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SUMMARY

Work described in this thesis contains the results on the study of volatile organic
compounds (VOCs) in landfill gas from seven landfill sites in the western region of

Melbourne, Victoria, Australia.

Sampling methods including sampling with adsorption tubes, tedlar bags and
cryogenic trapping were investigated and analytical systems were developed using
adsorption tubes with solvent or thermal desorption followed by analysis of VOCs

using gas chromatography with mass selective detection (GC/MS).

The abundant VOCs found at all seven landfill sites were n-alkanes, branched chain
alkanes, cyclic alkanes, aromatic hydrocarbons and terpenes. The levels and relative
abundances of these at all sites were observed and dominant compounds identified. At
domestic site F, VOC levels showed a tendency to increase then decline as the waste
aged from 3 to 21 years. n-alkane, aromatic hydrocarbons and terpene levels had
significantly declined in the older waste that was in the maturation phase of
degradation. It is suggested that the behaviour of benzene, toluene and the other
aromatics as the waste aged might be due to toluene being the microbial degradation
product of other aromatics in young refuse and benzene in older refuse. VOC levels
were up to an order of magnitude higher at domestic site E but relative abundances of
VOCs were similar at both these sites for waste undergoing methanogenesis. The
influence on VOC behaviour from anthropogenic sources at both sites and from
young refuse and daily cover material at Site E was addressed. Similar levels and
relative abundance of VOCs to those observed for sites E and F were found at

prescribed waste site A. The results from this site were surprising given the nature of

waste inputs.

The levels and relative abundances of VOCs at domestic sites B, C, D and G could
not be explained via waste ages or inputs. Correlations were found with gas extraction
rates at these sites where it is suggested air intrusion caused by gas extraction affects
the biotic and abiotic processes occurring within a landfill. The VOC behaviour at gas
extraction sites was similar to that observed at site F for very old waste in the

maturation phase of degradation. Aromatics and terpenes appear to be the most

VIII



affected by gas extraction. The behaviour of VOCs at sites C and G with low
extraction rates is more comparable with that observed at sites E and F where the gas
escaped passively. It appears that gas extraction favours the production of lower
molecular weight compounds as compared to sites from which the gas passively

escaped. Industrial waste inputs at sites C and G are also addressed.
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CHAPTER 1
INDRODUCTION

1.1 Description of Landfills

1.1.1. Landfills in Victoria, Australia
In Victoria, Australia, landfills are licensed by the Victoria Environmental Protection

Agency (EPA) according to their solid waste inputs. There are five classifications of
solid waste and these are described in Table 1.1. More details about the waste

classifications are given in EPA Bulletin 448 (see Appendix A).

TABLE 1.1*
Summary of Waste Types
TYPE DESCRIPTION
FILL MATERIAL Naturally occurring soil (sand, clay & silt), gravel, rock
that has not been used for any industrial process
SOLID INERT Demolition material, concrete, bricks, timber, plastic,
glass, metals, bitumen, trees, shredded tyres.
PUTRESCIBLE Domestic garbage, commercial waste, vegetables, super-
market processing, deli, butchers etc., garden clippings /
prunings
LOW LEVEL Soils
CONTAMINATED SOIL
PRESCRIBED Hazardous Wastes.
WASTE

* From Appendix A

Although there is no formal classification of landfill types in this state three general
types can be identified including sanitary, solid / inert and specifically engineered
Jandfills. Sanitary landfills accept putrescible wastes where fill material and low level
contaminated soil may be used as daily cover; solid / inert landfills typically accept
building material, and specifically engineered landfills accept prescribed waste where
again fill material or low level contaminated soil may be used as daily cover. The
landfill types found in Victoria include the three individual types described above

including landfilling operations accepting more than one type of waste.



Those landfills containing a large proportion of biodegradable organic matter
(putrescible), produce large quantities of methane and over the last ten years
electricity generation plants have been installed in many metropolitan sanitary
landfills in Victoria. Other landfills where the biodegradable organic content is low
have not been viable for power generation. For these the landfill gas has been allowed

to escape passively or it has been flared.

1.1.2. Reactions Occurring in Landfills
The solid waste landfills receiving putrescible waste can be conceptualised as
biochemical reactors, with solid waste and water as the major inputs, and with landfill

gas and leachate as the principal outputs. This is shown schematically Figure 1.1

Solid waste Water
LANDFILL SITE

Y Y

Landfill gas Leachate

Figure 1.1 Inputs and Outputs of the Landfill Site

Typical sources of putrescible solid waste are listed in Table 1.1 and principle sources
of water include water entering the landfill from above such as rain and snow,

moisture in the waste and moisture in the cover material.

Solid wastes placed in a sanitary landfill undergo a number of simultaneous and
interrelated biotic (biological) and abiotic (chemical and physical) changes. Where the
products of these include solid, liquid and gaseous chemicals. The solid products

remain within the waste, the gases migrate beyond the waste and the liquid and



soluble materials will, together with infiltrating water, form landfill leachate. Some of

the most important reactions occurring within landfills are as follows:

¢ Biological reactions:
—— Microbial conversion of organic content of solid waste to produce landfill

gas.

e Chemical reactions:

—— Dissolution and suspension of landfill materials and biological conversion
products in the liquid percolating through the waste;

—— Evaporation and vaporization of chemical compounds and water into the
evolving landfill gas;

—— Sorption of volatile and semivolatile organic compounds into the landfilled
material;

—— Dehalogenation and decomposition of organic compounds;

—— Oxidation-reduction reactions affecting metals and the solubility of metal

salts.

e Physical changes:
—— The settlement caused by consolidation and decomposition of landfilled

material.

The processes of waste degradation in landfill sites are still not very clear; there are
many possible chemical and microbial pathways(). However, knowledge of
intermediates and end products, and the relevant enzymes present in landfill indicates
that the degradation of organic wastes in the landfill sites is approximately the same

as the degradation of organic materials in other anaerobic environments.

When deposited within the landfill, oxygen entrapped within voids is rapidly depleted
as a result of biological activity. The local environment becomes anaerobic and
encourages the growth of anaerobic microorganisms, especially bacteria. Carbon
dioxide and methane are produced as a result of anaerobic microbial activity and

displace nitrogen remaining from the entrapped air. Eventually a dynamic equilibrium



is reached with a gas ratio within the landfill of approximately 60 methane: 40 carbon

dioxide®,

In simple terms then the products of the microbial decomposition in an anaerobic
environment of the organic content of solid waste are landfill gas, and the liquid and
soluble contributions to leachate. The different types of organic materials (proteins,
carbohydrates and lipids) will be decomposed by a variety of reaction pathways all
leading to the production of simpler organic compounds(!-®). A simple reaction for the

generation of landfill gas is shown below:

Anaerobic microbial

[{CH,0}] » CH, + CO, + AH

processes

Biodegradable Wastes Methane Carbon dioxide Heat
(Proteins, Carbohydrates and Lipids)

The microbial activity in the landfill releases heat and thus the temperature in the fill
rises during the biodegradation stage to about 25 — 45 °C, although temperatures up to
70 °C have been noted(”.

1.2 Landfill Gas

1.2.1. Landfill Gas Production

Gaseous emissions from a landfill are a result of the processes within the landfill and
occur microbiologically. More importantly, the emission can also occur via a
physicochemical pathway. Her Majesty’s Inspectorate of Pollution® indicates that the
microbial decomposition process occurring within a landfill is “... complex and not
yet fully understood...”. This position is backed by other authors such as El-Fadel
et.al. ® who point out that the current knowledge of gas generation within landfills is
derived from experimental models. The point made here is that the process of gas
generation is a very complex interaction of microbiological activity, the type of waste
initially dumped and the physical conditions occurring within the landfill itself (i.e.
temperature, pH etc.). Studies that try to mimic landfill conditions usually involve the
use of digesters, lysimeters and test-cells which are usually operated under

‘favourable’ conditions and don’t necessarily reflect the true nature of what is



occurring within the landfill®. However, modelling such as this has generally been

accepted as the closest possible indication of what actually occurs within a landfill.

There are two main phases of microbial landfill gas generation, an aerobic phase,
involving aerobic bacteria, and an anaerobic phase, involving anaerobic bacteria. The
aerobic phase occurs first and is highly exothermic but short in duration due to

insufficient oxygen (O,) concentration in the waste®. Whether the landfill is covered

(clay cover) or not, the major microbial phase occurring within the landfill is an

anaerobic one(10),

Abiotic factors also influence the formation of landfill gas and include such
parameters as percentage O,, H,, sulfate (SO,%), water, temperature, pH and nutrient
concentration. Her Majesty’s Inspectorate of Pollution® also highlights that the waste
type is a controlling factor in the process. That is, different types of waste will
degrade differently on a relative time scale to give varying quantities of evolved gas

throughout a landfill’s operational lifetime.

The aerobic and anaerobic phases of waste decomposition are described in more detail

below:

Immediately after tipping the refuse is aerobic, i.e., air pockets exist in the fill, so the
initial decomposition of the waste is via aerobic biological processes. Bacteria do not
flourish in dry conditions, so biodegradation starts only when the landfill is moist.
The refuse inherently contains moisture but this may be increased due to infiltrating
liquid such as rainwater. Once biodegradation has started the oxygen in the waste is
soon exhausted and as no replenishment of the free oxygen is available the waste
becomes anaerobic. During this initial oxygen depletion stage nitrate and sulfate,
which can serve as electron acceptors in biological conversion reactions, are often

reduced to nitrogen gas and hydrogen sulfide.

The anaerobic phase of landfill gas generation can be further divided into three stages,
an acid formation, and two methane formation stages. Figure 1.2(® shows the

anaerobic waste degradation processes occurring in landfills.



PROTEINS CARBOHYDRATES LIPIDS
GLYCEROL AND LONG
AMINO ACIDS SIMPLE SUGARS CHAIN FATTY ACIDS
NH ACID
3 FORMATION
PROPIONATE, BUTYRATE
Hz + CO2 | ACETATE | ISOBUTYRATE, VALERATE
ISOVALERATE, CAPROATE
ACETATE |« » Hy+ CO»2
METHANE
v v y v FORMATION
CHaq CHa + CO, CHgq

Fig. 1.2* Anaerobic Waste Degradation Processes Occurring in Landfills

* From Reference 8

The acid formation stage occurs in two steps. The first involves the enzyme-mediated
hydrolysis and fermentation of high molecular mass compounds including celluloses
(polysaccharides), fats, and proteins by groups of facultative and anaerobic bacteria to
produce simple organic materials including salts of acetic acid, propionic acid and
pyruvic acid, fatty acids and alcohols with gases including carbon dioxide, hydrogen
and ammonia. The simple organic materials produced in this step are used in the
metabolism of carbon and energy by the bacteria. In the second step (acetogenic step)
fatty acids and other products from the first step are further degraded by acetogenic or
acid forming bacteria to acetic acid, carbon dioxide and hydrogen. Leachate pH will
drop in the first stage of anaerobic decomposition due to the formation of carboxylic
acid and carbon dioxide. The second stage facilitates the establishment of
methanogenic (methane forming) bacterial populations where the products of the acid
formation stage are finally decomposed producing a gas mixture containing methane
and carbon dioxide as major components in the proportion of about 3:2, together with
traces of many other components. The third stage is one of steady state gas
production. This may last for several decades before gas production rates decline and

gas evolution at the landfill is no longer significant(®. (10,



The timescale for each of the degradation / transformation processes may vary
considerably according to the nature of the wastes, landfill management practice, and
local environmental conditions. The diverse nature of wastes and the variability of
landfill sites and operational practice make it difficult to predict the time of onset and
the duration of gas production. Aerobic processes rely on availability of oxygen from
the atmosphere. This can be significantly affected by the factors described above.
With good compaction and the use of intermediate (daily) cover material it can be
expected that aerobic processes will decline within a few days. Thereafter anaerobic
processes will predominate and substantial amounts of methane can be expected to be
produced within 3 to 12 months of waste deposition. The concentration of methane
will gradually increase until it reaches a typical maximum of between 60 to 65 % by
volume of the landfill gas after which gas production rates can be expected to plateau,
and methane and carbon dioxide may continue to be evolved over several decades
after the last deposit of waste, and then decline at a rate depending on site conditions.

Figure 1.3 shows the landfill gas composition and production versus time.

100%

80%

Steady State Maturation
Landfill Gas Production Phase
Gas 60%
Composition
(byvol) 49,

20%

Time ——

Figure 1.3* Landfill Gas Composition and Production Versus Time

* From Reference 6

Evidence from very old sites suggests that once the available cellulose is consumed
the methanogenic microbial activity reduces and methane and carbon dioxide
concentrations gradually decline. This stage of waste'degradation is known as the
‘maturation phase’ (see Fig 1.3) where oxygen levels will begin to rise®): (.
Eventually the remaining waste would be regarded, as biologically ‘inert’ and
atmospheric gaseous conditions would be re-established. Gas production may

recommence if changes occur at the site, which reactivate microbial activity. This



could occur if development occurs on the site or liquid levels within the wastes are

allowed to rise by cessation of pumping of leachate.

Additional information on landfill gas production processes can be sourced from

various international literatures(12 -35),

1.2.2. Factors Influencing Gas Production

Gas production is the result of the biodegradation of the organic content of solid
waste, and therefore optimum gas production is dependant upon optimised conditions
for the growth of methanogenic bacteria. The main factors affecting gas production

include:

e Nature of the waste;
e Moisture content of the fill;
e pH of the fill;

e Temperature of the fill.

The nature of the refuse affects gas production in several ways, and includes such
factors as organic content, C-N ratio, particle size, density, trace nutrients and other

chemicals.

The quantity and composition of the gas generated in a landfill depends on the types
of solid wastes that are decomposing. High gas production rates require a high organic
content in the waste. Important here also is the ratio of easily degradable materials to
slowly degradable materials. A waste with a large fraction of easily degradable
organic material will produce more gas than one that consists largely of inorganic
material. Food wastes degrade quite readily, while other materials, such as plastics,

rubber, glass and some demolition wastes, are highly resistant to decomposition.

The carbon-nitroéen ratio (C-N ratio) should be around 25:1 or lower for optimum
biodegradation. At higher ratios, nutrient deficiency may occur, which will inhibit
bacterial activity(?. If the refuse is pulverized, that is, the particle size is reduced, then
microbial activity is increased and this may be reflected in an increased gas
production rate, although the number of years for which gas is produced may

decrease. Compaction or baling of the refuse, which increases the density of the



landfill, may decrease the rate of water infiltration into the landfill and slows the
ability of bacteria to biodegrade the waste. The lack of micronutrients such as sodium,
potassium, calcium or magnesium, can retard bacterial growth. In addition the
concentration of nutrient salts such as sulphate and nitrate may also be important. If
toxic chemicals are present in the landfill biological activity in general and
methanogenesis in particular may be inhibited. Methane bacteria can be inhibited by
high salt concentrations; for example, 2000 mg/L of calcium can inhibit their

activity(®,

Bacteria do not function well in dry conditions and moisture content of 40 % or
higher, based on wet weight of the waste, is desirable for optimal gas production(”).
As leachate control procedures often involve the control and reduction of water
entering the fill, the moisture content in a tip may be lower than this value at around
30 % water (wet weight)(?). There are examples of sites whose gas production is
substantial even though the degree of saturation is apparently low. Incoming refuse
has an average moisture content of about 25 %, food and garden waste providing the
highest moisture input(). ®), Thereafter rainfall, surface and groundwater infiltration

and the products of waste breakdown can provide additional moisture.

A moist environment is normally associated with high rates of gas production. Liquid
movement within sites tends to provide a more even waste moisture content. It also
distributes nutrients and bacteria within the mass which can further enhance rates of
waste degradation and gas production. The recirculation of leachate, as practiced on
some sites, will maintain high moisture contents and provide a source of nutrients and
bacteria which will tend to accelerate gas production rates. Extraction of the gas itself

can assist this process by drawing moist gases through the fill.

The pH of the fill should be around 7.0 for optimum gas production as
methanogenesis proceeds optimally between a pH range of 6.5 to 8.5 and is only
inhibited when the pH is outside this range(®-®. Household waste produces acidic
leachate as a consequence of rapid degradation of easily biodegradable material, and
unless this is buffered by other wastes it may be responsible for delaying the onset of
methane production. Waste streams containing a mix of both biodegradable and
‘inert’ material are more likely to develop a pH in the optimum range. Thus, for gas

production, the presence of significant alkalinity in the fill is desirable in order to act



as a buffer against a low pH. Good pH control is typical of co-disposal landfills but

buffering capacity may be lost at mono-disposal landfills.

Microbial activity is affected by temperature and therefore the temperature of the
landfill affects gas production. In general the gas production rate increases with tip
temperature. The optimum temperature range for maximizing landfill gas generation
is between 35 to 45 °C, which is common in deep landfill sites®. A dramatic drop in
gas production occurs below 10 to 15 °C®). In shallow landfill sites variations in
production rates may among other factors reflect seasonal changes in ambient

temperatures.

These factors influence gas production in different aspects from beginning to end.

1.2.3. Landfill Gas Composition

The principal gases produced from the anaerobic decomposition of biodegradable
organic materials present in solid waste are methane, which usually comprises 50 — 60
%, (6-8) followed by carbon dioxide which makes up most of the remaining volume.
Other gases produced during biotic conversion reactions include smaller amounts of
ammonia (NH,), hydrogen (H,), hydrogen sulfide (H,S) and nitrogen (N,), and the
levels of these vary according to the stage of decomposition®). (1D, Oxygen from air is
also present in small amounts in landfill gas and its level declines in the initial aerobic
decomposition of solid waste and rises again when the landfill becomes inert. Other
organic compounds present in trace amounts in landfill gas are an assorted array of
compounds known as “non-methane organic compounds” (NMOCs) or VOCs, and
these usually make up less than 1 % by volume of landfill gas. Trace constituents in
landfill gases have two basic sources. They may be brought to the landfill with the
incoming waste or they may be produced by biotic and abiotic conversion reactions
occurring within the landfill. Trace compounds mixed with the incoming waste are
typically in liquid form, but tend to volatilize and become part of landfill gas
emissions. Typical classes of VOCs include saturatéd hydrocarbons, unsaturated
hydrocarbons, halogenated compounds, organosulphur compounds, alcohols and

others. Typical landfill gas compositions are shown in Table 1.2¢®),
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Table 1.2*
Typical Composition of Landfill Gas

COMPONENT % BY YOLUME
Methane 63.8**
Carbon dioxide 33.6
Oxygen 0.16
Nitrogen 2.4
Hydrogen 0.05
Carbon monoxide 0.001
Ethane 0.005
Ethene 0.018
Acetaldehyde 0.005
Propane 0.002
Butanes 0.003
Helium 0.00005
Higher alkanes <0.05
Unsaturated hydrocarbons 0.009
Halogenated compounds 0.00002
Hydrogen sulfide 0.00002
Organosulphur compounds 0.00001
Alcohols 0.00001
Others 0.00005

* From Reference 8
** The figure for methane reported in this data set is considered high,
A figure of 55 % methane is considered more typical.

More than 100 different volatile organic compounds have been identified as trace
components, many of which are known to be toxic or carcinogenict® (Y, The
presence and concentration of VOCs varies considerably and is related to the landfill,
the landfilled waste (waste constituents), the age and extent of waste degradation. The
occurrence of significant concentrations of volatile organic compounds in landfill gas
is associated with older landfills which accepted industrial and commercial wastes
that contained VOCS. In newer landfills where the disposal of hazardous waste has
been banned, the concentrations of VOCs in the landfill gas have been extremely low.
Organosulphur compounds and esters are found in gases derived from recently
deposited wastes from which odours are more obvious. The presence of halogenated
hydrocarbons (HHC) in landfill gas is usually due to dumped chemical residues,
coolants, propellant agents and chlorinated solvents. Some of these compounds are
produced by chemical reactions or by microbial degradation of the waste mass. Table
1.336) lists typical concentration of trace compounds found in landfill gas at 66

California MSW landfills.
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TABLE 1.3*

Typical Concentrations of Trace Compounds Found in Landfill Gas
at 66 California MSW Landfills

CONCENTRATION, PPB BY VOLUME

COMPOUND MEDIAN MEAN MAXIMUM
Acetone 0 6,838 240,000
Benzene 932 2,057 39,000
Carbon dioxide 330,000,000 10,000,000 534,000,000
Chlorobenzene 0 82 1,640
Chloroform 0 245 12,000
1,1-dichloroethane 0 2,801 36,000
Dichloromethane 1,150 25,694 620,000
1,1-dichloroethene 0 130 4,000
Diethylene chloride 0 2,835 20,000
1,2-trans-dichloroethane 0 36 850
2,3-dichloropropane 0 0 0
1,2-dichloropropane 0 0 0
Ethylene bromide 0 0 0
Ethylene dichloride 0 59 2,100
Ethylene oxide 0 0 0
Ethyl benzene 0 7,334 87,500
Hydrogen sulfide 0 0 0
Hydrogen 0 0 4
Methane 440,000,000 70,000,000 740,000,000
Nitrogen 12 26 98
Oxygen 1 2 17
1,1,2-trichloroethane 0 0 0
1,1,1-trichloroethane 0 615 14,500
Trichloroethylene 0 2,079 32,000
Toluene 8,125 34,907 280,000
1,1,2,2-tetrachloroethane 0 246 16,000
Tetrachloroethylene 260 5,244 180,000
Vinyl chloride 1,150 3,508 32,000
Methyl ethyl ketone 0 3,092 130,000
Styrenes 0 1,517 87,000
Vinyl acetate 0 5,663 240,000
Xylenes 0 2,651 38,000

* From Reference 36

1.2.4. Environmental Impacts of Landfill Gas Emissions

It is suggested that upwards of 95 % of solid waste that is generated, depending on
location, is disposed of in landfills globally®). This immense ‘tonnage’ of solid waste
can undergo biological, chemical and physical transformations within the landfill

producing a gas that is mostly composed of CH, and CO, with trace concentrations of

VOCS. It has been stipulated by El-Fadel er.al® that 1 — 14 L of landfill gas is
produced per kilogram of solid waste per year (L/kg/yr.), depending on the abiotic

factors of the landfill site.
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The accumulation of methane and carbon dioxide in the landfill due to biodegradation
of the organic constituents creates a slight gas pressure in the fill. Typical gas
pressures are around 2.5 — 5.0 cm of water above atmospheric pressure, although a
few reports have indicated higher pressure in isolated pockets. The resulting pressure
gradients cause a driving force for the gas to move. Movement of gas due to pressure
differences is known as pressure flow, but landfill gas will also migrate due to
diffusion flow. This results from the different concentrations of gas in different areas
with gas movement from high concentration areas into low concentration areas(”.
Landfill gas can be emitted to the atmosphere either through the clay top cover,
particularly if the cover is relatively permeable, directly from uncovered wastes or
following the migration through surrounding soil”. 37). Fractured or porous sub-
surface strata may provide the path of least resistance to gas movement. Her
Majesty’s Inspectorate of Pollution® indicates that this gas migration is governed by
factors “... provided by the pressure generated within the site and the pressure gradient
with the surrounding strata...”. Uncollected gases can migrate through the landfill and
be released to the atmosphere from almost anywhere on the surface. They are easily
spread through the air to pollute land, water and possibly marine life. The extent of
migration poses serious problems for landfill operators because migration cannot be
stopped at the operation’s boundary. Kjeldsen®”) highlights that the current methods
to control landfill gas migration (i.e. flaring and electricity generation) are not totally
effective. Even when these methods are adopted at a landfill, the uncontrolled

migration of landfill gas through the soil can still occur.

It is stressed by authors®: (10) that ‘good landfill practice’, will minimize landfill gas
migration. Gas control relies upon the creation of paths of least resistance or the use
of impermeable barriers. Gas collection may be either passive or active (induced
vacuum) or both, where gas wells, vents or gas trenches at the side of the landfill are
used for collection. Here gases are collected by a system involving buried pipes after
which these gases are then either vented to the atmosphere, burned in flares or used
for co-generation. Impermeable barriers can be used to minimise vertical and lateral
gas migration. Daily cover material and the landfill cap usually consist of clay soil
and helps lateral gas migration by impeding vertical migration. Thus the migrating
gas will move to the gas collection system and other evacuated spaces within the

landfill®. (10, Low permeability fine-grained clay soils are often used as barriers in
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landfills in which a high moisture content of the clay retards movement of the landfill
gas(®. These authors also suggest that gas permeation vertically through the landfill
will change depending on water content of the soil. They illustrate that seasonal
changes of weather (i.e. precipitation) will affect the permeability of the soil, so that if
gas sampling was initiated at the landfill/atmosphere interface the results must take
into account the moisture content of the soil as gas permeability is dependant on this
moisture parameter. The use of impermeable barriers, whether of clay, bentonite,
plastic sheet or cement, for the control of leachate movement have all been used with
some success in minimizing lateral gas migration. Gas collection systems must be
specifically designed so that the clay top cover (capping) does not cause excess
pressure build-up to allow uncontrolled soil migration from the landfill. Even after the
landfill has been filled and capped, gas migration can still occur as the site is still
microbiologically active for a long time after landfill closure. Figure 1.4®) illustrates
possible paths for gas migration at a completed or restored site. Her Majesty’s
Inspectorate of Pollution® indicates that gas migration off-site can occur via
underground service ducts (i.e. electricity, telephone, TV and street lighting cable

lines), water and gas pipes, sewers and even drains.
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Gas pathways to atmosphere
1. Through high permeability strata down the 6. Through fissures caused by explosives etc
bedding plane
7. Along man made shafts etc
2. Through caves/cavities
8. Through highly fissured strata into the

3. Through dessication cracks of the capping at atmosphere or buildings such as house B
the site penmeter, around tree roots, etc or shed etc
4. Around site features which provide vertical 9. Into underground rooms

pathways; gas or leachate wells
10. Along underground services
5. Through high permeability strata up the bedding
plane, to atmosphere or house A

Fig. 1.4* Possible Gas Migration Pathways

* From Reference 8
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Landfill gas emissions affect the air environment both globally and locally in the

region immediately surrounding the landfill.

Landfill gas consists mainly of methane and carbon dioxide, and both gases are the
cause of the ‘greenhouse effect’. Methane is a powerful greenhouse gas with a global
warming potential 21 times the effect of the same amount of carbon dioxide, and it
contributes significantly to global atmospheric change®9. So landfill gas has become
significant in the debate over global warming and climate change. Anthropogenic
contributions to the greenhouse effect have the potential to damage ecosystems and
economies. Although the extent to which climate change will occur due to human
activities is uncertain, effects are likely to be intensified by continued increases in

emissions.

Methane has been reported to be responsible for about 20 % of recent increases in
global warming and landfills are thought to be a major source of methane. In the UK,
landfills are the single largest source of methane, contributing an estimated 23 % of
total production®®; with over 1000 sites reported to be producing gas. Globally, it has
been estimated that methane from decomposition of municipal solid waste, whether in
crude dumps or organized landfills, could account for 7 — 20 % of all anthropogenic
methane emissions®D. Recent estimates suggest that landfill emissions of methane
could increase more than three-fold over the next 30 years(). Reducing the amount of
organic waste generated and diverting organic material from landfill to onsite
mulching, composting and vermiculture are elective options for the mitigation of
methane emissions. Following these options, the capture and use of methane for
energy recovery provides a means of reducing greenhouse gases and generating a

renewable energy source.

In Australia, the waste management sector generates 4 % of Australia’s greenhouse
gas (GHG) emissions, including 13 % of tota] methane emissions, mostly from
disposal of waste to landfill4?. In Victoria, it is estimated that the large Victorian
landfills (receiving more than 100,000 tonnes of waste per annum) contribute to
almost half (46 %) of the total methane generated. More than half (53 %) of the total

methane generated by Victorian landfills is contributed by landfills that are currently
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open. Landfills that were closed between 1990 and 1999 contribute approximately

38% of the total methane generated®9).

Australia is committed to reducing GHG emissions from the waste sector through a
range of measures including waste minimization, reuse and the recovery of gases for

energy production.

The environmental impacts of landfill gas emissions in the region immediately
surrounding the landfill are mainly related to issues of public health and include the
explosive and asphyxiating properties of methane, health hazards associated with the

VOCs present in landfill gas and odors.

When methane is present in the air in concentrations between 5 — 15 %, it is
explosive(”). Because only limited amounts of oxygen are present in a landfill when
methane concentrations reach this critical level, there is little danger that the landfill
will explode. However, methane mixtures in the explosive range can be formed if
landfill gas migrates off-site and is mixed with air. Furthermore, landfill gas can
asphyxiate a person who enters an enclosure containing it. The migration of gas
beyond landfill boundaries has been the cause of a number of hazardous (explosion-
related) incidents(3) one of the most notable within the UK resulting in destruction of

a bungalow at Loscoe in Derbyshire4).

On the local level, VOCs in landfill gas perhaps are of greater concern than methane
due to the harmful effects of certain VOCs on human health. Certain VOCs are
known or suspected human carcinogens and mutagens. Others when combined with
nitrogen oxides from other sources such as automobile emissions lead to local
production of ozone; a lung irritant. The toxicity of landfill gas depends on the

cumulative effect of its constituents(®).

VOCs in landfill gas originate either from those already existing in the disposed waste
or those occurring from microbial action and abiotic degradation. Microbial action
and abiotic degradation play a minor role in the emission of VOCs. It is the emission
of VOCs originally contained within the waste that predominates and occurs via a

physicochemical process. Basically the process is the partitioning of VOCs between
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phases (i.e. solid-liquid, liquid-gas) that allows, as the waste degrades (or abiotic

conditions change), VOCs to enter the gas void within the landfill(10).

U.S. EPA®5-49) studies into VOCs in landfill gas have demonstrated that VOC
emission from a landfill can reach concentrations in the range of 4 x 104 -1 x 10-3
kg/m?/day®. Eikmann®® highlights that residents in the vicinity of a landfill often
complain about gaseous odours emitted from these sites. He also explains that local
residents are frequently concerned that “...exposure to landfill gas represents not only

a potential environmental nuisance but also a serious toxic hazard...”.

VOCs in landfill gas can not only contribute to air pollution but may also be
responsible for ground water pollution. A number of studies have shown landfill gas

migration is the most likely source of VOCs in ground water(51-52),

Many of the VOCs are responsible for the odour associated with landfill gas and this
creates a nuisance, in particular where landfills are located near homes, schools and
other public facilities, where individuals can be subjected to the odour. Some
components may need to be diluted more than one hundred million times to be below

odour threshold valuesG3).

It should be noted that the hazards associated with landfill gas are of immediate
concern to site operators and appropriate safety precautions must be taken during site
operation. In particular all employees should be aware of the potential danger.
Leachate monitoring wells can inadvertently act as gas collection wells and due
caution must be taken. VOCs present in landfills pose a threat to workers on landfills
due to odour and other effects on health. Harkov ef al.% found that VOCs levels in
ambient air at several landfill sites were in excess of urban background levels. The
slow, continuous evolution of gas from the top of a landfill can undoubtedly be a

danger particularly if it accumulates in pockets in the site.
As discussed above, the methane produced in landfills may be considered a hazard or

a nuisance, however it may also be considered as a resource. The calorific value of

pure methane is 37,000 kJ/m3 gas at NTP(. As landfill gas is only 55 % methane, and
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since it may contain moisture or become diluted during collection, its calorific value
is usually in the range 16,000 — 20,000 kJ/m3 (. However, this heat value still makes
landfill gas a valuable source of energy. Where the collected landfill gas is used for
energy recovery this can involve either heating applications (steam-raising via boilers,
kiln firing or space heating), or power generation systems where the gas undergoes
combustion in specifically designed ‘gas-engines’. Where the gas is not utilised for
energy production due to low economic viability, either as a result of poor gas quality
or insufficient amounts, other means of gas control such as ‘flaring’ of the landfill
gas, or venting without flaring are used. However these methods of gas control are
wasteful of the gas produced, whilst the latter is much more harmful to the
environment through the release of greenhouse gases, as discussed above. In addition,
the analysis of the flared gas from several systems showed low levels (< 10 mg/m3) of
components not present in the unburned gas(!!). These compounds include methyl
cyanide, nitromethane, acrolein, ethylene oxide and some alkynes, which must be

formed de novo in the flaring process)).

The use of landfill gas as an energy resource has been applied to selected large
landfills in both Europe and America. Experience is still being gained and much
remains to be learnt about the design of gas-collection systems for landfill. Together
with the technological problems of the systems is the economics of installing the
system compared with the benefit of the gas collected. At present, gas collection is
economically viable only on large landfills, but if landfills are designed with gas
collection in mind and the tip is operated to maximize gas production, then the
economics of installing gas collection systems in a wide range of landfills may

become more favourable.

A recent Victorian EPA report concludes that large landfills (receiving more than
100,000 tonnes.of waste per annumG?) have the greatest potential for generating
renewable energy from the capture of methane emissions. These results indicate that
emission reduction programs via gas collection and electricity generation from
Victorian landfills should focus on the small number (20 out of 52109) of large

landfills currently in operation, rather than small landfills.
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The impact of some trace constituents on gas collection and control equipment may
be significant because landfill gas is water saturated and very corrosive. These
properties can affect gas pipes, valves and seals. Her Majesty’s Inspectorate of
Pollution® indicates that valve selection is quite important because for example, PVC
valves are prone to failure at low temperatures at exposed sites during winter (a
problem commonly experienced in the Northern Hemisphere). Moisture within the
landfill can form a condensate in extraction piping when the gas goes from a
temperature of 30 — 40 °C (typical temperature within a landfill) to ambient
temperature below zero. This causes functionality (i.e. blockages) and durability (e.g.
backpressure) problems of piping around the plant especially during winter
periods®3). The water is usually ‘knocked’ out using condensate separators. The main
reason for removing water from the gas stream is that a moist environment allows the

formation of strong acids in the presence of halogenated VOCS.

Stegmann®® highlights that fluorinated and chlorinated VOCs can reach
concentrations in excess of 200 ppm in young landfills (MSW) and declines to
approximately 50 ppm for landfills (MSW) that are greater than three years old
(Stegmann(®6)). These halogenated VOCs can be converted into strong acids during
combustion and may need scrubbing from the landfill gas prior to combustion. The
removal of halogenated compounds from the gas stream can occur mainly via
absorption processes (eg. Helasorp™ liquid absorbent which removes the VOCs from
the gaseous phase to form the absorbate) or by adsorption processes (eg. activated

carbon reactors)7). Hydrogen Sulfide (H,S) concentrations in the gas can also cause
considerable corrosion as it is converted to H,SO, during combustion®*®). Corrosion
problems within a gas engine can be limited by using specifically developed
lubricants as well as routinely changing the oil, monitoring pH and metal content of
the oil, all of which are likely to indicate possible corrosion problems within the

engine.

Since the 1980’s volatile siloxanes in landfill gas have been received some attention.
During the combustion of landfill gas these siloxanes are converted into
microcrystalline silicon dioxide, which contributes to the abrasion of the surfaces

within combustion chamber(58 - 60),
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Because each landfill is unique depending on the age and contents of the site certain
VOCs emitted after combustion may be at concentrations that do not meet health and
emission regulation requirements. Henning et.al.G7) describe possible problems that

may occur due to high concentrations of some VOCs after combustion:

Possible emission of polycyclic aromatic hydrocarbons (carcinogenic properties).

e The risk of formation of highly toxic and persistent substances, such as
polychlorinated dibenzodioxans (PCDD) and polychlorinated dibenzofurans
(PCDF).

e Corrosion by formation of hydrogen chloride and hydrogen fluoride in the

combustion chambers of gas engines.

e High chloride and fluoride concentrations in the waste gas from flares and

engines.

The combustion process of landfill gas is dependent on the quality of that gas and its
suitability as a fuel is primarily dependent on the methane content of the gas.
Rettenberger & Schreier®) highlight that ‘trace’ VOCs do not influence the
combustion process due to their low concentration in landfill gas and combustion is
primarily dependent on methane. But they also re-iterate that VOC composition of the
exhaust gas must not exceed limits set by standards from existing emission

regulations.

Monitoring of VOCs in landfill gas especially in electricity generation is quite
important because its effects on gas extraction utilities can have far reaching

consequences to the operation of the plant as well to its profitability(6).

1.2.5. Landfill Gas Monitoring
Environmental monitoring is conducted at sanitary landfills to ensure that no
contaminants that may affect public health and the surrounding environment are

released from the landfill. The monitoring required might be divided into three
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general categories(®: (1) vadose zone monitoring for gases and liquids, (2)
groundwater monitoring, and (3) air quality monitoring. The vadose zone is defined as
that zone from the ground surface to where the permanent groundwater is found.
Vadose zone monitoring at landfills involves both liquids and gases. Monitoring for
liquids in the vadose zone is necessary to detect any leakage of leachate from the
bottom of a landfill. Monitoring for gases in the vadose zone is necessary to detect the
lateral movement of any landfill gases. Monitoring of the groundwater is necessary to
detect changes in water quality that may be caused by the escape of leachate and
landfill gases. Air quality monitoring at landfills involves® (1) the monitoring of
ambient air quality at and around the landfill site, (2) the monitoring of landfill gases
extracted from the landfill, and (3) the monitoring of the offgases from any gas
processing or treatment facilities. Ambient air quality is monitored at landfill sites to
detect the possible movement of gaseous contaminants from the boundaries of the
landfill site. Landfill gas is monitored to assess the composition of the gas and to
determine the presence of trace constituents that may pose a health or environmental
risk. Monitoring offgases from treatment and energy recovery facilities is done to

determine compliance with local air pollution control requirements.

In Victoria, Australia, landfill gas control is part of the operating license and the EPA
may require intervention when landfill gases and monitored (methane, VOCs etc.),

flared off or used for energy production(62).

Landfill gas measurements; be they from deep monitoring boreholes or surface soil
measurements, taken at a single point in time reveal little about the gas regime in and
around a landfill. It has become clear that a range of environmental factors, including
rainfall and atmospheric pressure, affect the production and movement of landfill gas
and that measurement at a single point in time cannot account for variations caused by
the above. For many landfill sites seasonal trends in gas composition and migration
can be detected. In order to begin to understand the ‘gas regime’ it would be
necessary to monitor such sites for at least one year, after which time the analysis of
trends in gas composition and flow will be of more value than the individual
measurements. Exceptions to this would be when, at a single point in time, the gas

composition and flow rate were particularly hazardous(®.
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Several techniques may be used to monitor landfill gas in and around landfill sites®).

These include:

a) Surface monitoring;

b) Sub-surface monitoring (gas probes);

¢) Excavated pits and trenches backfilled around standpipes;
d) Gas monitoring boreholes or wells; and

e) The use of leachate wells.

Monitoring using specially constructed boreholes is the preferred method at existing
sites. At completed and shallow sites adequate monitoring in the short term may be
achieved using excavated pits or trenches. At every site where there is a potential for
gas to migrate to development or underground services, monitoring boreholes should
be installed at appropriate points outside and between the filled area of the site and

any development at risk(®).

Surface monitoring is carried out to assist in determining the likely presence of gas
escapes. Surface monitoring should be used to check the integrity of caps on the
waste, as a check on borehole monitoring, to aid the siting of monitoring points, to
monitor for the presence of gas during filling and as an indicator of off-site

migration®),

For sub-surface monitoring, the use of probes driven into waste or strata provides
point source monitoring of gas concentrations in the local environment around the
probe. Various probes are available, consisting usually of metal tapered tips coupled
firstly to short perforated pipe sections and then to longer unperforated metal pipes.
They may be driven into soils or wastes usually down to depths of about one to two
metres (some have been driven in as far as four metres). They are, therefore, only

suitable for measuring gas concentrations near the surface(®).

Excavated pits and trenches provide a means for monitoring gases in shallow sites.
Perforated or slotted plastic tubes (usually around 50 to 80 mm in diameter) are
placed within the pit or trench and surrounded with granular medium. The excavation

is then backfilled and the surface is sealed eg., with a bentonite or clay cover(®.
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The preferred method for landfill gas monitoring is by using properly designed and
constructed boreholes that are dedicated to this function. The boreholes should be
installed both inside and outside the fill area of landfills where a risk has been
identified. In their simplest form boreholes consist of perforated plastic casing
abutting directly to the strata. Sampling from boreholes at locations outside the site
can provide data on migration potential at the sampling depth. Information on gas
production (at the sampling depth) is obtained from boreholes drilled into the wastes.
Boreholes drilled into sites can provide information on gas composition, temperature,
pressure, flow rates and on waste composition but will not provide any evidence of
lateral migration. To establish the optimum pattern, design and distribution of gas

monitoring boreholes specialist advice may be needed®).

Where leachate monitoring or extraction wells exist within sites these too may be
used for gas monitoring purposes, but only as an additional aid to purpose designed
monitoring systems. Where these are covered by the leachate level the measurement
may only be of the concentration of the gas in the headspace. Where new sites are
being developed, or proposals are under consideration, the design should include the
installation of purpose-built gas monitoring boreholes. This will avoid any potential
hazards arising from using leachate wells and will ensure reliability of monitoring

data(®.

Further details on landfill gas monitoring, equipment and frequency of monitoring is

given in the report of Her Majesty’s Inspectorate of Pollution®).

1.2.6. VOCs in Landfill Gas

The detrimental effect of migrating landfill gas on the environment and on public
health were addressed in Section 1.2.4. The methane present in landfill gas
contributes to the green house effect and methane’s explosive and asphyxiating
properties are of concern in confined spaces. The trace VOCs present in landfill gas
are perhaps of greater concern than methane due to the harmful effects of certain
VOCs on human health via their contribution to air and water pollution. Not only are
some of the compounds responsible for the odour associated with landfill gas they are
also suspected human carcinogens and mutagens as well as contributing to local

ozone production. VOCs are also detrimental to landfill gas control equipment via
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corrosion. Air pollution due to VOCs, either present initially or produced in-situ,
emitted from control equipment is also of concern to human health. The above
concerns over the VOCs present in landfill gas highlights the importance of the
monitoring of landfill gas for its VOC content. In a paper by Brosseau and Heitz(63)
the literature on various aspects of the trace components in landfill gas is reviewed.
Included in the review are the formation, nature and origin of the trace components as
well as risks posed to human health and the environment. El-Fadel et al.® also

reviews various aspects of the environmental impacts of solid waste landfilling.

This thesis is principally concerned with the VOCs present in landfill gas from a
number of landfills located in the northwest region of Melbourne, Victoria, Australia.
In particular the study explores suitable sampling and analytical methodologies and

focuses on the major types and levels of VOCs found.

1.3 Literature Review

There is limited literature in scientific journals on VOCs in landfill gas. However
there are numerous contributions from conference proceedings and technical
reports(4. 63-84)_ Since the 1980’s a small number of papers have appeared which cover

VOCs in landfill gas from America®5-86), England(®7-92), Finland®3), Germany(58.94-98),

This literature review will include the following:

1. A summary of the important papers including brief details on sampling source,
VOCs collection and analysis. Types of VOCs found will be highlighted and their

relationship to the type and age of waste;

2. A summary of the various classes of VOCs found and their relationship to the type

and age of waste;

3. A survey of the literature giving concentration ranges of various classes of VOCs

in landfill gas.
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1.3.1. A Summary of Some Important Papers

The sampling and analytical methodologies used for VOCs in landfill gas are the
same as those used for sampling and analysis of VOCs in air. Sampling usually
involves whole air sampling in bags or canister or pre-concentration using adsorption

tubes. Analysis usually involves gas chromatography.

Brookes et al.®®) and Young ef al.®9) collected undiluted landfill gas samples from
probes (modified piezometers) which were driven into the landfill. VOCs were
analysed by gas chromatography-mass spectrometry. VOCs were collected on two
types of adsorption tubes, Tenax GC (trap at ambient) and Porapak Q (trap at -80 °C)

and whole landfill gas was also condensed at -80 °C using methanol and solid CO,.

Samples collected on traps were thermally desorbed onto a cryo trap and then flash
vaporized onto a SE30 capillary column and a Chromosorb 101 packed column,
respectively. Condensate samples were injected directly into various packed columns
including Chromosorb 101, Tenax GC and Triton X 100 / KOH. Employing full scan
mode the Tenax GC trap / SE30 column provided non-polar VOCs and a general
‘finger print’ of collected species whereas the Porapak Q trap and condensate samples
analysed on the various packed columns provided acidic, basic, neutral and low
molecular weight compounds. Selective-ion mass (SIM) monitoring was also used for
the analysis of some carboxylic acids and low-molecular weight amines. Calibration
procedures involved anisole as internal standard using predetermined relative

response factors or direct calibration with appropriate available standards.

Brookes et al®® and Young et al(® surveyed VOCs in landfill gas from six
municipal landfills in the U.K. The landfills received either domestic or industrial
waste and some a mixture of domestic, industrial and liquid waste or domestic and
liquid waste. The age of the waste at the sampling points varied from 3 weeks to 6
years. At least 100 components were identified including alkanes, alkenes, cyclic
compounds, terpenes, aromatic hydrocarbons, chlorinated compounds, organosulphur
compounds, alcohols, esters, ethers and other oxygenated compounds including

ketones.
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They found that mature domestic refuse gave a mixture of mainly hydrocarbons but
landfill gas from sites containing freshly deposited domestic refuse or industrial waste
showed the presence of a much wider range of compounds. The industrial waste sites
were significantly richer in petroleum based hydrocarbons with benzene particularly
prevalent at industrial sites where levels were an order of magnitude higher than
domestic sites. Concentrations of toluene and xylenes were also higher at industrial
sites. Thiols and oxygenated compounds, including alcohols and esters are indicative
of fresh refuse in the early stages of decomposition. Low levels of organosulfur
compounds and esters found at one site containing 7 month old refuse suggested that
age of refuse was not the only factor affecting release of these compounds. Limonene
and alkylbenzenes were the most persistent throughout the three domestic sites and
their release does not appear to be particularly dependent on the age of the refuse with
propylbenzenes found widely in all sites. Increasing levels of higher molecular weight
alkylbenzene in domestic sites may be largely due to degradation of larger molecules.
Compounds such as halocarbons are present in the deposited waste and organosulfur
compounds are decomposition products of the waste, whereas others such as benzene,
toluene and vinylchloride appear to be derived from both sources and levels of these
may be higher at sites accepting industrial liquid waste. The levels of compounds
originating from incoming wastes would be expected to decrease with time, whereas
levels of those originating from decomposition processes should reach a maximum at
some time after waste deposition. Compounds originating from both sources have a
background level at all sites. In sites that accept a wide range of industrial waste
considerable variations may occur in VOC. levels between different areas of the

landfill. More details of the VOCs found at each of the six sites are given below:

In site A the most abundant compounds in domestic refuse of age 5 — 6 years were all
hydrocarbons with 8 — 11 C atoms (10 — 137 mg/m?3) including C, - C, alkylbenzenes
(8 — 138 mg/m3) and terpenes (21 — 63 mg/m?). Solvents, oxygen and sulphur

containing compounds were not present to any significant level.
In site B the age of the domestic waste at the sampling point was 7 months but below

the depth sampled older waste was deposited. As with site A there were significant

levels of Cy — C,, hydrocarbons (85 - 252 mg/m?), C, - C, alkylbenzenes (17.5 — 94
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mg/m3) and terpenes (157 — 230 mg/m?). Several oxygenated compounds and
organosulfur compounds were now present at appreciable levels and these are
indicative of young refuse. Alcohols were the most abundant with propan-2-ol the
most abundant at greater than 46 mg/m3. Dimethyl disulfide was present at 4 mg/m3
and benzene 4.2 mg/m?. Esters included ethylacetate (7 mg/m3) and ethylbutanoate (4
mg/m3). Halocarbons were also present including dichlorobenzene (15.5 mg/m3) and

trichloroethylene (11 mg/m3).

In site C the age of the domestic waste was 3 weeks and there was no cover material.
C, — C, alcohols were in abundance ranging from 17 — 650 mg/m3. C3 — C,,
hydrocarbons, C; — C, alkylbenzenes and terpenes ranged from 12 — 81, 13 — 120 and
33 — 105 mg/m3 respectively. Esters ranged from 15 —~ 64 mg/m3 with the ethylacetate
most abundant. In particular concentrations of limonene (105 mg/m3) and
propylbenzenes (120 mg/m?) were high and were the most persistent compounds
throughout the three domestic sites (A, B and C). Organosulfur compounds were
present with methanethiol and dimethyldisulfide present at 87 and 40 mg/m3

respectively.

Site D had received domestic, industrial solids and industrial liquid wastes and the age
of the waste at the sampling point was greater than 15 months old. The main
differences between site D and sites A, B and C were the presence of more volatile
hydrocarbons with C¢ — C,; the most abundant as well as high levels of benzene (114
mg/m3), toluene, xylenes and other industrial solvents. Vinyl chloride was also found
and associated with deposited halocarbon solvents. Other possible sources include the

degradation of PVC.

Site E had received domestic and industrial liquid wastes and the age of the waste at
the sampling point was 6 months with underlying older waste. Alcohols were
significant with ethanol at concentration greater than 800 mg/m? and other alcohols at
levels greater than 100 mg/m3. High levels of halocarbons were also present in
particular dichloromethane (140 mg/m3) and tetrachloroethylene (350 mg/m?) and

these were derived from the liquid waste. Other compounds included vinyl chloride,
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benzene, methanethiol, dimethyldisulfide, limonene and low levels of toluene, xylene

and hydrocarbons associated with industrial solvents and petroleum waste.

Site F had received industrial wastes and the age of the waste at the sampling point
was 5 years. The difference between site F and site A, where the waste was of a
similar age, is the presence of petroleum type compounds. There were increased

levels of C4 — C; hydrocarbons, benzene and volatile hexanes (500 mg/m3).

Propylbenzenes levels at 79 mg/m3 were similar to site A and the low levels of
terpenes may be due to low levels of vegetation in the deposited waste. Halocarbon
levels are also low as these are volatilised within the first 5 years due to high volatility

with the most abundant being the least volatile dichlorobenzenes present at 4 mg/m3.

In their work Young er al.®9 also identified compounds associated with odor and
those of toxic significance. Dominant compounds associated with odor include
alkylbenzenes, terpenes, in particular limonene, esters, in particular ethylbutanoate,
and organosulfur compounds including methanethiol and dimethylsulfide.
Alkylbenzenes and limonene along with other hydrocarbons are probably responsible
for ‘typical’ landfill gas smell whereas esters in particular ethylbutanoate are
responsible for the ‘sweeter’ smell of landfill gas from fresh refuse. Organosulfur
compounds produce the typical ‘bad egg’ smell with methanethiol the greatest
contributor to odor. It was suggested that the most important odors are common to
many sites and are dependent more on the age and decomposition rate than on the
nature of the waste. Esters and organosulfur compounds appear to be associated with
the early decomposition phase with alkylbenzenes and limonene playing on increasing
role in the odor as the more potent former species subside. Longer-term odor appears
to be dominated by hydrocarbons. Compounds observed at or above their toxicity

thresholds include benzene, C, — C; alkylbenzenes, halogenated compounds including

vinylchloride and tetrachloroethylene and organosulfur compounds including
methanethiol and butanethiols. The dilution factors required to bring the above
compounds to levels below their odor and toxicity thresholds are 1,000,000 and 100,

respectively.
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Scott ef al.(6® used sampling and analytical protocols similar to those used by Brooks
et al. ®3). They monitored VOCs from three domestic landfills in the UK over a period
of three years after the deposition of the waste. The work identified 136 different
components of which 109 were found to be common to all three sites. Classes of
compounds found include alkanes, alkenes, cycloalkanes, cycloalkenes, aromatics,
halogenated compounds, alcohols, ethers, esters, amines, carboxylic acids and

organosulfur compounds.

Alkanes was one of the predominant groups of trace organic compounds found. The
distribution in terms of molecular weight was bimodal about compounds containing
four carbon atoms and those containing nine carbon atoms. There were high levels of

C; — C5 and Cy — C,; compounds. It is likely that these two groups of alkanes are

produced by different mechanisms in the landfill. The low molecular weight
compounds are probably readily volatilized from petroleum products within the waste
whereas higher alkanes arise from biochemical reactions and levels of these appear to
increase gradually with time as anaerobic degradation of refuse proceeds. Under
anaerobic conditions, nonane and decane were the dominant alkanes released. At one
of the sites the release of higher molecular weight compounds still occurred well after
microbial activity appeared to have terminated suggesting that these types of
compounds are being volatilsed directly from materials in the waste and/or that a low

degree of activity persists at the site.

The levels of alkenes found at all three sites were generally below those of the
corresponding alkanes. Peak levels of alkenes were observed during the early stages
of refuse degradation and fell with the onset of methanogenesis. Similar to alkanes,
the distribution of alkenes was bimodal except that the higher molecular weight group
is favoured and levels of these appear to increase gradually with time as anaerobic
degradation of refuse proceeds. Abundant compounds include octene, nonene and

decene.
All of the cycloalkanes observed were alkyl substituted cyclopentanes and

cyclohexanes and their production is favoured under conditions of reduced anaerobic

efficiency. Unsaturated cycloalkenes (terpenes) were consistently found in higher
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concentrations than cycloalkanes at all three sites. Limonene was the terpene normally

found at the highest concentration.

Aromatic compounds were frequently found to be among the most abundant trace
components in landfill gas. The level and diversity of aromatic hydrocarbons tended
to increase under anaerobic conditions indicating that these compounds are produced
as microbial degradation products, as well as direct volatilization from petroleum
based materials and solvents discarded with household refuse. The concentration of
alkylbenzenes, particularly propylbenzenes and xylenes enhanced following the

establishment of anaerobic conditions.

The highest concentrations of organosulfur compounds in landfill gas were found
within the first few days following refuse deposition. Organosulfur compounds most
probably arise from the degradation of proteinaceous and putrescible fractions of
animal and vegetable matter. During the very early phases of refuse degradation
methanethiol 1s observed in relatively high concentration, but levels rapidly decline
and dimethyl sulfide and dimethyl disulfide appear to be the principal sulfur

containing compounds released during anaerobic degradation.

Relatively high levels of alcohols were observed at all three sites during the days
following initial deposition of the refuse. Alcohols were generally low molecular
weight compounds in the C, — C; range. During the early phases of refuse degradation
ethanol, propan-1-ol and butan-2-ol were common to each site. Alcohols arise
particularly from the fermentation of putrescible materials such as fruit and vegetable
matter. Levels appear highest under conditions which favour anaerobic activity prior

to the development of a substantial methanogenic microbial population.

High levels of esters were produced shortly after refuse deposition with ethyl
ethanoate a major component. Other esters, particularly ethyl butanoate and propyl
butanoate were common in landfill gas throughout the period of observation. Esters in
landfill gas may arise from refuse decomposition products or may be produced from
reaction between carboxylic acids and alcohols produced within the landfill. This

latter source may explain the absence of carboxylic acids in landfill gas; as these were
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not present above their detection limits. Except for the very low levels of diethyl
amine, amines were also not observed above their detection limits and diethyl ether
was the only ether found during the course of the study and volatilsed from the waste

within the first few days of refuse deposition.

Up to 25 individual halocarbons were identified in landfill gas from the three sites.
With the exception of dichlorobenzene, all of the halocarbons were relatively low
molecular weight species containing one or two carbon atoms. No bromo or iodo
compounds were observed. The halogenated compounds found in landfill gas arise
from direct volatilization rather than microbial degradation processes, as they are
common components of many household and consumer products. Low molecular
weight alkanes and halogenated compounds, particularly those containing fluorine,
are emitted at relatively high concentrations during the aerobic activity phase when
methane production is low. It is likely that some halocarbons of low molecular weight
will be absorbed by refuse. These compounds may be subsequently re-released at rate
proportional to the rate of refuse degradation. These compounds may give rise to
enhanced rates of corrosion in landfill gas extraction and utilisation equipment when

the gas is combusted for the purpose of energy production.

The trace fraction of landfill gas from the three sites essentially comprised of the same
organic groups and compounds although the range and relative abundance of
individual compounds appeared to be determined by other factors. Inter-site variation
in landfill gas trace composition, observed during the course of the study, appeared to
be influenced by the individual characteristics of each site and the extent to which
these characteristics influence landfill processes. Climate, variations in operational
practices and the physical form and location of the wastes deposited are all factors

which influence the relative rates of various landfill processes responsible for trace
emissions. These dictate, either directly or indirectly, which trace compounds
predominate in the vapour / gaseous phase at any particular stage of refuse

degradation.

The odour of the landfill gas is dominated by relatively few of the compounds found
to exceed their odour thresholds where methanethiol and ethyl butanoate were often

among the most odorous components observed. The most odorous emissions from all
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three sites were observed during the period immediately following the deposition of
refuse. A minimum dilution factor of up to 1 X 10% can be required to reduce the level

of odorous components below odour thresholds.

Toxic concentrations (levels above Threshold Limit Values) of some organosulfur,
organochlorine, alcohols, aromatic and formaldehyde were observed. The maximum
dilution of 430 was required to reduce the concentration of the most toxic compound
observed (methanethiol) below its individual TLV. Such dilution is usually available

above landfill sites.

Assmuth et al.®3) collected landfill gas samples from probes (PVC wells or
piezometers) which were inserted into the landfill. VOCs were collected on Tenax™
adsorption tubes, and analysed via thermal desorption using capillary gas
chromatography with flame ionisation detection. Analytical details were referred to a

technical report by Kalevi®9.

These investigators measured VOCs in landfill gas samples from 3 terminated and 1
active municipal landfills in Southern Finland. In all of the sites, codisposal of
industrial, hazardous or other special wastes with mixed municipal wastes is reported
or assumed to have taken place. The terminated landfills operated for periods ranging
from 21 — 31 years and the active landfill had been operating for 36 years. Over 30
trace contaminants were investigated, including halogenated aliphatic hydrocarbons,

aromatic hydrocarbons, phenolic compounds and halogenated benzenes.

Compounds found in significantly elevated concentrations included chloromethanes
and BTEX compounds (Benzene, Toluene, Ethylbenzene and Xylene). High levels of
these were attributed to industrial waste, particularly solvents. Concentration
variations between sites were attributed to differences in waste content and site
conditions. The levels of aromatic compounds ranged from 1.1 — 445.3 mg/m3.
Halogenated aliphatic hydrocarbons were also persistent at all sites in appreciable
levels ranging from 13.01 — 421 mg/m3. Halogenated benzenes ranged from 0.17 —
0.67 mg/m3. The concentration of phenolic compounds was less than 0.03 mg/m? in

all sites. The estimates of dominant contaminant emissions from the study sites were
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of the order of kg/day where carbon tetrachloride occasionally exceeded toxicity
limits and levels of several chloromethanes, chloroethenes and aromatic compounds

exceeded urban background levels by up to 100,000 times.

Interestingly, appreciable levels of halogenated aliphatic hydrocarbons were found at
all sites even though the age of the fills suggests these volatile compounds are thought
to persist for only a few years after waste deposition. Assmuth er al.¢93 point out that
volatile halogenated compounds can persist where no gas extraction has occurred and
at the four sites studied by Assmuth es a/®3 gas collection systems had not been

installed.

Ward er al.®) investigated VOCs in landfill gas and sub-surface gas plume emanating
from the landfill by capillary gas chromatograph connected to a mass selective
detector. Landfill gas was sampled from a gas venting borehole and plume gas
samples from gas probes (hollow soil spike and boreholes). VOCs in gas samples
were trapped on adsorbent tubes containing equal amounts of Tenax GR, Haysep Q
(580 m?%/g) and Carbosieve S-III (550 m?/g). The adsorption tubes allowed a wide
range of VOCs to be trapped and the adsorbents were packed in order of increasing
adsorption properties thus preventing the high boiling fraction from becoming
irreversibly attached to the strongly sorbing material. Samples were thermally
desorbed onto a Tenax TA cryogenic trap followed by thermal desorption onto a 5 %
phenyldimethylpolysiloxane capillary column. Identification of VOCs was achieved
by software comparison with the Wiley / NBS database of mass spectra. Quantitation
was achieved using external standards of 11 compounds corresponding to analytes or
1somers of analytes in the sampled gas. The detector response was assumed to be the
same for the standard and its isomers and, in the absence of data to confirm this, the

results of the analysis were regarded as semi-quantitative.

The study analysed VOCs in landfill gas and sub-surface gas plume emanating from a
landfill site located in the U.K. The landfill had accepted domestic, dry industrial and
commercial wastes deposited between 1982 and 1988, and in 1990 the site was
capped and a passive venting system installed. A total of 79 compounds were
identified, of which the 44 most abundant compounds were analysed. The range of

VOCs found were similar to those in landfills containing predominantly domestic
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waste with the most abundant being n-alkanes, branched alkanes, halogenated
compounds, cyclic alkanes and aromatic compounds. Other compounds found
included alcohols, ketones, esters, alkenes and terpenes. Only two compounds,
vinylchloride and dichlorofluoromethane, approached or exceeded toxicity limits

outside the landfill.

Halogenated compounds, particularly CFCs were found to be the most mobile and
their concentration profiles in the plume suggest that they may have been flushed out
of the landfill during its early stages. It was also suggested that the association of

halogenated compounds with methane is diagnostic of a landfill source.

Allen et al.®2) used adsorption tubes to collect VOCs from landfill gas after which the
VOCs were thermally desorbed and analysed by capillary gas chromatography with
mass selective detection. Landfill gas was taken from monitoring points on gas
extraction systems and a trial gas well which had been installed to assess methane
production rates. The adsorption tubes contained a 1:1:1 ratio by volume of the
following adsorbents packed in series: Tenax TA (80 / 100 mesh), Chromosorb 102
(80 / 100 mesh), and Carbosieve SIII (60 / 80 mesh). There were arranged in order of
increasing adsorptive properties, which enabled a single sample tube to be used to trap
VOCs with a wide range of boiling points and volatility. Samples were thermally
desorbed onto a Tenax TA cryogenic trap followed by thermal desorption onto a 100
% dimethylpolysiloxane capillary column. Compounds were identified by mass
spectral matching to the MS library data and external reference compounds.
Quantitation of VOCs was achieved using a 12 component external standard which
was introduced into a sampling tube and analysed as were real samples. For those
compounds not directly quantified, relative response factors were used. More details
on the sampling and analysis protocols were detailed in a previous paper by Allen ef

al. v,

These workers studied VOCs in landfill gas from seven municipal landfills in the
U.K. At six of the sites gas extraction was underway and these sites had been in
operation since 1920, 1984, 1986, 1987, 1990 and 1990 respectively. The other site,
where gas extraction had not been undertaken, had been in operation since 1965. The

landfills received both domestic and trade waste where the trade waste consisted of
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building waste and waste with a similar organic content to that of domestic waste.
None of the sites were licensed to accept toxic or industrial waste. Landfill gas
samples were collected from gas extraction systems installed at six of the sites and
from a trial gas well at the seventh site. Over 140 compounds were identified, of
which 90 were present in each of the samples taken. Certain classes of compounds
were identified including alkanes, alkenes, alcohols, ketones, chlorinated compounds,
cyclic compounds, aromatic compounds, terpenes and esters. They found that the
majority of compounds identified were present at all sites but the relative proportions
of certain classes varied considerably between sites. These variations were attributed
to differences in waste composition and the rates and mechanism of waste
decomposition. Exact reasons for variations between sites could not be given as gas
sampled was extracted from areas of differing waste ages. Further relevant

information on the types of VOCs found is given below.

At two of the sites where gas extraction was conducted, alcohols, esters and ketones
were present at levels 2 — 3 orders of magnitude higher than the other sites. Exact
reasons for this were not given as the gas sampled was extracted from areas of
differing waste ages. However, it was thought that these landfills located in the
vicinity of fruit growing districts might have been receiving waste fruit. Other studies
indicated that high levels of these compounds were attributed to fresh refuse,
putrescible material such as fruit and vegetables, or sites with high gas production
rates(100-102)  The levels of alcohols and ketones ranged from 2 — 2069 mg/m3.
Alkanes, aromatic compounds and cyclic compounds were present at appreciable
levels at all sites and ranged from 302 — 1543 mg/m3, 94 — 1906 mg/m? and 80 — 487
mg/m3, respectively. Other studies have indicated that the predominance of these
types of compounds is usually associated with older refuse(!92). Their persistence at all
sites is in accord with these compounds being produced during the waste degradation
process, and their levels in the gas are dependant on waste composition and the stage
reached in the decomposition process. One of the sites was monitored at monthly
intervals for a period of 15 months and the levels of VOCs were reasonably consistent
over this period and were directly related to methane levels. Fluctuations were
thought to be due to changes in gas extraction rates at the gas well studied, changes in
atmospheric pressure and changes to both ambient temperature and the temperature of

the landfill itself.
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Terpenes were also persistent at all sites in appreciable levels ranging from 35 — 652
mg/m? where a-pinene and B-pinene accounted for 51 % and 100 %, respectively, of
the total terpenes present at each site. They suggested that terpenes are derived from
the volatilisation of compounds contained in garden wastes, such as hedge clippings,
shrubs, and trees with other potential sources including fragrant household detergents

and air fresheners.

Halogenated compounds were also present at all sites and their levels ranged 327 —
1239 mg/m3. At the seven sites studied by Allen et al.2) chlorofluoro compounds
(CFCs) accounted for 95 % of the total chlorine measured in the landfill gases. They
suggested that CFCs are emitted from the direct volatilisation of compounds present
in probable sources such as aerosols, paint remover, dry cleaning agents, dyeing
solvents, foam blowing agents, soaps, paint, varnish and refrigerants. They also
suggested that CFCs are governed by the composition of the waste and are not
influenced by biological decomposition processes. Due to their finite source and
volatility CFCs emissions usually occur in the years following waste deposition but
Allen et al.®? found the highest levels of CFCs in landfill gas from waste in excess of
20 years old and it was thought that this was due to the lack of gas extraction at this
site. Variations in CFCs concentrations between sites were attributed to differences
are waste composition. At three of the sites the total chlorine content of the gas
exceeded levels which were specified as detrimental to gas engine oil (the buffering

capacity is reducing) thus increasing the potential for engine corrosion.

Total VOCs emissions from four of the seven sites studied were estimated to be of the
order of 104 kg/yr. Compounds which exceeded various toxicity limits included
chloroethene, toluene, xylene, trimethylbenzenes, tetrachloromethane and
dichlorofluoromethane. Allen et al. 2 point out that their discussion on health risks
from VOCs in landfill gas assumes that there are no synergistic or additive effects
from the other components present in the gas. Young and Heasman(!%) indicated that
the toxicity of landfill gas depends on the cumulative effect of more than a hundred

groups of compounds.
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Eklund er al.®%) measured VOCs in landfill gas from a municipal solid waste landfill
site in U.S.A. The site began accepting waste in 1948 and up until the time of their
study (1998) was currently accepting household garbage. Hazardous waste and
medical waste were not currently accepted. Landfill gas samples were taken in
Summa polished stainless steel canisters from the headers of the gas extraction
system, individual gas extraction wells, passive vents and the landfill surface (flux
chamber). Details of sampling and analytical methods were referred to a report by the
US EPAU) but VOCs analysis basically involved gas chromatography with dual
columns and multiple detectors including a flame ionisation detector (FID), a
photoionisation detector (PID), and an electrolytic conductivity detector (ELCD).
More prevalent VOCs found in all samples included n-alkanes, aromatic compounds,
halogenated compounds and terpenes. The landfill gas composition was consistent
across all sampling sources even though emission rates for each source were different,
indicating that composition does not vary significantly as a function of landfill gas

flow rate.

Schweigkofler er al. ¥ used evacuated stainless steel canisters (15 L) to directly
collect gas samples from two domestic waste disposal landfill sites and two sewage
treatment plants. The VOCs were analysed by gas chromatography — mass
spectrometry / atomic emission spectroscopy. A defined volume of sample was drawn
from the canister and cryogenically trapped at —85 °C. Samples were thermally
removed onto a second cryogenic trap (liquid N,) after which they were thermally
displaced onto a dimethylpolysiloxane capillary column. The second trap was used to
focus the sample prior to GC and an internal moisture management system was used
to minimize the effect of moisture on the chromatography. Simultaneous mass
spectrometric and atomic emission spectroscopic detection was used. Mass
spectrometry was used for sample identification while atomic emission spectroscopy
using four elements specific channels (Si, Cl, S, C) and a 30 component external

standard, was used for quantification.

These authors also studied VOCs in biogases from two German domestic waste
landfill sites and two sewage treatment plants. More than 80 compounds were

identified by MS analysis and the major compounds included Cy — C,, alkanes,
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aromatics compounds, terpenes and volatile siloxanes. Oxygenated compounds were
also found including alcohols and ketones. Sewage gas was also studied for its VOCs
content and contained the same major classes of compounds as landfill gas but at

significantly lower levels and more less volatile compounds were observed.

Volatile siloxanes were of particular interest. These are derived from the use of
silicoorganic compounds in products such as shampoos, skin creams, toothpaste and
others; as well as the possible formation of volatile siloxanes from the degradation,
within the landfill, of high molecular weight silicoorganic compounds. These
siloxanes are converted into microcrystalline silicon dioxide during combustion of

landfill gas and contribute to abrasion of combustion chamber surfaces(5° - 60),

They found that VOC levels in landfill gas from the two sites studied varied
considerably. Concentration differences were said to be primarily due to differences
in waste composition, the hydrogeological situation of the waste body, and the stage
reached in the decomposition process. Other factor, affecting fluctuations in gas
composition could be attributed to changes in gas extraction rates and parameters such

as gas temperature and atmospheric pressure.

Concentrations of some individual compounds were reported and these are given here
for landfill gas where the ranges specified for each class of compounds were
determined by addition of the individual compound data. The levels of aromatic
compounds ranged from 164.7 — 289.6 mg/m3. Terpenes were also persistent at all
sites in appreciable levels ranging from 19.7 — 102.7 mg/m3. Alkanes ranged from

48.1 — 67.5 mg/m3, respectively. Halogenated compounds ranged 7.79 — 18.74 mg/m3.

1.3.2. A Summary of the Various Classes of VOCs Found in Landfills

The VOCs found in landfill gas originate from two sources, they are either present in
the incoming waste or they are produced during the degradation of the waste. Some
compounds originate from both sources. The range of VOCs found in landfill gas
from very different sites, including those accepting domestic and both domestic and
industrial wastes, is very similar, and includes oxygenated compounds, alkanes,
alkenes, cyclic compounds, aromatic compounds, organosulfur compounds,

organohalogenated compounds, terpenes and silanes. Compounds such as
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organosulfur compounds, esters and alcohols are associated with fresh refuse in the
early stages of decomposition. The presence of these compounds is associated with
the acid formation stage of the decomposition process. The most prevalent
compounds in landfill gas which are present from early on and persist right through in
the decomposition process are n-alkanes, branched alkanes, aromatic compounds and
terpenes. The presence of these compounds alone is indicative of mature refuse.
Compounds present in the incoming waste include organohalogenated compounds
and these as well as alkanes and aromatic compounds originate from industrial waste.
Where gas extraction is taking place, the gas sample represents an average of the
VOCs present at the site, and the range of compounds found reflects the differen
characteristics of the waste, in particular age and composition, across the site. Table
1.4 lists the various classes of VOCs found in landfill gas along with typical
compounds, source and other relevant information. The information in Table 1.4 was

obtained from literature used to prepare Section 1.3.1.
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1.3.3. Factor Affecting the Types and Levels of VOCs Found in Landfill Gas

The range of VOCs is similar across a wide variety of landfill sites but their relative
concentrations may differ significantly. Significant variations may also exist between
VOCs found in landfill gas taken from different areas of a particular site. Where gas
extraction is taking place VOC levels in extracted gas represent an average from
across the site. The most important factors influencing the types and levels of VOCs
in landfill gas are the stage reached in the waste decomposition process, i.e., the age
of the waste and waste composition. Factors which influence the rates of various
landfill processes include climate, variations in operating practices, the physical form
and the location of the deposited wastes. A number of factors affect methane levels in
landfill gas including gas extraction rate, atmospheric pressure, ambient temperature
and landfill temperature. These parameters also affect VOC concentrations as they

appear to be related to methane concentration.

In general VOC production within a landfill site would be expected to reach a
maximum at some time following deposition and then decrease with time as the waste
body becomes inert. Compounds produced in the early stage of waste decomposition,
such as oxygenated compounds and organosulfur compounds, would be abundant in
landfill gas at this stage with their levels decreasing as the waste matures. Compounds
such as alkanes, aromatic hydrocarbons and terpenes are persistent throughout the
decomposition process and are abundant in landfill gas from mature refuse. Similarly,
VOCs present in the incoming waste would also decrease with time as there is a finite
source of these. These add to the background levels of VOCs produced from
decomposing refuse, in particular elevated levels of hydrocarbons and aromatics
indicate petroleum based wastes and solvents. Sites accepting these sorts of waste
may show considerable variation in these types of VOCs due to the different levels

present in the wide variety of wastes.

The above discussion indicates that it is very difficult to compare VOCs levels in
landfill gas taken from different sites or even from different areas of one particular
site. Table 1.5 shows the results of VOCs levels in landfill gas from a number of other
researchers. No attempt was made to relate types and age of waste or sampling source
but rather the Table 1.5 is meant to show levels of VOCs that have been found rather

than try to compare levels between researchers. Also, sampling and analytical
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protocols have not been compared. Details on waste types and age, and sampling and

analysis are given in Section 1.3.1.
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1.4 Aims of This Thesis

The main objective of this work was to investigate VOCs in landfill gas from
Australian landfill sites as no previous published literature on Australian sites was
available. The main aims were:

1. to develop sampling and analysis protocols for VOCs in landfill gas, and

2. to observe the trends in levels and relative abundance of various VOCs at a

number of landfill sites and find correlations with waste age and inputs.
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CHAPTER 11
EXPERIMENTS PREPARATION AND MATERIALS

2.1 Landfill Gas

The landfill gas investigated in this study was taken from seven landfill sites in the
western region of Melbourne, Victoria, Australia (see Table 6.1 and 6.2 for landfill

sites description and sampling point description, respectively).

2.2 Landfill Gas Sampling Apparatus for Volatile Organic

Compounds Collected on Solvent Desorption Adsorption Tubes

2.2.1 Sampling Train

The sampling train used to collect VOCs in landfill gas is shown below in Fig. 2.1.
Landfill gas emerging from the landfill bore-hole or well (6) is pumped by the
sampling pump (5) through the moisture trap (2). Volatile organic compounds in the
dry gas emerging from the moisture trap are collected on adsorption tubes (3). Gas
stripped of its VOCs then passes through silica moisture indicator tube (4) before
passing through the pump and out to atmosphere. Adsorption tubes, moisture trap,
connecting tubing, moisture indicator tube and sampling pump are described in the
following sections. The pump flow was set at 200 ml/min and was set after
connection to the sampling train to account for flow resistance due to train back
pressure. The pump was downstream of the adsorption tubes to avoid contamination
of the tubes with pump volatiles. The moisture indicator tube contained SiO, which
changed color from blue to red if moisture penetrated the moisture trap. It was also
placed downstream of the adsorption tube to avoid VOCs being adsorbed on it. For
the collection of the minor components in the landfill gas, sealed adsorption tubes
were opened, fitted into the sampling train and sampling commenced. Sampling time
is discussed in section 3.1.2. When sampling was completed both ends of the

adsorption tubes were sealed with the caps provided with the tubes.
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2 | 3 I*Ltt_(_lr*l

1
1N 5
N AN NN
7 p 7 1. Inert Connection Tubing; 5. Sampling Pump;
2. Moisture Trap; 6. Bore-hole (Well);
3. Adsorption Tubes; 7. Landfill Site.
N 4. Moisture Indicator Tube;  —»— Direction of gas flow

Fig. 2.1 The Sampling Train

Samples were kept in the refrigerator if not analyzed on the same day as collection.

Sample preparation is described in Section 2.3.

2.2.1.1 Solvent Desorption Adsorption Tubes
Landfill gas was collected on adsorption tubes and collected compounds were

desorbed either with carbon disulfide (CS,) or thermal desorption.

The tubes used in solvent desorption studies are described below and shown Fig. 2.2,

and were supplied by SKC. Carbon disulfide (CS,) was AR. Grade and supplied by

Ajax Chemicals. The various tubes include:
a) Charcoal tubes, Lot 120;
b) Tenax tubes, Lot 824;
c) XAD tubes, Lot 816.

Direction of Airflow
- Glass Tube
/ 4mm ID
6mm OD
< g % %> 70mm Long
AN Flame-Sealed Ends
Plug of _7/\<

Glass Wool

i . 2 Urethane F
Front Section Back Section mm Urethane oam

100mg 20/40-Mesh 50mg 20/40-Mesh
Adsorption Medium Adsorption Medium

Fig. 2.2 Solvent Desorption Adsorption Charcoal Tube
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2.2.1.2 Construction of the Moisture Trap
Fig 2.3 (a) & (b) show the construction of the moisture trap. All glass components of
the moisture trap were silanised as described in the following section. The polystyrene

box containing the moisture trap was a XL ‘esky’ purchased from K-Mart.

Connecting

Polystyrene
Box (with Cover)

Spiral Glass

Convex Glass

Holder

Fig. 2.3 (a) The Construction of The Moisture Trap

ID 6.4mm, OD 8.0mm ID §.0mm, OD 7.0mm
.
OUT —=— ﬁ
(To the Adsorption Tubes)
-t Py |t o~
45.0mm 138.0mm " T 45.0mm
ID §.0mm, OD 7.0mm D 20.0mm
A
IN — ;
(From the Bore-hole)
ID 6.4mm, OD 8.0mm [}

80.0mm '~ 55.0mm 60.0mm
ID 4.8mm, OD 6.4mm

Fig. 2.3 (b) The Construction of The Moisture Trap

After sampling, the unit is washed by flushing with hot water for half an hour,
following by oven-drying (150 °C) overnight. It was found that this method of

cleaning was better than soap or solvent washing as indicated by blank analyses.
2.2.1.3 Silanisation Method

The glass components of the moisture trap were deactivated by the silanisation

method described below:
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* Rinse with acetone (to remove any manufacturing residues that might interfere

with the silanisation).

o Heat at 180 °C for 1 hour (to evaporate polar compounds such as water, alcohols,

and amines which could react with the silylation reagents).

e Cool to 50 °C and immediately place in a 5 % solution of dimethyldichlorosilane
(DMDCS) preferably in toluene and cover with laboratory stretch film. Soak for 10
minutes (Use caution when removing the glass condensation tubes from the reaction
vessel because hydrogen chloride is formed during this reaction).

¢ Rinse with toluene.

¢ Place in methanol and soak for 10 minutes.

e Airdryat25°C

The silanisation reaction is shown in Fig 2.4.

Glass CH3 HCI CH3 HCI CHJ

Hydroxy Group | J | Methanol J |
ethano

—OH 4+ cil—si—¢cl — —o0—si—cl CH,OH = — O~ Si—0—CH,

CH, CH, CH,

Fig. 2.4 The Silanisation Reaction

2.2.1.4 Inert Connecting Tubing

The inert tubing placed in the landfill bore hole and used for all connections in the

sampling train was Viton® connecting tubing supplied by Cole-Palmer. Two different

size tubings were used in the sampling train and included:

(a). ID 4.8mm, OD 6.4mm, WALL 0.8mm.
(b). ID 6.4mm, OD 8.0mm, WALL 0.8mm.
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2.2.1.5 Moisture Indicator Tube
The moisture indicator tube was 15cm X 0.8cm glass tube containing dried silica with

glass wool plugs at each end and is shown in Fig 2.5. The silica changes color from

blue to red when exposed to moisture.

Dried Silica

]

Glass Wool Plugs

Fig. 2.5 The Moisture Indicator Tube

2.2.1.6 Sampling Pump and Sampling Pump Calibration

The sampling pumps are the Personal Air Sampler Model: 222-3 and were supplied by
SKC. All sampling pumps were calibrated using the mini-BUCK CALIBRATOR
supplied by A.P. BUCK Inc.. The mini-BUCK CALIBRATOR is an electronic bubble

flow meter.

The sampling pump was calibrated attached to the sampling train at both the beginning

and end at sampling of landfill gas.
2.2.2 Drying Tubes
Sodium sulfate (Na,SO,) drying tubes used in initial attempts to remove moisture are

described below:

(a). Commercial Na,SO, drying tube containing 250 mg of Na,SO, supplied by SKC.

(b). Specially constructed Na,SO, drying tubes were prepared using 15cm X 0.8cm

glass tubing containing dried AR. Grade Na,SO, supplied by Ajax Chemicals.

2.3 Sample Preparation Prior To GC-MS Analysis

VOCs adsorbed on the various adsorption media were desorbed using CS, as

described in ASTM D3686-95104). However, 10 ml of CS, was used for the 150 mg
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adsorbent tubes rather than 1 ml as indicated in the ASTM method in order to produce
samples of suitable concentration for GC analysis. The procedures are described

below:

The adsorption medium from each adsorption tube was separately transferred into 10

ml glass centrifuge tubes, and 10 ml CS, added. A model ST-19 SENTRA vortex

shaker was used to agitate solvent and adsorbent for 2 minutes.

For the quantitative analysis, 125 pl of the above solution was taken, and 20ul of each
internal standard (see Section 2.4.1) was added, and the solution was diluted to a final

volume of 1 ml with CS,.

2.4 VOCs Standard Solutions For Solvent Desorption of Study

2.4.1 VOCs Standards
VOCs used to prepare standard solutions were supplied by ULTRA Scientific and
Sigma-Aldrich. The compounds used in this study are listed below. All solutions were

prepared using AR Grade CS, supplied by Ajax Chemicals.

(a). Straight Chain Hydrocarbons: Supplied by ULTRA Scientific.
n-Hexane, n-Heptane, n-Octane, n-Nonane, n-Decane, n-Undecane

and n-Dodecane.

(b). Cyclic Hydrocarbons: Supplied by ULTRA Scientific.
Cyclohexane, Methylcyclohexane, 1,2-Dimethylcyclohexane (irans- & cis-),
1,4-Dimethylcyclohexane, Ethylcyclohexane and iso-Propylcyclohexane.

(c). Aromatics: Supplied by ULTRA Scientific.
Benzene, Methylbenzene, 1,2-dimethylbenzene, 1,3-dimethylbenzene,
1,4-dimethylbenzene, Ethylbenzene, Propylbenzene, 1,2,4-Trimethylbenzene
and 1,3,5-Trimethylbenzene.
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(d). Terpenes: Supplied by Sigma-Aldrich.

a-Pinene, f-Pinene and 1-Limonene.

(e). Deuterated internal standards: Supplied by ULTRA Scientific.
Ethylbenzene-D; (2.010 mg/ml) and Naphthalene-Dg (1.002 mg/ml),

2.4.2 Standard Solutions Used for Positive Identification

2.4.2.1 Standard Solution for Positive Identification of the Straight Chain, Cyclic and
Aromatics Hydrocarbons

A standard solution containing 0.025 pl/ml each of the straight chain, cyclic and

aromatics hydrocarbons listed in Section 2.4.1 (a, b and ¢) was prepared by adding 20

ul of each compound into a 10 ml volumetric flask and diluting to a final volume of

10 ml with carbon disulphide (CS,). A 125 pl aliquot of this solution was further
diluted to a final volume of 10 ml with CS,. This standard solution was used for

positive identification of the straight chain, cyclic and aromatics hydrocarbons.

2.4.2.2 Standard Solution for Positive Identification of the Terpenic Hydrocarbons

A standard solution containing 0.025 pl/ml each of three terpenic hydrocarbons listed
in Section 2.4.1 (d) was prepared by adding 20 pl of each compounds into a 10 ml
volumetric flask and diluting to a final volume of 10 ml with carbon disulphide (CS,).
A 125 ul aliquot of this solution was further diluted to a final volume of 10 ml with

CS,. This standard solution was used for positive identification of the terpenic

hydrocarbons.

2.4.3 VOCs Standard Stock Solution for Quantitation
A stock solution containing 0.2 pl/ml each of the straight chain, cyclic, aromatics and
terpenic hydrocarbons listed in Section 2.4.1 (a, b, ¢, and d) was prepared by adding
20 pl of each compound into a 10 ml volumetric flask and diluting to a final volume
of 10 ml with carbon disulphide (CS,). This standard solution was stored in a
refrigerator. This stock solution was used to prepare calibration solutions for GC

analysis.
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2.4.4 Standard Solutions
By diluting the stock solution (see Section 2.4.3) with CS,, the following standard

solutions were prepared:

0.2,0.1, 0.05, 0.025, 0.0125 and 0.00625 ul of each compound per ml CS,.

2.4.5 Calibration Solutions
For the quantitation analysis, 960 ul of each standard solution (see Section 2.4.4) was
then taken, and 20 pl of each internal standard (see Section 2.4.1) was added to give a

final volume of 1 ml. The Calibration Solutions prepared were:

0.192, 0.096, 0.048, 0.024, 0.012 and 0.006 pl of each compound per ml CS,.

2.5 GC-MS Conditions For Solvent Desorption Adsorption Tubes

2.5.1 GC-MS Conditions

The gas chromatograph used was a Hewlett-Packard (HP) 5890 series II with a HP
5971 Mass Selective Detector. Injection was performed by a HP 7673 Auto Injector.
GC column flow was adjusted at 70 °C GC oven conditions are described in Chapter

[II. Other GC-MS conditions are described below.

Carrier Gas: Helium.

Carrier Gas Flow: 0.9 ml/min at 70 °C.

Injection Mode: Split or splitless depending on VOC concentration in landfill

and / or sampling time.

Injection Volume: 1 pl

Columns: Capillary DB-5, 25m x 0.25mm ID, 0.25 pm film thickness
(Supplied by ] & W)
Capillary BP-1, 25m x 0.25mm ID, 0.25 um film thickness
(Supplied by SGE)
Capillary BP-1, 25m x 0.25mm ID, 1 pm film thickness
(Supplied by SGE)

Oven Temp: See Chapter II1.
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Injection Temp: Injector 250 °C.
MS transfer line: 280 °C.

Solvent delay: 3.0 minutes
Scan rate: 1.2 scans/sec.
Scan range: 40 — 550 amu

Tuning procedure: Auto tune

Mass spectral confirmation: Wiley Mass Spectral Data Base

2.6 Desorption Method Validation for Solvent Desorption

2.6.1 Preparation of Pure Mixture

A mixture containing nine compounds was prepared by combining 100 pul each of
benzene, cyclohexane, heptane, methylbenzene, ethylbenzene, 1,4-dimethylbenzene,
propylbenzene, B-pinene and 1,3,5-trimethylbenzene. The compounds are described in

Section 2.4.1.

2.6.2 Preparation of Standard Solution

A standard solution containing 0.0444 ul of each compound in 5.00 ml CS, was

prepared as follows. 4.00 pl of the mixture described in Section 2.6.1 was diluted to

5.00 ml with CS,. 500 pl of this solution was further diluted to 5.00 ml with CS,,.

2.6.3 Preparation of Standard Gaseous Mixture

The apparatus used to prepare the standard géseous mixture 1s shown in Fig 2.6. To
the cap of a 25 L airtight glass container were fixed two hose connectors. A personal
sampling pump (Section 2.2.1.6), external to the container, was connected to one hose
connector using inert tubing (Section 2.2.1.4). Inert tubing was also used to connect a
5 L Tedlar® bag inside the container, to a 10 L Tedlar® bag outside the container via
the other connector. The inert tubing used to connect the 5 L Tedlar® bag was the
shortest length possible and a clamp was placed on the inert tubing connecting the

10L Tedlar® bag to the container as close to the connector as possible.
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HOSE CONNECTORS
(AIR TIRHR FITTINGS)

TIGHT

—/ 25L WATER
5L BAG CONTAINER

Fig. 2.6 The Apparatus for the Standard Gaseous Mixture Preparation

The procedure used to prepare the standard gaseous mixture was taken from the
Victoria EPA standard method(105-106), The procedure ensures that no pump
contaminants are introduced into the standard gas mixture as no gas mixture
components ever come into contact with the pump. In this procedure a known amount
of air is removed from the gas container, consequently the negative pressure produced
in the container allows the internal Tedlar® bag to fill with an equal amount of gas, so
as to balance the internal pressure of the container with the external atmospheric

pressure on the container. The procedure involved the following steps.

1. The 10 L Tedlar® bag is filled with 7 — 8 L of high purity nitrogen (N,), connected
to the inert tubing and the bag valve opened.

2. The clamp is removed and the pump started at a flow rate of 200 ml/min so as to
extract air from container.

3. After 25 minutes, 5 L air has been extracted from the container, and the pump is

stopped.
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4. After a further 2 minutes when the internal and external container pressures have
balanced, the clamp is closed and the 10 L bag removed. The 5 L Tedlar® bag plus
inert tubing until the clamp now contains 5 L of high purity nitrogen (N,)

5. The container cap is unscrewed and lifted to expose the bag valve. Into the bag is
injected 1 pl or 10 pl of the mixture described in section 2.6.1, and the cap
refitted.

6. The bag is left to sit for 6 hours in order for the mixture to evaporate and the
gaseous mixture to become homogeneous.

7. A charcoal tube is connected to the internal bag via the external inert tubing, i.e.,
where the 10 L Tedlar® bag was initially.

8. The pump is connected so as to pump air into the container, the clamp opened,
and 2 L of air is introduced into the container at 200 ml/min.

9. After 10 minutes, 2 L of gaseous standard has passed through the charcoal tube
and the clamp is closed.

10. For solvent desorption the charcoal tube is desorbed with 5 ml of CS,, as

described in section 2.3.

2.7 Landfill Gas Sampling Apparatus for Volatile Organic

Compounds Collected on Thermal Desorption Tubes

2.7.1 Sampling Train

The sampling train used to collect VOCs in landfill gas using thermal desorption
tubes is shown in Fig. 2.7. The sampling prdcedure was similar to that described in
Section 2.2.1, except that pump flow rates of between 60 and 200 ml/min were used.
Pump flow rates and sampling time are discussed in Section 4.1.1. Thermal
desorption adsorption tubes are described below and other sampling train components
are described in Section 2.2. In Fig 2.7 two thermal desorption tubes are placed in
series, where the second tube is used to indicate sample breakthrough. When sampling
was completed both ends of the adsorption tubes were sealed with the caps provided

with the tubes.
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1
ANS RS RN ’
7 6 N 1. Inert Connection Tubing; 5. Sampling Pump;
2. Moisture Trap; 6. Bore-hole (Well);

3. Thermal Desorption Tubes; 7. Landfill Site.
NN 4. Moisture Indicator Tube;

->— Direction of gas flow

Fig 2.7 The Sampling Train Using Thermal Desorption Tube

2.7.2 Thermal Desorption Adsorption Tubes
The tubes used in thermal desorption are described below and were supplied by

Supelco Inc.:

(a):  Carbotrap™ 100; (shown in Fig. 2.8 (a))

Carbotrap Adsorbent Bed

Bﬁ:l

T~

Silanized Glass Wool Plugs
Fig. 2.8 (a) Thermal Desorption Tube (Carbotrap™ 100)

(b):  Carbotrap™ 200 Multi-bed; (shown in Fig. 2.8 (b))

Silanized Glass Beads Carbotrap Carbosieve™s-lil

y { y

Silanized Glass Wool Plugs and Divider

Fig. 2.8 (b) Thermal Desorption Tube (Carbotrap™ 200 Multi-bed)

(c):  Carbotrap™ 300 Multi-bed; (shown in Fig. 2.8 (c))

Carbotrap C Carbotrap Carbosieve™s-lil

| | i
Silanized Glass Wool

Fig. 2.8 (¢) Thermal Desorption Tube (Carbotrap™ 300 Multi-bed)
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(d):  Tenax TA; (shown in Fig. 2.8 (d))

Porous Polymers

\s"anized Glass Woo|/

Fig. 2.8 (d) Thermal Desorption Tube (Tenax TA)

2.7.3 Thermal Desorption Unit (TDU) / GC-MS

A Dynatherm Analytical Instruments Inc. model 890 TDU was used. The gas
chromatograph used was a HP 5890 series II with a HP 5971 Mass Selective Detector.
Fig 2.9 shows a schematic diagram of the TDU-GCMS setup. The TDU serves as the
inlet to the GC column via an inert nickel transfer line, and GC column flow and split
flow are adjusted at the TDU. The column used was Capillary BP-1, 25m X 0.25mm
ID, 1 um film thickness supplied by SGE. Column flow and split flow were set at

room temperature.

GC NICKEL
COLUMN TRANSFER LINE HIGH PRESSURE
MS REGULATOR
\ Y [
olo
[o, (o]
fe.[e]
o
©
° -
© == | =
- o
| MR —1
e e ||m————| _£ | Hellum
TDU
CONTROLLER
\

Fig 2.9 Schematic Diagram of the TDU-GCMS

2.7.3.1.  TDU and Initial Optimisation for Operation with MSD

When the TDU was first attached to the GC-MS problems obtaining column flow in
split mode were encountered. An account of these problems and the solution is given
below. Column flow measurements were performed directly from the column outlet

using a bubble flow meter supplied by HP.
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Fig 2.10(97) shows the carrier gas pathways available with the TDU, where Pathway
A is used for sample preparation and tube cleaning, and Pathway B to thermally
desorb tube components and transfer them into the GC column. A six port switching
valve allows selection of either Pathway A or Pathway B. In sample preparation
mode, carrier gas flows through the desorption tube chamber and out through the side
port. Sample preparation involves collecting volatiles which originate from samples
heated in or injected into the tube chamber onto an adsorption tube placed in the side
port. Pathway A is also the pathway used to flush the air present in the thermal
desorption tubes prior to thermal desorption. In desorb or heat mode, carrier gas flows
through the desorption tube chamber and out through the GC column. Pathway B
also allows splitting of the desorbed sample, where the split sample can be trapped in

an adsorption tube placed in the sample saver chamber for repeat analysis.

GAS FLOW WITH VALVE HANDLE IN DESORB (HEAT) POSITION

To GC
o _ Column
" and
Detector

Sample Saver
Chamber

Side Port Secondary
Exit Trap

A
lin] 1
Desorption |

Switch §2

High Pressure
Regulator
. Rotameter
Dial A
Vi

| Switch S3

Rotameter
B

Flow f
Split
. Check
Switch S1
witc! Port Vent
V2
Hellum
Carrier Flow
Gas inlet Element
Pathway A I 'Pathway B
\.

Fig 2.10* The Carrier Gas Pathways of the TDU

* From Reference 107

Pathway A shows that carrier gas from cylinder (regulator at 60 psi) passes through

needle valve V,, through the desorption chamber and out through the side port. Open /

close switch S, allows selection of Pathway A.
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Pathway B shows that carrier gas from cylinder (regulator at 60 psi) passes through
flow controller V,, then through to desorption chamber, column and detector.
Diverting switch S, allows carrier gas to be diverted to either the flow check port for
measurement of system total flow or to the GC column. Open / close switch S allows
split / splitless sampling using V, to adjust split ratio with split flow measurement at
split vent. Sample exiting to split vent via S; can also be trapped in adsorption tube

placed in the ‘sample saver chamber’ for repeat analysis. A more detailed description

of the operation of the TDU is given in the instrument operating manual.

Flow controller V, was initially fitted with a 1 — 7 ml/min flow element, where this
was suitable for use with capillary columns operated in splitless mode. As the option
of splitting was required, this flow element proved not to be suitable for split
operation. With V, fully open, total system flow at =~ 8 ml/min, there was not
sufficient column flow even with V; slightly open. These adjustments were with the
column at room temperature and column flow approached zero as oven temperature

was increased.

In order to allow more gas into the system, the flow element was replaced with one
offering 5 — 25 ml/min. This flow element is suitable for wide bore capillaries and
packed columns, and capillary columns with splitting as an option. We found that
with V, fully open and total system flow of 25 — 30 ml/min a column flow of 0.6
ml/min was obtainable at room temperature with a 50:1 split ratio. However, when the
temperature was increased, column flow decreased and at 150 °C column flow

stopped.

In an attempt to allow more gas into the system, the next modification involved the
use of a high pressure regulator. This allowed the system inlet pressure to be
increased from 60 psi to a maximum of 100 psi. We found that with an inlet pressure

of 100 psi and V, fully open, the total system flow increased to = 50 ml/min. This

allowed the column flow to be adjusted to = 1 ml/min at room temperature and a split
ratio of 50:1. When the oven temperature was increased suitable column flow was still
obtainable at high temperature, i.e., the operation was similar to normal GC flow rate

decrease with temperature programming,.
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It should be noted that the Pathway B flow rate optimisation described above was
conducted with Pathway A closed. Under the conditions used to operate Pathway B,
when S, was opened the minimum flow through Pathway A (measured at the side
port) was = 60 ml/min with V| slightly open. For tube conditioning (cleaning), V, was
adjusted to give a flow of = 120 ml/min measured at the side port. It should also be
noted, that the total flow through pathway B of 50 ml/min is in accord with that
recommended for optimum desorption efficiency in ASTM D6196-97(108) Further

discussion on desorption and cleaning flow rates is given in Section 4.1.3.

2.7.3.2. Direct Injection Via TDU
The TDU has an injection port included in the tube chamber design. An empty 4 mm
[.D. glass tube is placed in the tube chamber and liquid or gas samples can be injected

directly, via a septum, into the tube chamber.

2.7.3.3. GC-MS and TDU Conditions
GC oven conditions are described in Chapter [V. Thermal Desorption conditions and

Other GC-MS conditions are described below.

Carrier Gas: Helium.

Carrier Gas Flow: 1 ml/min at Room Temp.

Columns: Capillary BP-1, 25m x 0.25mm ID, 1 pm film
thickness supplied by SGE

Nickel Transfer Line Temp: 250 °C

Desorption Chamber Temp: Room Temp. — 350 °C (= 23 Sec.)
and hold for 5 minutes.

Injection Mode: Split 50:1 at Room Temp.

Oven Temp: See Chapter IV.

Cryogenic Fluid: Liquid CO,.

MS transfer line: 280 °C.

Solvent delay: See Chapter IV.

Scan rate: 1.2 scans/sec.

Scan range: 40 — 550 amu

61



Tuning procedure: Auto tune

Mass spectral confirmation: Wiley Mass Spectral Data Base

2.8 Desorption Method Validation for Thermal Desorption

2.8.1. Preparation of Pure Mixture

A mixture containing ten pure compounds was prepared by combining 100 pl each of
hexane, benzene, cyclohexane, heptane, methylbenzene, ethylbenzene, 1,4-
dimethylbenzene, propylbenzene, pB-pinene and 1,3,5-trimethylbenzene. The

compounds are described in Section 2.4.1.

2.8.2. Preparation of Standard Solution

A standard solution containing 10.00 pul of each compound in 10 ml CS, was prepared

as follows. 100 pl of the mixture described in section 2.8.1 was diluted to 10 ml with

CS,.

2.8.3. Preparation of Standard Gaseous Mixture
The procedure used to prepare the standard gaseous mixture was similar to that
described in Section 2.6.3. Steps 1 — 4 were the same as that outlined in Section 2.6.3

and steps 5 — 10 for thermal desorption tubes are described below.

5. The container cap is unscrewed and lifted to expose the bag valve. Into the bag is
injected 1 pl or 10 pl of the mixture described in Section 2.8.1, and the cap
replaced.

6. The bag is left to sit for 6 hours in order for the mixture to evaporate and the
gaseous mixture to become homogeneous.

7. A Carbotrap™ 300 Multi-bed thermal desorption tube is connected to the internal
bag via the external inert tubing, i.e., where the 10 L Tedlar® bag was initially.

8. The pump is connected so as to pump air into the ‘container, the clamp opened,
and 50 ml of air is introduced into the container at 100 ml/min.

9. After 30 seconds, 50 ml of gaseous standard is passed through the thermal
desorption tube and the clamp closed.

10. Tubes are desorbed in Thermal Desorption Unit (see Section 2.7.3).
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2.9 VOCs Standard Solutions For Thermal Desorption of Study

2.9.1. VOCs Standards

VOCs used to prepare standard solutions were supplied by ULTRA Scientific and
Sigma-Aldrich. The compounds used in this study are described in Section 2.4.1. All
solutions were prepared using AR Grade CS, supplied by Ajax Chemicals.

2.9.2. Preparation of Pure Mixture

A pure mixture containing 26 compounds was prepared by combining 100 pl each of
hexane, benzene, cyclohexane, heptane, methylcyclohexane, methylbenzene, 1,4-
dimethylcyclohexane, trans-1,2-dimethylcyclohexane, octane, cis-1,2-
dimethylcyclohexane, ethylcyclohexane, ethylbenzene, 1,2-dimethylbenzene 1,4-
dimethylbenzene, 1,3-dimethylbenzene, nonane, iso-propylcyclohexane, a-pinene,
propylbenzene, 1,2,4-trimethylbenzene, B-pinene, 1,3,5-trimethylbenzene, decane, 1-
limonene, undecane and dodecane. The compounds are described in Section 2.4.1. For
1,2-dimethylcyclohexane, because the standard material used was a mixture of the
cis- and trans- isomers, the amount added in the pure mixture was the sum of both

isomers.

2.9.3. Preparation of Standard Gaseous Mixture

The procedure used to prepare the standard gaseous mixture for the quantitation of the
thermal desorption study was similar to that described in Section 2.8.3. Other steps
were the same as that outlined in Section 2.8.3 except steps 5. Step 5 is described

below.

5. The container cap is unscrewed and lifted to expose the bag valve. Into the bag is
injected 1 ul, 2.5ul, Sul, 7.5ul, 10 pl or 20 pl of the mixture described in section
2.9.2, and the cap replaced.
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2.10 Landfill Gas Sampling apparatus for Volatile Organic
Compounds Collected in Tedlar® Bags

2.10.1. Sampling Train

The sampling train used to collect VOCs from landfill gas by Tedlar® bag is shown in
Fig. 2.11. Landfill gas emerging from the landfill borehole or well (5) is pumped at 50
ml/min by the sampling pump (3), through the moisture trap (2). Dry landfill gas
emerging from the moisture trap passes through the pump then is collected in the
Tedlar® bag (4). Pump flow rate and sampling time are discussed in Section 5.1.1.
Tedlar® bags are described below and other sampling train components are described
in Section 2.2. Prior to collecting landfill gas in the Tedlar® bag, air present in the
sampling train is removed by flushing the sampling train with landfill gas for 3
minutes at a flow of 200 ml/min. After sampling Tedlar® bags were analysed the same
day if possible, if not they were stored away from direct sunlight until ready for

analysis.

2 s T S ce—
1 3 4
A NSSauuaNy
6ysp ¢ 1. Inert Connection Tubing; 4. Tedlar Bag;
2. Moisture Trap; 5. Bore-hole (Well);
3. Sampling Pump; 6. Landfill Site.
N
->— Direction of gas flow

Fig. 2.11 The Sampling Train Using Tedlar® Bag

2.10.2. Tedlar® Bag
Tedlar® bags were supplied by SKC shown in Fig 2.12.
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Fig. 2.12 Tedlar® Bag

2.10.3. Tedlar® Bag Cleaning
Tedlar® bags were cleaned by flushing with pure nitrogen (N,) according to the

following procedure.

1. Open valve and fill bag with nitrogen (N,);
Squeeze bag until flat to expel nitrogen (N,);

Repeat steps 1 and 2 five more times;

Test cleanliness by GC-MS.

S

2.10.4. Preparation of Pure Mixture

A mixture containing twenty-three compounds was prepared by combining 100 pl
each of hexane, benzene, cyclohexane, heptane, methylcyclohexane, methylbenzene,
1,4-dimethylcyclohexane, trans-1,2-dimethylcyclohexane, octane, cis-1,2-
dimethylcyclohexane, ethylcyclohexane, ethylbenzene, 1,2-dimethylbenzene, 1,4-
dimethylbenzene, 1,3-dimethylbenzene, nonane, iso-propylcyclohexane,
propylbenzene, 1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene, decane, undecane

and dodecane. The compounds are described in Section 2.4.1.

2.10.5. Preparation of Standard Gaseous Mixture
The procedure used to prepare the standard gaseous mixture was similar to that
described in Section 2.6.3. Steps 1 — 4 were the same as that outlined in Section 2.6.3

and steps 5 — 7 are described below.
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5. The container cap is unscrewed and lifted to expose the bag valve. Into the bag is
injected 1 pl of the mixture described in section 2.9.4, and the cap screwed back
on.

6. The bag is left to sit for 6 hours in order for the mixture to evaporate and the
gaseous mixture to become homogeneous.

7. 1 ml of this gas directly inserted into the injection port with a gas syringe supplied
by SGE.

2.10.6. GC-MS Conditions For Sample of Tedlar® Bag
The gas chromatograph used was a Hewlett-Packard (HP) 5890 series II with a Flame
Ionization Detector. Gas injection was by a 1 ml gas syringe supplied by SGE inserted

directly in the injection port. GC-FID conditions are described below.

Carrier Gas: Helium.

Carrier Gas Flow: 1 ml/min at Room Temp.

Columns: Capillary BP-1, 25m X 0.25mm ID, 1 pm film thickness
supplied by SGE
Injection Temp: Injector 250 °C.

Injection Mode: Splitless.

Oven Temp: -20-100°C @ 3 °C/min
100 — 280 °C @ 20 °C/min.
Cryogenic Fluid: Liquid CO,.

2.11 Landfill Gas Sampling Apparatus for Volatile Organic
Compounds Collected by Cryogenic Trapping

2.11.1. Sampling Train

The sampling train used to collect VOCs from landfill gas by cryogenic trapping is
shown in Fig. 2.13. Landfill gas emerging from the landfill borehole or well (6) is
pumped by the sampling pump (5), through the moisture trap (2). Dry landfill gas
emerging from the moisture trap enters the cryogenic trap where the VOCs present in
the landfill gas ‘freeze out’. The remaining gaseous components of the landfill gas

exit the cryogenic trap, pass through the moisture indicator tube (4) and are expelled
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into the atmosphere via the pump outlet. The pump flow was set at 200 mlI/min and
sampling time is discussed in Section 5.3.1. The cryogenic trap is described below
and other sampling train components are described in Section 2.2. When sampling
was completed both ends of the cryogenic trap were sealed using the plastic caps, and

the cryogenic trap was transported back to the laboratory with its coolant still present.

The contents of the cryo trap were kept frozen until sample preparation (See section

2.11.3) in order to avoid losses of volatile components.

2 Equ| > 4 f"
1 - |

3
71N 5
<N A SN NN
7 6 7 1. Inert Connection Tubing; 5. Sampling Pump;
2. Moisture Trap; 6. Bore-hole (Well);
3. Cryogenic Trap; 7. Landfill Site.
N 4. Moisture Indicator Tube;  —— Direction of gas flow

Fig. 2.13 The Sampling Train Using Cryogenic Trapping

2.11.2. Cryogenic Trap

The purpose-built cryogenic apparatus is shown in Fig 2.14. The cryogenic trap
consisted of four individual 20 ml drechsel bottles connected in series using Viton®
tubing. The drechsel bottles were housed in a 5 L polystyrene box and the coolant in
which the drechsel bottles were immersed was solid carbon dioxide (Dry ice, = -78
°C). The Viton® tubing is described in Section 2.2.1.4. The drechsel bottles were

silanised as described in section 2.2.1.3.

(To the Moisture

rom the moisture Tra
¥ P) Indicator Tube)

Drechsel Bottle — ||

Polystyrene __—
Box (with Cover)

Dry Ice
(Solid CO5)

Fig. 2.14 The Purpose-Built Cryogenic Apparatus
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2.11.3. Preparation of Landfill Gas Samples for Analysis

Even with up to 3 hours of sampling there was not much visible frozen material in the
drechsel bottles. The frozen contents of the cryogenic trap quickly thawed after
removal from the coolant and revealed that the initial drechsel bottle contained about
50 pul of material with the other three successively containing much less than the first.
Because the small amount of material was difficult to handle, 2 ml CS, was added to
each bottle and the contents of each bottle were combined into a single head-space
vial and the vial sealed. After shaking for 2 minutes using a vortex shaker the sample
was ready for GC analysis. If GC analysis was not possible on the same day the

sample was refrigerated until ready for analysis.

2.11.4. GC-MS Conditions For Sample of Cryogenic Trapping
The gas chromatograph used was Hewlett-Packard (HP) 5890 series Il with a HP
5971 Mass Selective Detector. Injection was performed by a HP 7673 Auto Injector,

where the injection volume was 1 pl. GC-MS conditions are described below.

Carrier Gas: Helium.

Carrier Gas Flow: 1 ml/min at Room Temp.

Columns: Capillary BP-1, 25m X 0.25mm ID, 1 pm film
thickness supplied by SGE

Injection Temp: Injector 250 °C.

Injection Mode: Splitless.

Oven Temp: -20 - 100 °C @ 3 °C/min
100 — 280 °C @ 20 °C/min.

Cryogenic Fluid: Liquid CO,.

MS transfer line: 280 °C.

Solvent delay: See Chapter V.

Scan rate: 1.2 scans/sec.

Scan range: 40 — 550 amu

Tuning procedure: Auto tune

Mass spectral confirmation: Wiley Mass Spectral Data Base
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CHAPTER III
THE METHODOLOGY AND EXPERIMENTS
FOR SOLVENT DESORPTION TECHNIQUE

3.1. Optimisation of Sampling and Gas Chromatographic

Separation and Analysis Protocols for Solvent Desorption

The studies reported in this chapter were conducted using landfill gas from leachate

well A, of landfill site A (see Table 6.1 and 6.2 for landfill sites description and

sampling point description, respectively).

The sampling protocol for VOCs in landfill gas was adapted from ASTM D3686-
95(104) “Standard Practice for Sampling Atmospheres to Collect Organic Compound
Vapors (Activated Charcoal Tube Adsorption Method)’, and involved collection of
VOCs on charcoal (coconut shell), Tenax (porous polymers) and XAD-2 (porous
polymers) at a pump flow rate of 200 ml/min. The analysis protocol for VOCs in
landfill gas was adapted from ASTM D3687-95(109) ‘Standard Practice for Analysis of
Organic Compound Vapors by the Activated Charcoal Tube Adsorption Method’, and
involved desorption of collected VOCs using carbon disulfide (CS,) (Section 2.3)

followed by gas chromatographic analysis with mass selective detection (Section 2.5).

3.1.1. Moisture Removal

3.1.1.1. Problems of Sampling and Gas Chromatographic Separation

Traditional air sampling methods to collect VOCs may not be directly suitable for
landfill gas because of the high water vapor content of landfill gas. Depending on
sampling time and the landfill being investigated, water vapor may condense out in
the sampling train. When sampling relatively wet landfill gas, water droplets were
clearly visible on the adsorption tubes. It was found that with longer sampling time
adsorption capacity was markedly reduced. It is well knbwn that moisture reduces the
adsorptive capacity of various adsorption media(!!9). For very wet tubes only trace

amounts of compounds were collected.
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3.1.1.2. Drying of Landfill Gas

How to remove the water vapor and how to collect the dry gases become an important
investigation in its own right. Any method of moisture removal must not affect the

integrity of the sample collected.

3.1.1.2.1. Na,SO, Drying Tubes

Initial attempts to remove moisture from the landfill gas involved the use of Na,S0O,
drying tubes. The testing apparatus used is shown in Fig 3.1; details of sampling train
components are given in Section 2.2.1; details of the drying tubes in Section 2.2.2.
Landfill gas emerging from the landfill bore hole or well (5) is pumped by the
sampling pump (4) at 200 ml/min through the Na,SO, drying tube (2), then through

the moisture indicator tube (3) before exiting the pump to atmosphere.

l—)—

Z1N
N SONNNN

6 6
5 I\ 1. Inert Connection Tubing; 4. Sampling Pump;
2. Na,SO, Drying Tube; 5. Bore-hole (Well);

N 3. Moisture Indicator Tube; 6. Landfill Site.

-»— Direction of gas flow

Fig 3.1 The Moisture Testing Apparatus

The aim of this experiment was to measure the water trapping capacity of Na,SO,
drying tubes (2). The ability of these tubes to remove moisture was indicated by the

change in color of the silica indicator tube (3) from blue to red.

Commercial drying tubes (see Section 2.2.2 (a)) containing 250 mg of Na,SO, proved
to be ineffective in removing moisture even for sampling times of 1 hour. The results
are shown in Table 3.1. After absorbing considerable moisture the Na,SO,4 changes
appearance from a white crystalline solid to a transparent, wet solid. As the Na,SO,
nears this condition the tube begins to block and less gas can pass. Eventually the

drying tube completely blocks and no gas can pass.
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Table 3.1
The Moisture Removing Results Using Na,SO, Drying Tube

SAMPLING {00 ivin 0k Gas SILICA Na2SOy4
TIME PASSED (L) INDICATOR  ADSORPTION RESULTS
(HOURS) TUBE TUBE
0.5 6 NO CHANGE DRY SUITABLE
1.0 12 CHANGE DRY UNSUITABLE
2.0 24 CHANGE WET UNSUITABLE
3.0 36 CHANGE  WET (BLOCKED) UNSUITABLE

A similar experiment was performed with purpose built drying tubes (see section
2.2.2 (b)) containing 15 g of Na,SO4. These could be used for longer sampling times
than the commercial tubes obviously due to the large amount of Na,SO, present.
However, the Na,SO4 would saturate at the gas entrance end of the tube resulting in

tube blockage even though the Na,SO, at the exit end was still dry.

These results showed that these drying tubes could be used for relatively dry landfill

gas or for very short sampling time of relatively moist landfill gas.

3.1.1.2.2. The Moisture Trap

Repeated experiments led to an economical and efficient unit for moisture removal
from landfill gas. The construction of this apparatus is shown in Fig 2.3 (a) and (b) of
Chapter II. All glass components of the moisture trap were silanised (see Section

2.2.1.3) in order to render them inert, i.e., to avoid adsorption of VOCs.

The moisture trap consists of Styrofoam® box filled with salted ice through which a
spiral glass tube passes. The spiral glass tube is used to provide a long path length
where the moisture has sufficient time to condense. However, the rapid early
condensation may allow the condensate to freeze and block the inlet section of the
tube. To overcome this, a short convex glass tube is used prior to the spiral tube to
collect the initial large quantity of condensate. The capacity of the moisture trap,
which is approximately 1 meter long, to remove moisture was tested using a silica gel
indicator tube at the outlet end. The sampling train used to test the moisture trap is
shown below in Fig 3.2 and details of individual components appear in Section 2.2.1.
Landfill gas emerging from the landfill bore hole or well (5) is pumped by the
sampling pump (4) through the moisture trap (2), then through the moisture indicator

tube (3) before exiting the pump to atmosphere. Using the same landfill gas as thal
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used to test the Na,SO, drying tubes, moisture breakthrough was indicated by the
silica changing color from blue to red. The sampling pump was set at 200 ml/min, and
sampling times were respectively 0.5, 1, 2 and 3 hours. At the completion of
sampling, the silica indicator tubes were examined for moisture. The results (See
Table 3.2) showed this method of moisture removal was successful and allowed

sampling times of 3 hours or more.

1 2 —>—I:4:|—>—|[>-}

AN 4
NN NN NN\
6 s © 1. Inert Connection Tubing; 4. Sampling Pump;

3. Moisture Indicator Tube; 6. Landfill Site.
—»— Direction of gas flow

2. Moisture Trap; 5. Bore-hole (Well); ‘

Fig 3.2 The Train Used to Test the Moisture Trap

Table 3.2
The Moisture Removing Results Using the Moisture Trap
SAMPLING TIME  VOLUME OF GAS  SILICA INDICATOR  p oo no
PASSED (L) TUBE
(HOURS)
0.5 6 NO CHANGE SUITABLE
1.0 12 NO CHANGE SUITABLE
2.0 24 NO CHANGE SUITABLE
3.0 36 NO CHANGE SUITABLE

3.1.1.2.3. Testing the Moisture Trap Using Charcoal Tubes

Testing of the moisture trap was conducted in two parts. Firstly VOCs in landfill gas
were collected on charcoal adsorption tubes for 1, 2 and 3 hours respectively using a
sampling pump flow rate were 200 ml/min. The sampling train is shown in Fig 3.3
and the collection procedure and components are described in section 2.2.1. The
moisture indicator tube is connected downstream rather than upstream of the
adsorption tube to ensure no VOCs are retained by the SiO,. The pump is also
downstream to ensure no volatiles from the pump can contaminate the adsorption
tube. This first test was to show that the moisture trap was indeed effective in
removing water vapor and the adsorption capacity of the charcoal tubes would not
decrease as sampling time increased. The VOCs collected on the charcoal tubes were

desorbed using CS, as described in section 2.3. The CS, extracts were gas
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chromatographed using mass selective detection and the chromatograms are shown in
Fig 3.4 (a), (b) & (c). GC-MS conditions on a general-purpose phenylmethylsilicone
column (DBS, 25m X 0.25mmlID, 0.25um film thickness) were the same for each
sample and shown in figure legends. Refer to 3.1.3 for optimisation of GC conditions.
Results show that as sampling time increases so does detector response, and therefore
adsorption capacity does not decrease as sampling time of ‘dry’ landfill gas increases.
Optimisation of GC conditions was not conducted at this stage of the study, and the

separations achieved are of poor quality.

2 il 3B 4
1 =]
/1N 5
A LRGN
7 6 7 1. Inert Connection Tubing; 5. Sampling Pump;
2. Moisture Trap; 6. Bore-hole (Well);
3. Adsorption Tubes; 7. Landfill Site.
N 4. Moisture Indicator TUbe; —»— Direction of gas flow

Fig 3.3 The Sampling Train Used to Test the Moisture Trap
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Fig 3.4 (a)
Total Ion Chromatogram Sampled from Landfill Site
Using Charcoal Adsorption Tubes for 1 Hour
(The GC-MS conditions were: Carrier Gas: Helium; Injection Mode: Splitless; Temperatures:
Injector 250 °C; MS transfer line 280 °C; Solvent delay: 3 min; Scan rate: 1.2 scans/sec; Scan
range: 40 — 550 amu; and Mass spectral confirmation: Wiley Mass spectral Data Base.)
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Fig 3.4 (b)
Total Ion Chromatogram Sampled from Landfill Site

Using Charcoal Adsorption Tubes for 2 Hours
(The GC-MS conditions were shown as Fig 3.4a)
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Fig 3.4 (c)
Total Ion Chromatogram Sampled from Landfill Site

Using Charcoal Adsorption Tubes for 3 Hours
(The GC-MS conditions were shown as Fig 3.4a)

To complete the testing of the moisture trap, a 3-hour condensate was analyzed to see
if significant amounts of VOCs were being retained by the water. The collected
condensate (=0.5ml) was extracted with an equal volume CS, and the extract
chromatographed. The result in Fig 3.5 (a) and (b) show the chromatograms of the
CS, use to extract the condensate and the chromatogram for pure CS,. As can be seen
the only detectable compounds are impurities in the CS, solvent. Therefore the
moisture trap does not retain, to any significant level, any compounds present in the

landfill gas for sampling times of up to 3 hours.
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Fig3.5 (a)
Total Ion Chromatogram of Organic Components Extracted with CS,

from the Condensate of the Moisture Trap
(The GC-MS conditions were shown as Fig 3.4a)
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Fig3.5 (b)
Total Ion Chromatogram for Neat CS,
(The GC-MS conditions were shown as Fig 3.4a)

3.1.2. Investigation of Different Adsorption Media and Sampling Time

Sampling time is dependant upon the concentration of VOCs in landfill gas. The
volume of gas collected must be large enough to allow easily detectable quantities of
VOCs to be collected but the quantity collected must not exceed tube capacity
resulting in breakthrough. With the pump set at 200 ml/min, sampling times of 1, 2
and 3 hours were used to collect VOCs in landfill gas on Charcoal, Tenax and XAD-2
adsorption media. Gas collection and sample preparation are described in Section
2.2.1 and 2.3, respectively. The sampling apparatus is shown in Fig 3.3, and the

moisture trap is described in section 2.2.1.2.

CS, extracts from the various adsorption media were chromatographed on a general

purpose phenylmethylsilicone column (DBS, 25m X 0.25mmID, 0.25um film

thickness) and the total ion chromatograms for gas samples taken on Charcoal, Tenax
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and XAD-2 adsorption tubes are shown in Fig 3.6 (a), (b) and (c) for a sampling time
of 3 hours. Optimisation of GC conditions was not conducted at this stage of the

study, and the separations achieved are of poor quality. Refer to Section 3.1.3 for

optimisation of GC conditions.
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Fig 3.6 (a)
Total Ion Chromatogram of CS, Extract from the Front Part of the Charcoal Adsorption Tube
(The GC-MS conditions were shown as Fig 3.4 (a))
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Fig 3.6 (b)
Total Ion Chromatogram of CS, Extract from the Front Part of the XAD-2 Adsorption Tube
(The GC-MS conditions were shown as Fig 3.4 (a))
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Fig 3.6 (¢)
Total Ion Chromatogram of CS, Extract from the Front Part of the Tenax Adsorption Tube
(The GC-MS conditions were shown as Fig 3.4 (a))
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The chromatograms shown are all similar and indicate that charcoal, Tenax and
XAD-2 are able to trap a similar range of compounds. The MS library search for
some of VOC:s in the sample from Charcoal, Tenax and XAD-2 adsorption tubes are
listed in Table 3.3. Compounds listed in Table 3.3 include straight chain
hydrocarbons, alkyl aromatics and alkyl cyclohexanes. The compounds listed are
those which gave the best visual match between mass spectrum of sample compound
and mass spectrum of library compound. The identity of these compounds is
confirmed in section 3.3. For dimethylbenzene both 1,2- and 1,4- are listed because
the library search results show that 1,2- and 1,4-dimethylbenzene have very similar

mass spectra.

Table 3.3
Some VOCs Collected on Charcoal, Tenax and XAD-2 Adsorption Tubes

COMPOUND

Benzene
Cyclohexane
Heptane
Methylcyclohexane
Methylbenzene
1,4-Dimethylcyclohexane
trans-1,2-Dimethylcyclohexane
Octane
Ethylcyclohexane
Ethylbenzene
1,2 & 1,4-Dimethylbenzene
1,3-Dimethylbenzene
Nonane
iso-Propylcyclohexane
Propylbenzene
1,2,4-Trimethylbenzene
1,3,5-Trimethylbenzene
Decane
Undecane

Analysis of the back-up section of the tubes showed that breakthrough occurred after
approximately 1 hour of sampling for Tenax and XAD-2, but did not occur for
Charcoal even for sampling times of more than 3 hours. Chromatograms of the back
section of the Charcoal (3 hours sampling) and XAD-2 (1 hours sampling) adsorption
tubes are shown in Fig 3.7 (a) and (b), respectively. Because Charcoal has a much
greater adsorption capacity than Tenax and XAD-2, it was used for the further study
on VOCs in landfill gas. This greater adsorption capacity allows for longer sampling

times and hence a more representative sample of landfill gas to be collected.
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Fig 3.7 (a)
Total Ion Chromatogram of CS, Extract

from the Back-Up Section of the Charcoal Adsorption Tube
(The GC-MS conditions were shown as Fig 3.4 (a))
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Fig 3.7 (b)
Total Ion Chromatogram of CS, Extract

from the Back-Up Section of the XAD-2 Adsorption Tube
(The GC-MS conditions were shown as Fig 3.4 (a))

3.1.3. Optimisation of GC Temperature Programme for DB-5 Column

Fig 3.6 (a) in section 3.1.2 shows the chromatogram for VOCs in landfill gas taken on
charcoal. The GC conditions had not been fully optimised at this stage but early
experimentation with the temperature program showed that reasonable retention and

separation could be achieved using the following conditions:
40 °C for 3 minutes, 2 °C/min to 100 °C, 20 °C/min to 280 °C.

The initial 3 minutes hold coincided with the 3 minutes solvent delay for MSD turn
on. All components were eluted during the initial temperature ramp after about 22
minutes at a temperature of about 80 °C. The final temperature ramp to 280 °C was

included as a thermal flush prior to the next injection being made.
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Fig 3.6 (a) shows generally poor chromatography over the entire chromatogram. The
high total ion counts and peak shapes suggest sample overloading and an immediate
improvement in chromatography was obtained by using a 25:1 split injection. This is
seen in Fig 3.8 where, because of the sharper peak shapes, the overall separation is
much improved. It should be noted that whether or not to use split injection and
choice of split ratio will depend on the concentration of VOCs in the landfill gas

being sampled and on the sampling time.
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Fig 3.8
Total Ion Chromatogram using Split Injection Mode
(Column: Capillary DB-5, 30m X 0.22mm ID, 0.25 pm film thickness. The GC-MS conditions
were: Carrier Gas: Helium; Injection Mode: Split (A split ratio of 25:1 was used); Temperatures:
Injector 250 °C; MS transfer line 280 °C; Solvent delay: 3 min; Scan rate: 1.2 scans/sec; Scan
range: 40 — 550 amu; and Mass spectral confirmation: Wiley Mass spectral Data Base.)

3.1.3.1.  Selection of Initial Oven Temperature

The effect of different starting temperatures is shown in Fig 3.9 (a), (b) and (c) for
initial temperature of 30 °C, 40 °C, and 50 °C, respectively. In order to help explain
the observation, early eluting peaks have been labeled as section X, late eluting peaks

as section Z, and those in-between as section Y.
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Fig 3.9 (a) Total Ion Chromatogram with Initial Temperature of 30 °C
(The other GC-MS conditions were shown as Fig 3.8)

79



ooooooo
° Owven Pragram

Setpoint

Actual
Intt Temp: c c

oooooooo inf. Timo: min
Final  Finol
oooooooo Aate Temp. Time
(Cmin) (&) (min)
ooooooo E Levael 1 o [iooTooo )
Lot 2 [Fo0_Jze0 Jo60 |
oooooooo
>< > =
- S )

oooooooo

OOOOOOO
ooooooo l\\ u
ame o STos T aeTos aElee Ee s saTee moves o —aiTen —eeree

Fig 3.9 (b) Total Ion Chromatogram with Initial Temperature of 40 °C
(The other GC-MS conditions were shown as Fig 3.8)
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Fig 3.9 (c¢) Total Ion Chromatogram with Initial Temperature of 50 °C
(The other GC-MS conditions were shown as Fig 3.8)

As the initial temperature is decreased from 50 °C to 30 °C there is a significant
improvement in the chromatography of compounds eluting in section X. Peaks
become narrower allowing for improved separations. This observation can be easily
explained by considering the solvent effect. The solvent, carbon disulfide (CS,), has a
boiling point of = 46 °C, and at oven temperatures below = 46 °C the solvent
condenses at the head of the column allowing for volatile compounds to be refocused
in the solvent plug at the head of the column. The solvent effect is also responsible for
the improved chromatography of compounds eluting in section Y as the initial

temperature is decreased from 50 °C to 30 °C.

A decrease in initial temperature appears to have little effect on the chromatography
of compounds eluting in section Z. These high boiling compounds enter the column at
temperatures well below their boiling points and condense at the head of the column

into narrow bands resulting in good chromatography.
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Ultimately the room temperature of the laboratory influences the GC starting
temperature. Starting temperatures below 35 °C resulted in oven temperature
stabilisation times of 30 minutes and longer. Due to the above considerations z
starting temperature of 35 °C was chosen for optimisation further studies. A sample

chromatogram is shown in Fig 3.10.
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Fig 3.10 Total Ion Chromatogram with Initial Temperature of 35 °C
(The other GC-MS conditions were shown as Fig 3.8)

3.1.3.2. Selection of Temperature Gradients
The effect of different rates of temperature increase in the first gradient of the
temperature programme is shown in Fig 3.11 (a) — (d) for rates of 1, 2, 3 and 4

°C/min, respectively.
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Fig3.11 (a)
Total Ion Chromatogram with Temperature Gradient: 1 °C/min
(The other GC-MS conditions were shown as Fig 3.8)
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Fig3.11 (b)

Total Ion Chromatogram with Temperature Gradient: 2 °C/min
(The other GC-MS conditions were shown as Fig 3.8)
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Fig3.11 (c)

Total Ion Chromatogram with Temperature Gradient: 3 °C/min
(The other GC-MS conditions were shown as Fig 3.8)
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Fig3.11 (d)

Total Ion Chromatogram with Temperature Gradient: 4 °C/min
(The other GC-MS conditions were shown as Fig 3.8)

Results show that a rate of change of 1 °C/min produces poor peak shapes of
compounds eluting within 25 minutes. The poor peak shape is due to these
compounds, after having been refocused in the solvent plug at the head of the column,

taking too long to volatilise with the slow temperature ramp. The peak shapes of these
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compounds greatly improves as the temperature gradient is increased to 2 °C/min or
more. Obviously analysis time shortens as the rate of temperature change increases
but resolution decreases. Chromatograms with gradient of 2 °C/min and 3 °C/min in
the first step are similar. Good chromatography is observed showing good separation
between components and sharp peaks. For further studies, it was decided to choose
GC conditions where the rate of temperature change in the first step was 3 °C/min, as

analysis times are shorter than the 2 °C/min, case.

3.1.4. Investigation of Column Phase and Thickness

From the result of initial studies, where a moderately polar phenylmethylsilicone
column was used, it was found that most of the compounds in the sample are non-
polar (see Table 3.3). The use of a non-polar methylsilicone column was therefore
investigated so as to observe the chromatographic behavior of the organic compounds
present in the landfill gas. Chromatograms are shown in Fig 3.12 (a) and (b) for
methylsilicone and phenylmethylsilicone column, respectively. Both columns were of

the same dimensions (25m X 0.22 mm ID) and both had a 0.25 pm phase thickness.
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Fig 3.12 (a)
Total Ion Chromatogram (Column: BP-1, 0.25 pm)
(The GC-MS conditions were: Carrier Gas: Helium; Injection Mode: Splitless. Temperatures:
Injector 250 °C; MS transfer line 280 °C; Solvent delay: 3 min; Scan rate: 1.2 scans/sec; Scan
range: 40 — 550 amu; and Mass spectral confirmation: Wiley Mass spectral Data Base.)
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Fig 3.12 (b)
Total Ion Chromatogram (Column: DB-5)
(The other GC-MS conditions were shown as Fig 3.12 (a))

Results show that both columns display similar good chromatography but the less
polar column gives greater retention. This greater retention allows for extra
compounds to be observed very early in the chromatogram. Because of the numerous
compounds present in the landfill gas sample, the chromatography displayed poor
resolution across the entire separation. To overcome this problem a thicker phase
column was used. Fig 3.13 shows the separation on a 1um phase thickness BP-1
column. As can be seen retention is greatly increased and as a result the resolution
has improved markedly across the entire separation. Because of the above, the BP1
lum film column was to be used for further studies. It should be noted that the
thicker phase allows greater sample capacity and good chromatography; sharp peak

shapes with good resolution are still observed in the case of splitless injection.
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Fig 3.13
Total Ion Chromatogram (Column: BP-1, 1pm; Split Ratio: 25:1)
(The other GC-MS conditions were shown as Fig 3.12 (a))
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3.1.5. Optimisation of GC Conditions for BP-1 Column

The above findings show that the GC conditions employed for the BP-1 1um column
allowed the separation of compounds with a carbon number 6 and above. In order to
retain more volatile compounds the GC starting temperature was lowered from 35 °C

to —20 °C using liquid CO,. The separation of VOCs in landfill gas using a GC

starting temperature of —20 °C is shown in Fig 3.26. As can be seen, retention of
compounds more volatile than hexane is now possible. Also, the solvent is further
retained by comparison with a starting temperature of 35 °C. As a result the solvent
delay has increased from 3 minutes to 8.5 minutes. Obviously analysis time has also

increased by approximately 12 minutes from the 35 °C starting time.

3.1.6. Summary of Sampling and Analysis protocols for VOCs in Landfill Gas
Using Solvent desorption

From the above findings the sampling and gas chromatographic protocols developed

for VOCs in landfill gas using adsorption tubes with solvent desorption can be

summarized as follows:

e Landfill gas is initially dried by passing through the moisture trap.

e VOCs are collected on charcoal and desorbed using CS,

o CS, extracts are chromatographed on a BP-1 Ium column using the following

conditions:
Carrier Gas: Helium.
Injection Mode: Split or splitless depending on VOC
concentration in landfill and / or sampling time.
Temperatures:
Injector: 250 °C.
MS transfer line: 280 °C.
Oven: 35-100°C @ 3 °C/min
100 — 280 °C @ 20 °C/min
Cryogenic Fluid: Liquid CO,.
Solvent delay: 3.0 minutes
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Scan rate: 1.2 scans/sec.
Scan range: : 40 — 550 amu

Mass spectral confirmation:  Wiley Mass Spectral Data Base

It should be noted that these conditions are suitable for the separation of compounds
with carbon number greater than 6, as the first peak in Fig 3.13 is hexane (identified
in Section 3.2.1.2). The separation of compounds with carbon number less than 6 is

described in Section 3.3.
3.2 Qualitative and Quantitative Analysis

In this part of the study the gas chromatographic conditions developed in the previous

section were used.

3.2.1. Qualitative Analysis

3.2.1.1. Tentative Identification Using Mass Spectral Library

The next part'of the study focused on the identification of the VOCs in the landfill
gas. Fig 3.14 shows an expanded view, along both the abundance and time scale, of
the chromatogram shown in Fig 3.13. The mass spectral data used by the MS software
for peak identification is taken at the apex of the peak. Subsequently this data is
compared with that in a mass spectral database or library and possible matches are
indicated. Using the apex of the peak allows identification of compounds which are
not fully resolved because at the apex mass spectral data from adjoining peaks may
not contribute substantially. The library search results indicated a total of 112
compounds with quality matching ranging from 9 — 97 %. The quality match is a
value representing the probability that the sample compound has been correctly
identified as the compound determined by the database search. Values less than 50
mean substantial difference exist between sample and library compound mass spectra
and values greater than 90 indicate very good matches. The first step in identifying
the VOCs in landfill gas involved visually comparing the spectra of the compounds
determined from the Wiley database to be matches of the sample compounds and a
suitable match determined. This worked well for sample compounds in high

abundance where sample and matching compound mass spectra were very similar and
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the quality match was relatively high at about 80 % or greater. For lower abundance
compounds, even though high percentage matches may have been achieved, the mass
spectra were not similar visually to those matches indicated from the database. This
was due to interfering background and, for those compounds which were not fully
resolved, interference from ions of adjoining peaks. Background ions occur due to
contamination originating from the GC such as column bleed, septum bleed, dirty
injector and carrier gas impurities(!!). The problem of interfering background ions

can be solved by subtracting background ions from sample compound mass spectra.
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Subtraction of background ions can be done automatically by the MS software
through the BSB function (Background Subtraction). BSB allows a background mass
spectrum to be subtracted from on entire data file, i.e., a point or section on the
chromatogram is chosen which contains only baseline and the mass spectrum
obtained; this background mass spectrum is then subtracted from every scan
comprising the data file, i.e., the entire chromatogram. If was found that for the lower
abundance compounds BSB was not particularly useful as the background was not
constant throughout the course of the chromatogram. This resulted in either too much
background being subtracted in various parts of the chromatogram and vital
information being lost or too little background subtracted in other parts of the

chromatogram leaving unacceptably high background.

Best results for the lower abundance compounds were obtained when subtraction was
performed manually by selecting a baseline point nearest the peak and subtracting this
mass spectrum from that taken at the apex of the peak. It was then decided to perform
manual subtraction for all compounds in the chromatogram as this generally improved
quality matches but more so for the lower abundance compounds. Manual subtraction
was performed as indicated in Fig. 3.15, where three typical chromatographic
separation situations are shown. The letters used in marking the peaks in Fig. 3.15 are
defined as follows. The apex of a peak is denoted ‘a’, the baseline on either side of a
peak as ‘b’, and the valley between two adjoining peaks as ‘v’. The three separation
situations in Fig. 3.15 are described below. For each situation the method of
subtraction chosen was that which effectively removed interfering ions from the

background and adjoining peaks.

Situation A

For single peaks: a,—b,ora, —b,
Situation B

For first peak: a,—bora —v,

For second peak: a,—v,ora,—b,
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Situation C
For first peak: a;—b,ora —v,
For second peak: a,—V,0ra,—v,

For third peak: a;—-Vv,0ra;—b,
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v ! arb,
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bl bz bl b2
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Fig 3.15 Manual Background Subtraction Indication

Table 3.4 shows the improvement in quality matching after manual background
subtraction compared with the initial ‘auto’ library search. The ‘no match’ case
indicates that the library search did not find a suitable match or sample and matching
compound mass spectra were visually dissimilar. The peak at 5.84 minutes has two
compounds listed as these co-eluted where the left side of the peak was identified as
2-methylhexane and the right side as 2,3-dimthylpentane. These two compounds do

not have a similar mass spectrum. After manual subtraction 104 compounds were
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identified where sample and matching compound mass spectra were very similar in all

cases.
Table 3.4
The Comparison Between the ‘Auto’ and ‘Manual’ Match
PERCENTAGE OF MATCH Auto Match Manual Match
Number of Peaks Number of Peaks
No Match or visually wrong Match 53 8
0~10% 0 0
11 ~20% 0 0
21 ~30% 2 0
31 ~40% 1 2
41 ~50% 9 2
51 ~60% 6 7
61 ~70% 6 10
71 ~ 80% 3 19
81 ~90% 15 30
91 ~100% 17 34
Total 112 112

Table 3.5 list the 104 compounds identified in the landfill gas in order of retention

time. The 8 peaks where ‘no match’ was indicated are also listed. Sample and

matching compound mass spectra are shown in Appendix B (Part a). The various

types of compounds found in the landfill gas include straight chain, branched chain,

aromatic, cyclic, terpenic, naphthenic, chloro and alkenyl hydrocarbons. The

compounds are listed under the various compounds classes in Table 3.6 (a) — (h).

Those compounds typed in bold gave quality matches greater than or equal to 80 %.

Table 3.5
The 104 Compounds Identified in Order of Retention Time
PK# RT LIBRARY/ID QUALITY
1 3.64 Hexane 72
2 4.33 Methylcyclopentane 76
3 4.45 2,4-dimethylpentane 76
4 5.11 Benzene 91
5 5.46 Cyclohexane 87
6 5.84 2-methylhexane 81
7 5.92 2,3-dimethylpentane 87
8 6.24 3-methylhexane 83
9 6.54 trans-1,3-dimethylcyclopentane 72
10 6.69 cis-1,3-dimethylcyclopentane 58
11 6.81 cis-1,2-dimethylcyclopentane 87
12 6.90 2,2-dimethylhexane 38
13 7.53 Heptane 93
14 8.53 Methylcyclohexane 94
15 8.71 No match /
16 9.15 Ethylcyclopentane 94
L7 9.23 No match /
18 9.32 2,4-dimethylhexane 60
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Table 3.5 (Continued)

PK# RT LIBRARY/ID QUALITY
19 9.60 1,2,4-trimethylcyclopentane 68
20 10.09 3-ethylpentane 59
21 10.27 Methylbenzene 91
22 10.64 2,3-dimethylhexane 80
23 10.94 2-methylheptane 70
24 11.01 4-methylheptane 81
25 11.33 trans-1,4-dimethylcyclohexane 87
26 11.43 trans-1,3-dimethylcyclohexane 80
27 11.67 1,1-dimethylcyclohexane 68
28 11.99 No match /
29 12.22 trans-1,2-dimethylcyclohexane 81
30 12.38 Tetrachloroethene 98
31 12.51 Octane 90
32 13.54 cis-1,2-dimethylcyclohexane 49
33 13.77 Ethylcyclohexane 90
34 13.99 1,1,3-trimethylcyclohexane 68
35 14.09 No match /
36 14.49 Ethylbenzene 81
37 14.87 1,2&1,4-dimethylbenzene 97
38 15.11 Octahydropentalene 68
39 15.24 2-methyloctane 83
40 15.52 3-methyloctane 72
41 15.75 1,3-dimethylbenzene 97
42 16.02 trans-1-ethyl-4-methylcyclohexane 87
43 16.11 cis-1-ethyl-4-methylcyclohexane 87
44 16.58 Nonane 91
45 16.74 3,5-dimethylheptene-3 72
46 16.85 cis-1-ethyl-2-methylcyclohexane 58
47 16.99 1-methylethylbenzene 81
48 17.08 4-ethyloctane 38
49 17.21 1-methylethylcyclohexane 94
50 17.27 3-methylheptane 80
51 17.37 No match /
52 17.59 Propylcyclohexane 94
53 17.72 (-)-a-Pinene 94
54 17.84 2,6-dimethyloctane 91
55 18.06 Propylbenzene 62
56 18.11 3-ethyl-2-methylheptane 86
57 18.20 Camphene 91
58 18.33 1-ethyl-3-methylbenzene 94
59 18.39 1-ethyl-2-methylbenzene 91
60 18.58 1,2,4-trimethylbenzene 91
61 18.79 4-methylnonane 83
62 18.89 2-methylnonane 83
63 19.12 1-B-Pinene 95
64 19.26 trans-1-methyl-4-(1-methylethyl)cyclohexane 87
65 19.44 1,3,5-trimethylbenzene 94
66 19.58 cis-1-methyl-4-(1-methylethyl)cyclohexane 50
67 19.78 1,4-dichlorobenzene 95
68 19.93 2,2,4,6,6-pentamethylheptane 64
69 20.05 Decane 94
70 20.35 1-ethyl-2,4-dimethylbenzene 72
71 20.48 1-methyl-4-(1-methylethyl)benzene 94
72 20.71 1-propenylbenzene 80
73 20.80 1-Limonene 96
74 20.96 5-propylnonane 64
75 21.05 Butylcyclohexane 91
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Table 3.5 (Continued)

PK# RT LIBRARY/ID QUALITY
76 21.17 3,8-dimethyldecane 72
77 21.22 1,4-diethylbenzene 91
78 21.30 1-methyl-2-propylbenzene 76
79 21.42 Diethylbenzene (Para?) 70
80 21.51 2-ethyl-1,4-dimethylbenzene 91
81 21.77 trans-Decahydronaphthalene 91
82 21.86 5-methyldecane 81
83 21.94 4-methyldecane 83
84 22.06 2-methyldecane 76
85 22.15 1-ethyl-2,4-dimethylbenzene 72
86 22.26 3-methyldecane 87
87 22.34 2-ethyl-1,3-dimethylbenzene 81
88 22.53 3,6-dimethyldecane 64
89 22.69 Undecene-5 72
90 22.88 1-methylbutylbenzene 58
91 22.93 1-methyl-3-(1-methylethyl)benzene 93
92 23.10 Undecane 91
93 23.31 4-ethyl-1,2-dimethylbenzene 93
94 234 1,2,3,5-tetramethylbenzene 87
95 23.51 2-methyldecahydronaphthalene 93
96 23.64 3,6-dimethyldecane 81
97 23.93 5-propyldecane 72
98 24.00 2-Methyldecalin (Probably trans) 91
99 24.14 Pentylcyclohexane 72
100 24.22 2,3-dihydro-5-methylindene-1H 87
101 24.32 1-ethyl-3,5-dimethylbenzene 81
102 24.69 No match /
103 24.81 4-methylundecane 93
104 24.93 2-methylundecane 74
105 25.08 Naphthalene 87
106 25.6 No match /
107 25.89 Dodecane 91
108 26.31 6-methyldodecane 60
109 27.00 No match /
110 27.86 6,6-dimethylundecane 59
111 28.08 1-methylnaphthalene 83
112 28.46 2-methylnaphthalene 81

Table 3.6 (a)
Straight Chain Hydrocarbons in the 104 Compounds

PK# RT LIBRARY/ID QUALITY
1 3.64 Hexane 72
13 7.53 Heptane 93
31 12.51 Octane 90
44 16.58 Nonane 91
69 20.05 Decane 94
92 23.1 Undecane 91

107 25.89 Dodecane 91
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Table 3.6 (b)

Branched Chain Hydrocarbons in the 104 Compounds

PK# RT LIBRARY/ID QUALITY
3 4.45 2,4-dimethylpentane 76
6 5.84 2-methylhexane 81
7 5.92 2,3-dimethylpentane 87
8 6.24 3-methylhexane 83
12 6.9 2,2-dimethylhexane 38
18 9.32 2,4-dimethylhexane 60
20 10.09 3-ethylpentane 59
22 10.64 2,3-dimethylhexane 80
23 10.94 2-methylheptane 70
24 11.01 4-methylheptane 81
39 15.24 2-methyloctane 83
40 15.52 3-methyloctane 72
43 17.08 4-ethyloctane 38
50 17.27 3-methylheptane 80
54 17.84 2,6-dimethyloctane 91
56 18.11 3-ethyl-2-methylheptane 86
61 18.79 4-methylnonane 83
62 18.89 2-methylnonane 83
68 19.93 2,2,4,6,6-pentamethylheptane 64
74 20.96 5-propylnonane 64
76 21.17 3,8-dimethyldecane 72
82 21.86 5-methyldecane 81
83 21.94 4-methyldecane 83
84 22.06 2-methyldecane 76
86 22.26 3-methyldecane 87
88 22.53 3,6-dimethyldecane 64
96 23.64 4,5-dimethylnonane 81
97 23.93 5-propyldecane 72
103 24.81 4-methylundecane 93
104 24.93 2-methylundecane 74
108 26.31 6-methyldodecane 60
110 27.86 6,6-dimethylundecane 59
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Table 3.6 (¢)

Aromatic Chain Hydrocarbons in the 104 Compounds

PK# RT LIBRARY/ID QUALITY
4 5.11 Benzene 91
21 10.27 Methylbenzene 91
36 14.49 Ethylbenzene 81
37 14.87 1,2&1,4-dimethylbenzene 97
41 15.75 1,3-dimethylbenzene 97
47 16.99 1-methylethylbenzene 81
55 18.06 Propylbenzene 62
58 18.33 1-ethyl-3-methylbenzene 94
59 18.39 1-ethyl-2-methylbenzene 91
60 18.58 1,2,4-trimethylbenzene 91
65 19.44 1,3,5-trimethylbenzene 94
70 20.35 1-ethyl-2,4-dimethylbenzene 72
71 20.48 1-methyl-4-(1-methylethyl)benzene 94
72 20.71 1-propenylbenzene 80
77 21.22 1,4-diethylbenzene 9]
78 213 1-methyl-2-propylbenzene 76
79 21.42 Diethylbenzene (Para?) 70
80 21.51 2-ethyl-1,4-dimethylbenzene 91
85 22.15 1-ethyl-2,4-dimethylbenzene 72
87 22.34 2-ethyl-1,3-dimethylbenzene 81
90 22.88 1-methyibutylbenzene 58
91 22.93 1-methyl-3-(1-methylethyl)benzene 93
93 23.31 4-ethyl-1,2-dimethylbenzene 93
94 23.4 1,2,3,5-tetramethylbenzene 87
100 24.22 2-butenylbenzene 87
101 24.32 1-ethyl-3,5-dimethylbenzene 81
Table 3.6 (d)
Cyclic Hydrocarbons in the 104 Compounds
PK# RT LIBRARY/ID QUALITY

2 4.33 Methylcyclopentane 76
5 5.46 Cyclohexane(DOT 87
9 6.54 trans-1,3-dimethylcyclopentane 72
10 6.69 cis-1,3-dimethylcyclopentane 58
11 6.81 cis-1,2-dimethylcyclopentane 87
14 8.53 Methylcyclohexane 94
16 9.15 Ethylcyclopentane 94
19 9.6 1,2,4-trimethylcyclopentane 68
25 11.33 trans-1,4-dimethylcyclohexane 87
26 11.43 trans-1,3-dimethylcyclohexane 80
27 11.67 1,1-dimethylcyclohexane 68
29 12.22 trans-1,2-dimethylcyclohexane 81
32 13.54 cis-1,2-dimethylcyclohexane 49
33 13.77 Ethylcyclohexane 90
34 13.99 1,1,3-trimethylcyclohexane 68
42 16.02 trans-1-ethyl-4-methylcyclohexane 87
43 16.11 cis-1-ethyl-4-methylcyclohexane 87
46 16.85 cis-1-ethyl-2-methylcyclohexane 58
49 17.21 1-methylethylcyclohexane 94
52 17.59 Propylcyclohexane 94
64 19.26 trans-1-methyl-4-(1-methylethyl)cyclohexane 87
66 19.58 cis-1-methyl-4-(1-methylethyl)cyclohexane 50
75 21.05 Butylcyclohexane 91
99 24.14 Pentylcyclohexane 72
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Table 3.6 (e)
Terpenic Hydrocarbons in the 104 Compounds

PK# RT LIBRARY/ID QUALITY
53 17.72 (-)-a-Pinene 94
57 18.2 Camphene 91
63 19.12 1-B-Pinene 95
73 20.8 1-Limonene 96
Table 3.6 (f)
Naphthenic Hydrocarbons in the 104 Compounds
PK# RT LIBRARY/ID QUALITY
81 21.77 trans-Decahydronaphthalene 91
95 23.51 2-methyldecahydronaphthalene 93
98 24 2-methyldecalin (Probably trans) 91
105 25.08 Naphthalene 87
111 28.08 1-methylnaphthalene 83
112 28.46 2-methylnaphthalene 81
Table 3.6 (g)
Chloro Hydrocarbons in the 104 Compounds
PK# RT LIBRARY/ID QUALITY
30 12.38 Tetrachloroethene 98
67 19.78 1,4-dichlorobenzene 95
Table 3.6 (h)
Alkenyl Hydrocarbons in the 104 Compounds
PK# RT LIBRARY/ID QUALITY
38 15.11 Octahydropentalene 68
45 16.74 3,5-dimethylheptene-3 72
89 22.69 Undecene-5 72

3.2.1.2 Positive Identification of Straight Chain, Cyclic and Aromatic Hydrocarbons

Using Standards

The next part of the study focused on the positive identification of some selected

VOCs present in the landfill gas. Selection was based on three factors including what

standards were available, compounds representing each class as listed in Tables 3.6

(a) — (h) and abundance in the landfill gas. From the selection process twenty-three

VOCs were chosen including straight chain, cyclic and aromatic hydrocarbons. The

twenty-three compounds chosen included the majority of the most abundant VOCs

present in the landfill gas. The following protocol was used to for positive

identification.
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e As described in section 3.2.1.1, the best visual match, after interfering ions are

subtracted, is chosen.

o The pure compound corresponding to the best match is gas chromatographed

In order to establish if retention time is similar to the sample compound.

e The pure compound mass spectrum is visually compared with the mass

spectrum of the sample and library matching compound.

Positive identification is indicated when retention times and mass spectra are similar.
Results showed that the ‘best matches’ as determined by the library search were

correct in all cases.

Fig 3.16 (a) and (b) show the separation of straight chain, cyclic and aromatic VOCs
in landfill gas and the separation of the standard compounds, respectively. Table 3.7
shows the retention time of the VOCs in the sample compared with those of the
standard compounds. The compounds are listed under the various compounds classes

in Table 3.8.
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Fig 3.16 (a) Total lon Chromatogram from Landfill Gas Sample
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Table 3.7
The Comparison of Retention Time Between the Sample and Standard
NO. COMPOUND RT OF. SAMPLE RT OF STANDARD
(Minutes) (Minutes)

1 Hexane 3.62 3.67

2 Benzene 5.11 5.16

3 Cyclohexane 5.46 5.48

4 Heptane 7.53 7.47

5 Methylcyclohexane 8.54 8.55

6 Methylbenzene 10.27 10.27
7 1,4-Dimethylcyclohexane 11.33 11.37
8 trans-1,2-Dimethylcyclohexane 12.22 12.18
9 Octane 12.51 12.52
10 cis-1,2-Dimethylcyclohexane 13.54 13.58
11 Ethylcyclohexane 13.78 13.79
12 Ethylbenzene 14.49 14.51
13 1,2 & 1,4-Dimethylbenzene 14.87 14.89
14 1,3-Dimethylbenzene 15.75 15.97
15 Nonane 16.58 16.43
16 iso-Propylcyclohexane 17.21 17.15
17 Propylbenzene 18.06 18.03
18 1,2,4-Trimethylbenzene 18.59 18.57
19 1,3,5-Trimethylbenzene 19.44 19.46
20 Decane 20.04 20.03
21 Undecane 23.10 23.05
22 Dodecane 25.89 26.05
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Table 3.8
The Compounds Listed Under the Various Classes

STRAIGHT CHAIN CYCLIC AROMATICS
HYDROCARBONS HYDROCARBONS HYDROCARBONS
Hexane Cyclohexane Benzene

Heptane Methylcyclohexane Methylbenzene
Octane trans-1,2-Dimethylcyclohexane 1,2-dimethylbenzene
Nonane cis-1,2-Dimethylcyclohexane 1,3-dimethylbenzene
Decane 1,4-Dimethylcyclohexane 1,4-dimethylbenzene

Undecane Ethylcyclohexane Ethylbenzene
Dodecane iso-Propylcyclohexane Propylbenzene

1,2,4-Trimethylbenzene
1,3,5-Trimethylbenzene

Fig 3.17 shows the mass spectra of these compounds in the sample chromatogram, the
mass spectra of standard compounds and the mass spectra of compounds from the
library match. The mixture of standard compounds used to generate Fig 3.16 (b) was
prepared from individual standards, except for 1,2-dimethylcyclohexane which came
as a mixture of the cis- and trans- isomers. See Section 2.4.2 for preparation of
standard mixture. Although the mass spectra of cis- and trans- 1,2-
dimethylcyclohexane are similar, Figs 3.17 (h) and (j), respectively, they differ in the
relative abundance of ions. The relative abundance of ions is used in the MS library
search protocol, and the cis- and trans- isomers can be distinguished from each other.
Therefore it is concluded that peak 8 in Fig 3.16 (b) is the trans- isomer and peak 10 is

the cis- 1somer.

In the case of dimethylbenzene, when all three isomers were chromatographed
individually, 1,3-dimethylbenzene is separated as peak (14) in Fig 3.16 (b), whereas
1,2 and 1,4-dimethylbenzene co-elute as peak (13). Because all three isomers have
very similar mass spectra (see Fig 3.17 (m), (n) and (0)), it could not be determined if |
peak (13) was the 1,2 or 1,4 isomer. As a result, peak (13), represents both 1,2 and
1,4-dimethylbenzene and perhaps both are in fact present in the landfill gas. Table 3.8
lists the twenty-three straight chain, cyclic and aromatic hydrocarbons present in the

landfill gas which were positively identified.
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Fig 3.17 continued
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Fig 3.17 continued
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3.2.1.3. Positive Identification of Terpenic Hydrocarbons Using Standards

Fig 3.16 (a) shows that, along with the twenty-three compounds positively identified
in section 3.2.1.2, there were three other high abundance compounds present in the
landfill gas at approximately 17.7, 19.1 and 20.8 minutes. These terpenic
hydrocarbons (see Table 3.6 (e)) were not included in the study described in section
3.2.1.2 because standards were not available at that time. When standards became
available, these three compounds were positively identified, using the same protocol
described in section 3.2.1.2, as a-Pinene, B-Pinene and 1-Limonene. Fig 3.18 shows
the separation of terpenes in the landfill gas. Table 3.9 shows the retention time of
terpenes in the sample compared with those of the standard compounds. The
preparation of the standard terpene solution is described in Section 2.4.2.2. Fig 3.19
shows the mass spectra of these compounds from the sample, the standard and the
library match. Results show that all three terpenes were correctly identified as

described in section 3.2.1.2 by the library search.
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Fig 3.18 The Separation of Terpenes in the Landfill Gas

Table 3.9
The Comparison of Retention Time Between the Sample and Standard

RT OF STANDARD
No. COMPOUND RT OF SAMPLE

(Minutes) (Minutes)
1 a- Pinene 17.72 17.69
B- Pinene 19.12 19.08
3 1- Limonene 20.80 20.82
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3.2.2. Quantitative Analysis of VOCs in Landfill Gas

Over one hundred compounds were present in the landfill gas and quantitative
analysis of all VOCs is not practical as standard compounds are required for each
VOC. Other workers in this area have approached this problem by using a semi-
quantitative apﬁroach where one standard is used to quantify a number of compounds
or compounds in a particular class. Here the detector response is assumed to be the
same for the standard and other compounds. Ward®® used an eleven compound
external standard which represented actual compounds or isomers of compounds in
the landfill gas. Similarly, Allen©®2 used a twelve component external standard where

halocarbons were determined with reference to dichloromethane; alcohols to ethanol;
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substituted aromatics to p-xylene; cyclic compounds to cyclohexane; pinenes to 1-
limonene; and the alkanes to hexane, heptane, nonane, decane, and dodecane.
Young® and Scott(®) also used a semi-quantitative approach where anisole was used
to quantify a number of compounds. In Scott’s work it was indicated that the error in

using a single standard was thought not to exceed a factor of two.

In this study over sixty VOCs were quantified as follows. The twenty-six compounds
positively identified using standards in Section 3.2.1.2 and Section 3.2.1.3 were
quantified directly using standard and an internal standard. Other VOCs were semi-

quantified using standards which represented various compounds in the landfill gas.

3.2.2.1. Quantitative Analysis of Straight Chain, Cyclic, Aromatic and Terpenic
Hydrocarbons
The quantitative analysis of straight chain, cyclic and aromatic hydrocarbons
positively identified in section 3.2.1.2 and terpenic hydrocarbons positively identified
in section 3.2.1.3 was conducted in four parts. Firstly calibration plots were prepared.
Secondly, desorption efficiencies were determined. The third part involved the
determination of detection limits and finally the VOCs in a landfill gas sample from
leachate well (A, ) of landfill site A (see Table 6.1 and 6.2 for landfill sites
description and sampling point description, respectively, Chapter VI) was analysed
for the above-mentioned VOCs. The concentrations of these VOCs found in the
landfill gas sample will be presented in Section 3.2.2.2 together with those of other

VOCs which were semi-quantified.

3.2.2.1.1. Calibration Plots

The large number of VOCs in the landfill gas makes it difficult to find suitable
internal standards to use for calibration. Firstly, it would be difficult to find a
compound similar to those in the landfill gas, which is not already present in the
landfill gas. Secondly, the chromatogram is so cluttered that it is difficult to find a
freely eluting internal standard. This problem was readily solved with the aid of
deuterated internal standards and the ability of the MS software to selectively extract

from the total ion data any specified ion.
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Ideally an internal standard should elute close to the compound of interest. Therefore,
three deuterated internal standards were sought. Each would cater for a particular
section of the chromatogram, for early eluting compounds, late eluting compounds
and for compounds eluting in between. However, only two were available,
ethylbenzene-Ds and naphthalene-Dg. Fig 3.20 shows the separation of standards
including deuterated internal standards. The preparation of the VOC solution

including deuterated internal standards used to generate Fig 3.20 is described in

Section 2.4.5, and contains 0.024 pl/ml CS, of each VOC per ml of CS,. Because a
deuterated internal standard for early eluting compounds was not available and

naphthalene-Dyg eluted very late in the separation, it was decided to use the mid-range

eluting ethylbenzene-Dj as the internal standard for all compounds.
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Fig 3.20 The Separation of Standards Including Deuterated Internal Standards

As mentioned above, the MS software adds an extra level of selectivity as it allows
selected ion-chromatograms to be extracted from the total ion data. This feature was
used to prepare calibration plots as described below. From the mass spectrum of
ethylbenzene-Ds, shown in Fig 3.21, the most abundant ion, m/e = 96, is chosen to
extract from the total ion data a chromatogram shown in Fig 3.22. The choice of the
most abundant ion is not crucial but does allow for extra sensitivity in the extracted
ion chromatogram. Interestingly, only ethylbenzene-Dy has an ion with m/e = 96.
Because ethylbenzene co-elutes with ethylbenzene-Ds, it is important that
ethylbenzene does not have an ion with m/e = 96. The mass spectrum of ethylbenzene

is shown in Fig 3.23 and as can be seen ethylbenzene and ethylbenzene-Ds do not

share common ions. Calibration plots for the compounds of interest, except for
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ethylbenzene, were prepared by plotting peak area response ratio between the

compounds of interest in Fig 3.20 (the total ion peak area) and ethylbenzene-Dj in Fig

3.20 (peak area of m/e = 96) versus mass of compound injected.

This could not be done with ethylbenzene because it co-elutes with ethylbenzene-D;.
This problem is easily overcome as follows. From the mass spectrum of
ethylbenzene, shown in Fig 3.24, the ion with m/e = 91 is chosen from the total ion
data and extracted from the total ion data in Fig 3.20 to produced and extracted ion
(m/e = 91) chromatogram. This extraction chromatogram is shown in Fig 3.23, and
interestingly, other compounds have an ion with m/e = 91, but importantly as
mentioned above ethylbenzene and ethylbenzene-Ds do not share any common ions.
Therefore, the calibration for ethylbenzene was prepared by plotting peak area

response ratio between ethylbenzene (m/e = 91) and ethylbenzene-D; (m/e = 96)

versus amount of ethylbenzene injected.
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Fig 3.21 Mass Spectrum of Ethylbenzene-Ds
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Fig 3.22 Extracted Ion (m/e = 96) Chromatogram of Fig 3.20
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Fig 3.23 Mass Spectrum of Ethylbenzene

[Rbundance

1000000

Ethylbenzene

500000

L S S N T AR T

MTime -> 4,00 6.00 8.00 10.00 12.00 14.00 1600 18.00 20.00 22.00 24.00 26.00 28.00 3000 32.00

Fig 3.24 Extracted Ion (m/e = 91) Chromatogram of Fig 3.20

Table 3.10 shows concentration and mass data of the solutions used to construct the
calibration plots (see Section 2.4.4 for standard solution preparation). Injection mode

was splitless with a lul injection volume. The mass injected was calculated as

following:

Mass Injected (ng) = 1000 X Solution Concentration (ul/ml) X Density (mg/pl) X
Volume Injected (ul)

In the case of 1,2-dimethylcyclohexane, because the standard material used was a
mixture of the cis- and trans- isomers, the calibration plot was prepared using the sum
of peak areas for both isomers. In the case of 1,2- and 1,4-dimethylbenzene, because

these compounds co-elute, the mass injected is the total for both isomers.
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Table 3.10

Concentrations of Standard Solutions for the Calibration Plots
' SOLUTION CONCENTRATION (pnL/ML)

COMPOUND [0.192] [0.096] [0.048] [0.024] [0.012] [0.006]
MASS INJECTED (ng)

M, M, M; M, M, M
Hexane 127 63.4 31.7 15.8 7.92 3.96
Benzene 168 84.1 42.1 21.0 10.5 5.26
Cyclohexane 149 74.7 37.4 18.7 9.34 4.67
Heptane 131 65.6 32.8 16.4 8.20 4.10
Methylcyclohexane 148 73.9 36.9 18.5 9.23 4.62
Methylbenzene 166 83.2 41.6 20.8 10.4 5.20
1,4-Dimethylcyclohexane 150 75.2 37.6 18.8 9.39 4.70
trans-1,2-Dimethylcyclohexane 153 76.4 38.2 19.1 9.56 4.78
Octane 135 67.4 33.7 16.9 8.43 4.22
cis-1,2-Dimethylcyclohexane 149 74.5 37.2 18.6 9.31 4.66
Ethylcyclohexane 151 75.6 37.8 18.9 9.46 4.73
Ethylbenzene 166 83.2 41.6 20.8 10.4 5.20
1,2 & 1,4-dimethylbenzene 169 84.5 42.2 21.1 10.6 5.28
1,3-dimethylbenzene 166 83.0 41.5 20.7 10.4 5.19
Nonane 138 68.9 34.4 17.2 8.61 4.31
iso-Propylcyclohexane 152 76.2 38.1 19.0 9.52 4.76
a-Pinene 165 82.4 41.2 20.6 10.3 5.15
Propylbenzene 166 82.8 41.4 20.7 10.3 5.17
1,2,4-Trimethylbenzene 168 84.1 42.0 21.0 10.5 5.25
B-Pinene 167 83.5 41.7 20.9 10.4 5.22
1,3,5-Trimethylbenzene 166 83.1 41.5 20.8 10.4 5.19
Decane 140 70.1 35.0 17.5 8.76 4.38
1-Limonene 162 80.9 404  20.2 10.1 5.05
Undecane 142 71.1 35.5 17.8 8.88 4.44
Dodecane 144 71.9 35.9 18.0 8.98 4.49

* Total mass injected for both isomers

Calibration plots are shown in Fig 3.25. The plots include calibration equations and

correlation coefficients. All plots were linear with correlation coefficients of 0.999.

Rasponse Ratio

1.2+

T T T
0 40 (1] 120
Mass (ng)

Rasp Ratio = §.43e-003 ¢ Mass
Corr Coaf ~ 0.999 Curve Fit: Linear/origin

Fig 3.25 Calibration Plots for Each Compound
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Fig 3.25 continued
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Fig 3.25 continued
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