropropane
38 1,2,3,4,6,7,8-hpcdf 88 1-decene
39 1,2,3,4,7,8,9-hpcdf 89 1-ethenyl-3-ethylbenzene
40 1,2,3,4,7,8-hxcdd 90 1-ethyl-2,3-dimethylbenzene
41 1,2,3,4,7,8-hxcdf 91 1-ethyl-2-methylbenzene
42 1,2,3,6,7,8-hxcdd 92 1-ethyl-2-methyl-benzene
43 1,2,3,6,7,8-hxcdf 93 1-ethyl-2-methylcyclohexane
44 1,2,3,7,8,9-hxcdd 94 1-ethyl-2-methylcyclopentane
45 1,2,3,7,8,9-hxcdf 95 1-ethyl-3-ethylbenzene
46 1,2,3,7,8-pecdd 96 1-ethyl-3-methylcyclohexane
47 1,2,3,7,8-pecdf 97 1-ethyl-3-methylcyclopentane
48 1,2,3-trimethylbenzene 98 1-ethyl-4-methylcyclohexane
49 1,2,4-trichlorobenzene 99 1-heptene
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IDENTIFIED TRACE COMPONENTS IN LANDFILL GAS (Continued)

Chemical Name Chemical Name

100 1-hexene 150 2-chloro-1,1,1-trifluoroethane
101 1-methyl-2-propylbenzene 151 2-ethyl-1,3-dimethylbenzene
102 1-methyl-2-propylcyclopentane 152 2-ethyl-1,3-dimethyl-benzene
103 1-methyl-3-propylbenzene 153 2-ethyl-1-butanol
104 1-methyl-4-(1-methylethyl) benzene 154 2-ethyl-1-hexanol
105 1-methyl-4-(1-methylethyl)-benzene 155 2-ethyl-cycloheptanone
106 1-methyl-4-(1-methylethyl)cyclopentane 156 2-furanmethanol
107 1-methyl-4-1 (1-methylethyl) benzene 157 2-hexanone
108 1-methyl-4-propylbenzene 158 2-methyl-1,3-butadiene
109 1-methylpropylbenzene 159 2-methyl-1-butane
110 1-octene 160 2-methyl-1-butene
111 1-pentanethiol 161 2-methyl-1-propanethiol
112 1-pentene 162 2-methyl-1-propanol
113 1-phenyl-1-propanone 163 2-methyl-1-propene
114 1-propanethiol 164 2-methyl-2-propenoic acid
115 1-propanol 165 2-methylbutane
116 1-undecene 166 2-methyldecane
117 2 ethynyl phenol 167 2-methylheptane
118 2(2-hydropropoxy)propan-1-ol 168 2-methylhexane
119 2(methylthio)propane 169 2-methylnonane
120 2,2-difluoropropane 170 2-methyloctane
121 2,2-dimethylbutane 171 2-methylpentane
122 2,2-dimethylpentane 172 2-methylpropane
123 2,2-dimethylpropanoic acid 173 2-methylpropylbenzene
124 2,2-dimethyl-propanoic acid 174 2-methylpropylcyclohexane
125 2,3,3-trimethylpentane 175 2-pentanone
126 2,3,4,6,7,8-hxcdf 176 2-pentene
127 2,3,4,7,8-pecdf 177 2-propanethiol
128 2,3,4-trimethylhexane 178 2-propanol
129 2,3,4-trimethylpentane 179 2-propenal
130 2,3,7,8-tcdd 180 2-propene-1-thiol
131 2,3,7,8-tcdf 181 2-propyl thiophene
132 2,3-dimethylheptane 182 3 ethynyl phenol
133 2,3-dimethylpentane 183 3-(ethylthio)propanal
134 2,4,4-trimethylpentane 184 3,3-dimethylpentane
135 2,4,6-trimethylheptane 185 3,5-dimethyloctane
136 2,4-dimethylheptane 186 3-carene
137 2,4-dimethylhexane 187 3-ethyl-4-methylheptane
138 2,5-dimethylheptane 188 3-ethylhexane
139 2,5-dimethylhexane 189 3-ethylpentane
140 2,5-dimethylpentene 190 3-ethyl-pentane
141 2,6-dimethylheptane 191 3-methyl pentan-2-ol
142 2,6-dimethylnonane 192 3-methyl-1-butanol
143 2,6-dimethyloctane 193 3-methyl-2-butanone
144 2,6-dimethynonane 194 3-methyl-butan-2-ol
145 2-butanethiol 195 3-methyldecane
146 2-butanol 196 3-methylheptane
147 2-butanone 197 3-methylhexane
148 2-butene 198 3-methylnonane
149 2-butoxy ethanol 199 3-methyloctane
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IDENTIFIED TRACE COMPONENTS IN LANDFILL GAS (Continued)

Chemical Name Chemical Name

200 3-methylpentane 250 butyl formate
201 3-methypentane 251 butyl methyl trisulphide
202 3-pentanol 252 butyl propyl trisulphide
203 4-carene 253 butyl trisulphides
204 4-methyl-1-hexene 254 butylbenzene
205 4-methyl-2-pentene (e) 255 butylpropyldisulphide
206 4-methyldecane 256 butynes
207 4-methylheptane 257 butyric acid
208 4-methylnonane 258 camphene
209 4-methyloctane 259 camphor
210 5-methyldecane 260 carbon disulphide
211 acenaphthene 261 carbon monoxide
212 acetaldehyde 262 carbonyl sulphide
213 acetaphenone 263 carene
214 acetic acid 264 chlorobenzene
215 acetone 265 chlorodifluoromethane
216 acetonitrile 266 chloroethane
217 alpha-pinene 267 chloroethene
218 amyl acetate (mixed isomers) 268 chlorofluoromethane
219 amyl alcohol 269 chloromethane
220 amyl mercaptan 270 chloromethylbenzene
221 anthracene 271 chloropropene
222 arsenic 272 chlorotrifluoroethene
223 benzealdehyde 273 chlorotrifluoromethane
224 benzene 274 chlorotrifluoromethene
225 benzo(a)anthracene 275 chrysene
226 benzo(a)pyrene 276 cis-1,2-dichloroethene
227 benzo(b)fluoranthene 277 cyclobutane
228 benzo(ghi)perylene 278 cycloheptane
229 benzo(k)fluoranthene 279 cyclohexane
230 benzoic acid 280 cyclohexanone
231 benzothiazole 281 cyclopentane
232 beta-cymene 282 cyclopentanone
233 beta-pinene 283 cyclopentene
234 biphenylene 284 decahydro-4,8,8-trimethyl-9-methylene-, [1s-
235 bromochlorodifluoromethane 285 Decahydronaphthalene
236 bromochlorofluoromethane 286 Decamethylcyclopentasiloxane
237 bromodichloromethane 287 Decanal
238 bromoethane 288 Decanhydronaphthalene
239 butanal 289 Dibromochloromethane
240 butane mercaptan 290 dibutyl sulphide
241 butanoic ethyl ester 291 dibutyl trisulphide
242 butene 292 dichlorobenzene (mixed isomers)
243 butyl acetate 293 Dichlorobutene
244 butyl benzene 294 Dichlorodifluoromethane
245 butyl butyrate 295 Dichlorofluoromethane
246 butyl cyclohexane 296 Dichloromethane
247 butyl ester 297 diethyl disulfide
248 butyl ethanoate 298 diethyl disulphide
249 butyl ethyl trisulphide 299 diethyl phthalate



R&D TECHNICAL REPORT P1-438/TR 134

IDENTIFIED TRACE COMPONENTS IN LANDFILL GAS (Continued)

Chemical Name Chemical Name

300 diethyl sulphide 350 ethylisobutyldisulphide
301 diethylbenzene 351 ethylmethyl disulphide
302 di-isooctyl phthalate 352 ethylmethyl trisulphide
303 dimethoxy methyl propanoate 353 ethyl-methylcyclohexane
304 dimethyl cyclohexane 354 ethylpentane
305 dimethyl cyclopentane 355 ethylpropyl disulphide
306 dimethyl disulphide 356 ethylpropyltrisulphide
307 dimethyl ether 357 ethylvinyl benzene
308 dimethyl ethyl methanoate 358 ethyne
309 dimethyl furan 359 fluoranthene
310 dimethyl pentan-3-one 360 fluorene
311 dimethyl styrene 361 formic acid
312 dimethyl sulfide 362 furan
313 dimethyl sulphide 363 furfural
314 dimethyl tetrasulphide 364 gamma-terpinene
315 dimethyl trisulphide 365 h6cdd 123478
316 dimethylbutane 366 h6cdd 123678
317 dipropyl ether 367 h6cdd 123789
318 dipropyl sulphide 368 h6cdf 123478
319 dipropyl trisulphide 369 h6cdf 123678
320 dodecamethylcyclohexasiloxane 370 h6cdf 123789
321 dodecene 371 h6cdf 234678
322 eicosane 372 h7cdd 1234679
323 ethanal 373 h7cdf 1234678
324 ethane 374 h7cdf 1234789
325 ethanethiol 375 HA1334
326 ethanol 376 HA1335
327 ethene 377 HA1343
328 ether 378 HA1344
329 ethyl 2-methyl butyroate 379 HA1352
330 ethyl acetate 380 HA1353
331 ethyl alcohol 381 heneicosane
332 ethyl butyrate 382 heptachlorodibenzo-dioxin
333 ethyl caproate 383 heptadecane
334 ethyl cyclohexane 384 heptadibrodibenzo-furan
335 ethyl cyclopentane 385 heptyl mercaptan
336 ethyl dimethyl propanoate 386 hexachlorobenzene
337 ethyl ethanoate 387 hexachlorodibenzo-dioxin
338 ethyl isopropyl disulphide 388 hexadecane
339 ethyl isovalerate 389 hexadibrodibenzo-furan
340 ethyl methyl ether 390 hexadiene
341 ethyl n-propyl disulfide 391 hexamethylcyclotrisiloxane
342 ethyl pentanoate 392 hexamethyldisiloxane
343 ethyl propionate 393 hexanal
344 ethyl toluene 394 Hexane, 3-ethyl-
345 ethylbenzene 395 hexyl methanoates
346 ethylcyclohexane 396 hydrogen
347 ethylcyclopentane 397 hydrogen chloride
348 ethylcyclopropane 398 hydrogen cyanide
349 ethylene oxide 399 hydrogen fluoride
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IDENTIFIED TRACE COMPONENTS IN LANDFILL GAS (Continued)

Chemical Name Chemical Name

400 hydrogen sulphide 450 n-butanol
401 indeno(123cd)pyrene 451 n-butyl disulphide
402 isobutane 452 n-butyl propionate
403 isobutyl formate 453 n-decane
404 limonene 454 n-decene
405 l-propanol 455 n-dodecane
406 m-cresol 456 n-heptane
407 mercury 457 n-hexane
408 methanal 458 n-hexanol
409 methanethiol 459 n-hexyl mercaptan
410 methanol 460 n-nonane
411 methyl 2-methyl butanoate 461 n-octane
412 methyl 2-methyl propenoate 462 nonadecane
413 methyl acetate 463 nonanal
414 methyl butyl disulphide 464 nonene
415 methyl butyrate 465 n-pentane
416 methyl caproate 466 n-propane
417 methyl cyanide 467 n-propyl acetate
418 methyl cycloheptane 468 n-propyl butyrate
419 methyl ether 469 n-tetradecane
420 methyl ethyl butanoate 470 n-tridecane
421 methyl ethyl disulphide 471 n-undecane
422 methyl ethyl ketone 472 n-undecene
423 methyl ethyl propanoate 473 ocdd
424 methyl furan 474 ocdf
425 methyl isobutyl carbinol 475 o-cresol
426 methyl isobutyl ketone 476 octachlorodibenzo-dioxin
427 methyl isobutyrate 477 octadecane
428 methyl isopropyl disulphide 478 octadibrodibenzo-furan
429 methyl isopropyl ketone 479 octadiene
430 methyl isovalerate 480 octamethylcyclotetrasiloxane
431 methyl naphthalene 481 octanal
432 methyl pentanoate 482 p5cdd 12379
433 methyl propanoate 483 p5cdf 12378
434 methyl propyl disulphide 484 p5cdf 23478
435 methyl propyl ethanoate 485 para-cymenyl
436 methyl vinyl ketone 486 pcb 101
437 methyl-4-isopropenylbenzene 487 pcb 118
438 methylal 488 pcb 126
439 methylcyclobutane 489 pcb 138
440 methylcyclohexane 490 pcb 153
441 methylcyclopentane 491 pcb 169
442 methylcyclopropane 492 pcb 180
443 methylenecyclohexane 493 pcb 28
444 methylethyl cyclohexane 494 pcb 52
445 methylethyl sulphide 495 pcb 77
446 methylpropyltrisulphide 496 pentachlorobenzene
447 methylthioethane 497 pentachlorodibenzo-dioxin
448 naphthalene 498 pentadecane
449 n-butane 499 pentadibrodibenzo-furan
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IDENTIFIED TRACE COMPONENTS IN LANDFILL GAS (Continued)

Chemical Name Chemical Name

500 pentanal 550 trichloromethane
501 pentene 551 trifluorobenzene
502 pentyl benzene 552 trimethyl cyclopentane
503 pentyl methanoates 553 trimethylhexane
504 pentyl trisulphide 554 trimethylsilanol
505 phellandrene 555 vinyl toluene
506 phenanthrene 556 xylene
507 phenol 557 a- chlorotoluene
508 pinene
509 propadiene
510 propan-2-one
511 propanal
512 propanoic acid
513 propene
514 propionic acid
515 propyl butyl disulphide
516 propyl cyclohexane
517 propyl methyl propanoate
518 propyl methyl trisulphide
519 propyl propionate
520 propylbenzene
521 propylthiophene
522 propyltoluene
523 pyrene
524 sec-butyl alcohol
525 sec-butylbenzene
526 styrene
527 sulfuric acid
528 sulphur dioxide
529 t4cdd 2379
530 t4cdf 2379
531 t-butyl alcohol
532 terpenes
533 tetrachlorodibenzo-dioxin
534 tetrachloroethane
535 tetrachloroethene
536 tetrachloromethane
537 tetradecane
538 tetradibrodibenzo-furan
539 tetrafluorochloroethane
540 tetrahydrofuran
541 tetramethylbenzene
542 tetramethylcyclohexane
543 thiophene
544 thujene
545 Toluene
546 trans-1,2-dichloroethene
547 tribromomethane
548 trichloroethene
549 trichlorofluoromethane
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