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SUMMARY

The research completed represents an experimental investigation of atmospheric hydrocarbon
concentrations in the Dublin area, of which very little reported data were previously available.
There was a notable lack of short-term measurements, which are useful in source apportioning

and investigating the behaviour and trends of ambient hydrocarbon concentrations.

Approximately eight months of online sampling was carried out to investigate the road traffic
source effect, emanating from the M4 motorway at a sub-urban / rural location. HC
concentrations were compared with meteorological and traffic data obtained locally. HC
compounds which showed a higher mean than median value were found to be associated with
a greater local source effect. These compounds also showed the highest Pearson’s correlation
coefficients with acetylene and ethene, known traffic emission markers. Well defined diurnal
profiles were obtained for most compounds, for wind directions associated with the M4, when
periods of local atmospheric inversions and low wind speeds were filtered out. Various trends
in HC ratios were investigated, which showed the youngest HC’s were sampled during
morning peak traffic times, when near parallel winds relative to the M4 were observed. The
highest average ethene / acetylene ratios were also observed during these times. Using the HC

/ acetylene ratio, some evidence for evaporative emissions was also obtained.

Using the online system, ambient hydrocarbon concentrations were also monitored over a six-
month period, at a heavily trafficked junction in Dublin City centre. When HC data associated
with stable atmospheric conditions were filtered out, very pronounced diurnal profiles were
obtained for almost all compounds. Clearly defined peaks associated with morning and
evening traffic flow were observed. Concentrations were highest with wind directions
associated with the junction. Evaporative emissions and the m+p xylene / ethylbenzene ratio
were investigated for both wind direction sectors, where higher evaporative ratios and
relatively older HC’s were associated with wind sector 40-90°, most likely due to long range
transport of pollutants. Concentrations of all compounds except ethane, propane and acetylene
decreased substantially from values reported in 1998, mainly due to a lower percent of high

emitting vehicles in the 2003 vehicle fleet relative to that of 1998. It was hypothesised that the
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rise in acetylene concentrations was due to long range transport from Continental Europe and

the UK, due to its relatively long atmospheric lifetime.

After completing the monitoring campaign at the M4, the limitations of the online system
became apparent and a mobile sampling method was developed and validated to extend
sampling flexibility. The method was validated under the following headings: specificity,
linearity, method detection limits, precision, accuracy, robustness and sample stability.
Acceptable method performance was documented for ethane, propane, n-butane, iso-butane, n-
pentane, iso-pentane, ethene, propene, 1,3-butadiene, acetylene and benzene. The sampling
method allowed for sampling times of between 5 and 40 minutes, and samples were stable for
at least 24hours.The mobile sampling method was applied to several sampling campaigns, the
first of which, a 2 week pilot study, assessed the HC concentrations to which bus and cycling
commuters are exposed in Dublin City. Average HC concentrations were found to be 1.47

times higher for the bus commuter than the cyclist.

The second campaign involved measuring hydrocarbon concentrations on a daily basis over a
5 week period, during the morning peak traffic period at six different receptor locations, three
on either side of a busy sub-urban Motorway (M50). A clear and well-defined M50 source
effect was observed for n-pentane, iso-pentane, ethene, propene, 1,3 butadiene, benzene and
acetylene. Background corrected concentrations compared very well for both main wind
direction sectors, with greater dispersion observed for winds between 165° and 315°, due to
the higher average wind speed observed for this sector. The measured results were compared
on a day-to-day basis with the gaussian dispersion model, CALINE4. On a day-to-day basis,
the model performance was acceptable, however, the model behaviour improved significantly
for long term (5 week) average predictions, where the average modelled / measured

concentration ratio varied from 0.90 to 1.05 for 25 to 250 metres from the source, respectively.

The third campaign involved a 5 week monitoring period in Dublin City centre, to establish
which site gave a more accurate background city centre estimation: a roof-top or green field
site. The lowest concentrations and relative standard deviations were observed at the green
field site, regardless of wind direction. The ethene / acetylene ratio was consistently lowest at

the green field site, however highest evaporative ratios were observed at the rooftop site.
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INTRODUCTION

1. INTRODUCTION

As a species, we have historically had a fascination with all things celestial, whether it reveals
itself through mythology, religion or science. That we posses an innate desire to understand

the atmosphere in which we live and beyond is undeniable.

1.1 BRIEF HISTORY OF AIR POLLUTION

The issue of air pollution is not solely a modern day phenomenon. Combustion in the earliest
times was a cause of air pollution, with nomadic tribes polluting their indoor environment with
the products of incomplete combustion from cooking fires, behaviour still observed today in

more primitive areas of the world.

The first documented observations of urban air pollution were made by classical writers,
where the poet Horace mentions the blackening of buildings in Rome. In addition, Emperor
Nero’s tutor, Seneca, was encouraged to leave Rome due to continued ill-health. After re-
locating in approximately AD 61, he reported that as soon as he left Rome’s “oppressive

odours”, his health improved (Brimblecombe, 1987).

The first documented air pollution incident in England involved Queen Eleanor of Provence,
who, upon a visit to Nottingham castle in 1257, found the air so full of sea coal smoke, that
she was forced to leave to preserve her health. In crowded, medieval cities, dominated by tall
buildings, smoke would have been emitted at low level, where it had the potential to be

trapped by the nowadays, common “canyon effect”.

By 1661, the pollution of London had become so bad, that John Evelyn was prompted to write
a letter to Charles II, in which he described the inconvenience of air pollution and possible
measures to remedy the situation. Earlier in the same century, the topic of air pollution had

pervaded into one of Shakespeare’s great works; Hamlet.

“ This most excellent canopy of air.....appears no other thing than a foul and pestilent

congregation of vapours” (Act II, scene ii).
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The predominant air pollution problem of the nineteenth century was smoke and ash from the
burning of coal or oil in the boiler furnaces of stationary power plants, locomotives and marine
vessels, and in home heating fireplaces and furnaces. In Great Britain, the abatement of such

pollution was considered to be a health agency responsibility and was confirmed as such by

the first Public health act of 1848 and the later ones of 1866 and 1875 (Boubel et al, 1994).

In conjunction with a growth in cities and hence greater emissions, the twentieth century saw
the emergence of the automobile as the primary mode of transport. With this emergence of
both stationary and mobile polluters, severe pollution episodes were experienced in many

cities.

1930 saw a five day pollution episode effect Meuse in Belgium. 1943 saw the first major smog
episode in Los Angeles. 1948 saw a four day episode effect Donora in Pennsylvania and 1952

saw the great smog in London which captured the attention of the public at large.

The Great London Smog of 1952, which resulted in around 4,000 extra deaths in the city, led
to the introduction of the Clean Air Acts of 1956 and 1968 in the UK. These introduced
smokeless zones in urban areas, with a tall chimney policy to help disperse industrial air

pollutants away from built up areas into the atmosphere.

At the start of the 1990s the main air quality problem facing Ireland was the occurrence of
"winter smog" (smoke and sulphur dioxide emissions) resulting from widespread use of
bituminous coal in major urban areas, notably Dublin. In the mid to late 1980’s, levels of
smoke and sulphur dioxide were as much as seven times the EU and national limit values
(OECD, 2000). To deal with the problem, regulations were made in 1990 to ban the
marketing, sale and distribution of bituminous coal in the Dublin area. Smoke and SO, levels
showed considerable improvement once the ban was introduced. The ban was extended to
Cork in 1995 and in accordance with a commitment in "An Action Programme for the
Millennium", the ban was extended to five additional areas in 1998 (Arklow, Drogheda,
Dundalk, Limerick and Wexford). Regulations made in September, 2000 further extended the
ban to five new areas (Celbridge, Galway, Leixlip, Naas and Waterford) with effect from 1st
October, 2000.
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With the control of bituminous coal burning and industrial emissions limited by the EPA
under the IPPC licensing scheme, the major contributors to urban air pollution are now

generally accepted to be mobile emissions from passenger cars.

Amongst the pollutants of concern emitted by mobile sources are a class of volatile organic
compounds called hydrocarbons, several of which are carcinogenic at relatively low
concentrations. In addition, these compounds play a significant role in the formation of
tropospheric ozone and have the potential to act as greenhouse gases, contributing to global
warming. Some hydrocarbons are often good tracers for road traffic emissions, which makes
them useful in understanding processes that effect other, but less exclusively traffic related
pollutants, such as NOx and PM;,. This includes the development and validation of

quantitative assessment and numerical modelling techniques.

From this we can see why it is necessary to monitor air quality on a continual basis with as
much spatial variation as practical. From such monitoring we can estimate the prevalence and
concentrations of such trace hydrocarbon species and in conjunction with establishing spatial
variation, deduce their effect on atmospheric chemistry. With the aid of source apportioning
techniques, we can ascertain the major contributors to pollution episodes and hence control the
emissions from such polluters. In addition, air quality standards based on air quality criteria,
which are cause-effect relationships, observed experimentally, epidemiologically, or in the
field, of exposure to various ambient levels of specific pollutants (Boubel et al, 1994) can be
established from ambient air quality monitoring. Once air quality standards have been
ascertained and imposed, monitoring is also required to ensure compliance, and to establish
the effect of implementation of the standards on ambient levels and the environment as a

whole.
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1.2 AIMS AND OBJECTIVES

» The primary aim of this project is to characterise ambient hydrocarbon concentrations at a
variety of sites in the Dublin area. To facilitate this, the functionality of the online system
shall be extended to enable greater flexibility in sampling time and location by developing
a mobile sampling method, the analysis of which shall incorporate the existing online

equipment.

» A complete analytical validation of the mobile sampling and analysis method shall be

conducted, with the aim of assuring the reliability of method performance.

» A mobile sampling pilot study shall be carried out, investigating the levels of hydrocarbon

exposure for various commuting modes in Dublin City.

» Using both online and mobile sampling methods, the contribution of local traffic sources

to ambient hydrocarbon levels in the Dublin area shall be examined.

» Comparisons of background and roadside concentrations, at both urban and motorway

sites shall be undertaken.

» The factors influencing hydrocarbon concentrations at both urban and motorway sites shall

be assessed in detail.

» The applicability of using various HC ratios to yield information in regard to emissions
sources shall be thoroughly investigated. An examination into whether certain ratios can
reveal insights into the relative age of air samples and hence how far pollution has
travelled shall be explored, along with a thorough investigation into the ethene / acetylene
ratio determining whether this ratio is a true reflection of catalytic converter activity and if

not its uses in determining traffic source effects.

» The ability of the CALINE4 dispersion model to predict the traffic source effect at a

motorway site will be investigated and the factors affecting model performance assessed.
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1.3 OVERVIEW OF RESEARCH PROGRAMME

The research programme centres around an online system for the measurement of
hydrocarbons, previously used in a doctoral research programme (Marnane, 2000) and now
extended and developed by the validation of a mobile sampling method incorporating the
online system for analysis. With the aid of the validated mobile sampling method and the
online system run as standard, separate monitoring campaigns were carried out at a number of

different sites, both urban and sub-urban in nature.

The first site where monitoring was carried out was at a sub-urban motorway (M4) site in
Leixlip, Co. Dublin. Monitoring was carried out using the online system run as standard,
where hourly data was obtained over an eight month monitoring period. This work formed
part of a larger monitoring study, in which concentrations of other pollutants (CO, NOx,

PM)y), were also measured, with a view to evaluating dispersion model performance.

The second site where the online system was employed to take hourly measurements was at a
heavily trafficked Dublin city centre junction, where previous monitoring had been carried out

in 1998.

The mobile sampling method was developed and validated over a six-month period under such
headings as : Specificity, Linearity, Limits of Detection, Accuracy, Precision, Robustnesss and

Concentration range.

A short pilot study was carried out using the mobile air sampling method over a two week
period, monitoring the concentrations of hydrocarbons commuters were exposed to while
commuting in and out of Dublin city, using two separate modes of transport; cycling or public

transport bus.

A five-week mobile sampling study was carried out to establish which gave a truer
representation of an urban city centre background, a green field site or a building rooftop site.

Representative urban background concentrations of a number of hydrocarbons were obtained.
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A five-week study was also carried out at a sub-urban motorway site (M50), using the mobile
sampling method, where the spatial variation of HC concentrations was examined. This
involved short term sampling on both sides of the motorway. The results obtained were

compared with those predicted with the CALINE 4 dispersion model.

1.4 THESIS OUTLINE

Chapter two contains a detailed discussion on the sources, effects and fates of hydrocarbons in
the troposphere. Included in this are the effects of hydrocarbons on the formation of the
secondary pollutant ozone, and the negative effect this compound can have at ground level.
Section 2.6 deals with the effect meteorology has on air pollution, outlined in this section are
also specific air pollution episodes, relating to meteorological conditions which were
conducive to high ambient concentrations of pollutants. Common sampling and analysis
techniques for hydrocarbon monitoring are discussed in section 2.7, along with a brief
discussion on bio-monitoring. Section 2.8 outlines some of the various emission control
techniques available, both regulatory and engineering. Section 2.9 presents a selection of

recent monitoring studies carried out in Ireland, Europe the United States and elsewhere.

Chapter 3 describes the online monitoring system in some detail. Also included is a discussion

on Quality Control and calibration procedures.

Chapter 4 incorporates the mobile sampling method development and validation procedures.
Section 4.1 covers the method development while section 4.2 outlines the procedures carried
out to validate the proposed mobile sampling method. The validation was carried out under the
following headings; specificity, linearity, limits of detection, accuracy, precision, robustness
and concentration range. Section 4.3 deals with sample stability while section 4.5 deals with
the quality control procedures necessary to ensure reliable results. Section 4.6 outlines the
results obtained for the pilot study using the mobile sampling method. The HC concentrations
obtained for two separate modes of transport are compared and contrasted, with comparisons

to similar studies carried out in different cities also outlined.

Chapter 5 is the first chapter which outlines results obtained for a long term online monitoring

campaign, carried out at the M4 Motorway, at Leixlip, County Dublin. Section 5.1 outlines the
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site details along with monitoring details. Sections 5.2 and 5.3 outline local and regional
meteorological conditions encountered, respectively, while 5.4 presents the traffic data
associated with the monitoring period. Sections 5.6 to 5.8 present detailed analysis of the data
obtained. Section 5.9 compares the results obtained at Leixlip to those reported in separate

world-wide studies.

Chapter 6 outlines the M50 motorway monitoring campaign at the Dublin sub-urban Tallaght
location, where spatial and temporal variations in concentrations were investigated. Sections
6.1 and 6.2 describe the receptor locations and monitoring details. Section 6.3 presents the
traffic data associated with the monitoring period. Sections 6.4 to 6.6 presents detailed
analysis of the data obtained. Section 6.7 outlines the dispersion modelling approach used to
estimate the road traffic emissions from MS50. This section includes 2003 vehicle fleet
estimations, composite emission factors derived from COPERT3 and daily modelling of

emissions from the M50 using the CALINE4 line source dispersion model.

Chapter 7 presents data obtained from a Dublin City centre online monitoring campaign.
Section 7.1 illustrates the site location and monitoring details, while section 7.2 presents the
meteorological and traffic data for the period of interest. Sections 7.3 to 7.7 present detailed
analysis of the data obtained and comparisons to separate world-wide studies. Section 7.8
compares the concentrations observed in 2003 to those obtained for a similar study at the same

location in 1998.

Chapter 8 presents data obtained for two Dublin City centre background locations. Results
obtained for a roof-top and green field location were compared and contrasted. Section 8.1
presents the site locations and sampling details. Sections 8.2 to 8.6 outline results obtained
after detailed analysis. Section 8.7 compares the results obtained to those observed at each

monitoring site within this research project.

Conclusions are drawn in chapter 8 based on the data obtained during each phase of research.
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2. BACKGROUND TO HYDROCARBON MONITORING

2.1 INTRODUCTION

The earth’s atmosphere is composed roughly of 79% nitrogen, 21% oxygen, varying amounts
of water vapour, 0.95% argon, 0.036% carbon dioxide and a host of minor trace substances.
Those substances we deem to have an adverse effect we call “pollution” after the Latin word

for “dirt” (Lipfert, 1994).

Due to recent advances in measurement science and technology, our ability to study the
composition of the atmosphere in ever-greater detail is increasing (Lewis, 2000), giving

scientists the capacity to analyse and investigate the composition of these trace substances in
the atmosphere. This is particularly true of the organic chemical composition of the

atmosphere (Hewitt and Sturges, 1993).

The most studied compounds in this group are volatile organic compounds (VOCs). These
substances are a topic of interest in many disciplines, such as food, flavour and fragrance,
medical and forensic sciences. The main area dealing with VOCs is environmental chemistry,
due to their contribution to stratospheric ozone depletion, tropospheric ozone formation, toxic
and carcinogenic human health effects and their potential to act as greenhouse gases (Dewulf
et al., 2002). Frequently used definitions are based on vapour pressure. In the USA, VOCs are
defined as organic compounds that have a vapour pressure more than 13.3 Pa at 25 °C (ASTN
test method D3960-90). The USEPA defines VOCs as having a vapour pressure of 0.13 Kpa
at 20°C and 1 atm (Derwent, 1995). In the European Union, a common definition is that
VOC:s are organic compounds with a vapour pressure above 10 Pa at 20 °C (CEC, 1999a). The
Australian National Pollutant Inventory defines a VOC as a chemical compound based on
carbon chains or rings (and also containing hydrogen) with a vapour pressure greater than 2

mm of mercury (0.27kPa) at 25 °C, excluding methane.

Hydrocarbons are a group of VOCs, defined as “organic compounds composed entirely of
hydrogen and carbon”, and as raw materials are derived primarily from petroleum, coal tar and

plant sources (Lewis, 1993).
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These are probably the most widely studied and ubiquitous class of organic compounds in the
troposphere. While methane is the single most abundant hydrocarbon in the atmosphere (1.7
parts per million volume), there is a whole range of hydrocarbon species with a carbon
skeleton containing 2 or more carbons which are present as parts per billion by volume (ppbv)
or lower concentration (Hewitt and Sturges,1994). Though the abundance of these compounds
are orders of magnitude lower than methane, their atmospheric reactivity in terms of carbon

conversion can exceed that of methane (Erhalt and Rudolph, 1984).

2.2 HYDROCARBON SPECIES

Compounds containing only carbon and hydrogen are termed hydrocarbons. If a hydrocarbon
consists of only single bonds, it is called a saturated hydrocarbon. Included in this
classification are alkanes and cyclo-alkanes. Unsaturated hydrocarbons contain one or more
carbon double or triple bonds. There are three classes of unsaturated hydrocarbons: alkenes,

alkynes and aromatic hydrocarbons.

2.2.1 Saturated hydrocarbons

These are the simplest class of organic compounds with a general formula C,Hz,+2. Thus, from
the number of carbon atoms in a molecule, it is a simple process to determine the number of
hydrogens and hence the molecular formula. For alkanes of size C4 or greater, structural
isomerism, or compounds having the same molecular formula but different orders of
attachment of atoms, is displayed. For the molecular formula C4H;0, two orders of attachment
of atoms are possible. In one, the 4 carbon atoms are attached in a chain, in the second they are

attached three in a chain and the fourth as a branch on the three chain carbon.

The isomeric alkanes shown in Figure 2.1 are named butane and iso-butane. They are different
compounds and have different physical and chemical properties. For example, the boiling

points of the two compounds differ by greater than 10°C (Zuhmdahl, 1989).
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(butane) (iso-butane)
CH3-CH2-CH2-CH3 CH3-CH-CH3
CH3

Figure 2.1 Isomeric structures of butane and iso-butane

The number of structural isomers increases with an increase in carbon number. In addition to
the branched and un-branched hydrocarbons shown above, an additional form of alkane exists.
A molecule that contains carbon atoms joined in a closed ring structure is termed a cyclic
hydrocarbon, when all the carbons of this ring are saturated, we obtain a molecule termed a

cycloalkane.

Cycloalkanes of ring size 3 to 30 are found in nature. Cyclopentanes and cyclohexanes are
especially abundant in nature and have therefore received the most attention (Brown, 1988).
The use of carbon bonds to close the ring structure means that cycloalkanes contain 2 fewer

hydrogens than an alkane of similar carbon number. A general formula of C,H;, is obtained.

Alkanes and cycloalkanes can be either solid (paraffin wax), liquid (petrol, diesel) or gas
(natural gas) at room temperature. As boiling points generally increase with an increase in
carbon number, the lighter, lower molecular weight alkanes are gasses at room temperature
and the heavier waxes are solid. This increase in boiling point, with increased carbon number,

is due to an increase in dispersion forces as molecular weight increases.
Alkanes and cycloalkanes are generally unreactive to most reagants, a behaviour consistent

with the fact that they are non-polar compounds and are composed entirely of strong sigma

(single) bonds (Brown, 1988).

10
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2.2.2 Unsaturated hydrocarbons
Alkenes, alkynes and aromatics are the three classes of unsaturated hydrocarbons.
Hydrocarbons that contain a carbon-carbon double bond are termed alkenes (sometimes
named olefins), and have a general formula C,H,,. The simplest alkene C,H,, ethylene

(ethene) has the structure :

e

H

HJJ_CH

Fig 2.2 Ethene (ethylene) structure

The double bond consists of a strong C-C sigma bond and a weaker C-C © bond formed
between the p orbitals. The n bond formation prevents rotation of the two CH2 groups around
the double bond. This restricted rotation about the double bond results in alkenes exhibiting
cis-trans isomerism. For example, there are two stereo-isomers of 2-butene (Figure 2.3).
Identical substituents on the same side of the double bond are designated cis and on the

opposite side are labelled frans. Similar to alkanes, alkenes can exist as cycloalkenes.

WL

Cel
¢is-2-Butene frans-2-Butene

Figure 2.3 Stereo-isomers of 2-butene
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Alkynes are unsaturated hydrocarbons containing a triple carbon-carbon bond. The simplest
alkyne is ethyne (acetylene) shown in Figure 2.4. The triple bond can best be described as one

sigma bond and two © bonds involving two 2p orbitals on each carbon atom.

H—C=—C—H

Figure 2.4 Structure of ethyne (acetylene)

Because both alkenes and alkynes are non-polar, and the only interactions between molecules
are dispersion forces, their physical properties are similar to those of alkanes. However, in
contrast to alkanes, the alkenes and alkynes react with a variety of compounds (Brown, 1988).
Because they are unsaturated, their most important reactions are addition reactions across the

double or triple bond.

A special class of cyclic unsaturated hydrocarbons is known as aromatic hydrocarbons. The
simplest of these is Benzene (C¢Hg) with a planar structure illustrated in Figure 2.5.

In general these compounds are hexagonal ring compounds with three double bonds. They are
by definition, cyclic, planar, and conjugated systems with 4n+2 electrons (Brown, 1988). The
hexagonal ring can have substituent groups attached, for example toluene, which has a methyl

group attached (Figure 2.5).

Bl €

benzene toluene

CH3

Figure 2.5 Structures of benzene and toluene

The delocalization of the n electrons makes the benzene ring behave quite differently from
typical unsaturated hydrocarbons. As stated earlier, unsaturated hydrocarbons normally
undergo rapid addition reactions, aromatics do not. Rather, substitution reactions take place

where hydrogen atoms are replaced by other atoms (i.e, toluene, Figure 2.5). Substitution

12
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reactions are more characteristic of saturated hydrocarbons and indicates the greater stability

of the delocalized = electron system associated with aromatic compounds (Zuhmdahl, 1989).

Benzene is the simplest aromatic compound. More complex aromatic systems can be viewed
as consisting of “fused” benzene rings. These compounds are termed poly-aromatic

hydrocarbons of which napthalene and anthracene are examples.

2.3 SOURCES OF HYDROCARBONS

Air pollution emitted directly into the atmosphere is termed primary, for example, stack
emissions from an industrial plant, or HC emissions from the exhaust of a vehicle. In contrast
secondary poliutants are not emitted directly, but are formed within the atmosphere itself, the

most widely studied of which is ozone (O3).

The major sources for HCs are more diverse than most primary pollutants and encompass both
anthropogenic and biogenic sources, many of which emit a range of individual compounds of
which some 200 HC species have been analysed and measured in some ambient air samples

(Harrison, 2001).

There are two major reasons for interest in the HC concentrations in the atmosphere. The first
is due to the toxicity of such pollutants as benzene and 1,3 butadiene, the second results from

the ozone formation potential of the emitted HC pollutants.

2.3.1 Anthropogenic sources
Anthropogenic (man-made) sources can be grouped into two main sectors based on mobility,

and categorised as mobile and stationary sources.

Mobile sources

A mobile source of air pollution is one which is capable of moving from one place to another
under its own power (Boubel ef al., 1994). The chemical process on which propulsion of the
mobile source relies is known as combustion. The balanced chemical equation 2.1 for the

combustion of methane is shown as an example.

13
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CH4(g) + 20, (g) — CO; (g) + 2H,0 (g) + energy (2.1)

Within an internal combustion engine, the ideal combustion process would follow that seen

above and would complete as indicated in equation 2.2:

Fuel (HC) + air (O, + Ny) — CO; + H,0 + unaffected N, (2.2)

In reality the process is represented by equation 2.3:

Fuel + air — unburned / partially burned HC + NOx + CO + CO, + H,0  (2.3)

The more incomplete the reaction the greater the amount of unburned or partially burned

hydrocarbons (Friedrich and Obermeier,1999).

The internal combustion engine, which relies on the above process can be classified as
reciprocating or rotary, spark ignition or compression ignition, and two-stroke or four-stroke;
the most familiar combination, used from automobiles to lawn mowers, is the reciprocating,

spark-ignited, four-stroke petrol engine.

Vehicle emissions are dependant upon many variables, of which vehicle condition, vehicle
speed (engine load), driving behaviour, fuel type and quality, and ambient temperature are the

more important factors.

Vehicle condition

There is a definite relationship between vehicle age, condition and associated emissions
(Anilovich and Hakkert, 1996). Newer, well maintained vehicles emit less pollutants than
older vehicles or relatively new, yet poorly maintained vehicles. However, emission
differences between well maintained and badly maintained vehicles is larger than the age-

dependent deterioration of emissions (Revitt et al., 1999).
Vehicle emission control systems begin to function improperly while the vehicles are in use.

As a result, used and ageing vehicles have become a major problem of air pollution in many

urban areas. It has been frequently reported that the majority of vehicle emissions come from

14
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roughly 10% to 30% of used vehicles which are poorly maintained or have malfunctioning

emission control systems (Bishop et al., 1997;Calvert et al.,1993).

In a bid to control these polluters, the department of transport initiated regulatory testing on
vehicles of five years of age or greater, to ensure all cars being driven on Irish roads had a
certificate of road worthiness. The National Car Test (NCT) was introduced on the 4™ of
January 2000. Ireland is one of the last countries to comply with the EU Directive (CEC,
1996a), which makes car testing compulsory in EU member states and is aimed primarily at

improving road safety and enhancing environmental protection.

The cost effectiveness of this scheme has not yet been evaluated. Such schemes have recently
been called into question as a tool to identify highly polluting vehicles, as actual vehicle
emissions on the road have been discovered to be, on average, one and a half to two times
higher than the design values to which the vehicles were certified, with some vehicles having
emissions 50 times higher (Ramsden, 1997). As most test procedures do not account for the
real world driving conditions such as acceleration and deceleration cycles, the vehicles passing
the emission tests may still be gross polluters in real world driving conditions (Washburn et

al., 2001).

Vehicle speed
It is generally admitted that pollutant emissions are dependant on the speed level (Andre and
Hammerstrom, 2000). Indeed, the specific emissions which are currently measured as a

function of the average speed of a driving cycle, show a clear speed dependency.

The specific driving mode will have an extreme effect on the emissions as discussed by

Friedrich and Obermeier (1999) and illustrated in Table 2.1.
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Type Description Motorway | Rural mode Urban Traffic jam
mode mode
Passenger car Petrol without 0.87 0.86 2.14 4.58
catalyst
Passenger car | Petrol with 3-way 0.04 0.03 0.06 0.48
catalyst
Passenger car Diesel 0.04 0.05 0.12 0.23

Table 2.1 Exhaust hydrocarbon emissions from different vehicle types due to different driving
modes, g / Km (Friedrich and Obermeier, 1999)

Lower average speeds relate to more “stop-go” driving conditions frequently observed in
urban conditions. Urban driving modes are associated with an increase in periods of

acceleration and deceleration, leading to the higher emissions observed.

In addition to vehicle speed, driver behaviour can have a significant effect on emissions.

“Driver variability” describes the differences in vehicle operating behaviour between drivers.
These differences may include variations in the duration, frequency or intensity of different
driving modes such as cruise, acceleration and deceleration (Holmen and Niemeier,1998).
Since the operation of a vehicle directly affects its exhaust gas concentrations, it is readily
apparent how individual driving habits and behaviour can effect exhaust emissions. This was
investigated by Holmen and Niemer (1998), who found that the variability in driving styles
may also have important implications on how vehicle fleet emissions testing is performed. For
example, a well-moderated driver will produce different emission levels when driving the FTP

dynamometer exhaust emission testing cycle than a less-experienced driver.

Fuel type and quality

The two main fuels used in Europe are petrol and diesel and are likely to dominate for the
foreseeable future (Harrison, 2001). Due to the different physical characteristics of both fuels,
different forms of internal combustion engines are required for each fuel type. Petrol consists
mainly of HC compounds in the Cs-C;o range whereas diesel fuel consists of C;5-Css

(Zuhmdahl, 1989). As petrol requires a spark to ignite the fuel, such engines are termed spark
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ignition engines. Diesel fuel is ignited by compression, hence the term compression ignition

engines for the combustion of diesel fuel.

The majority of vehicles (82%) in Ireland rely on petrol as their primary fuel (Marnane.,
2000). The majority of diesel engines are installed in heavy goods vehicles, light goods
vehicles and buses. As a result the vast majority of HC emissions are anticipated to emanate

from petrol engines.

Three important petrol fuel characteristics are the Ts, Too and RVP values. Tsp and Tgy values
are the 50% and 90% distillation temperatures. Lower Tgy can lead to increased evaporative
emissions but reduced total non-methane hydrocarbon emissions (Rutherford ez al., 1995). The
Reid Vapour Pressure (RVP) is an indicator of the volatility of the fuel, lower RVP values

giving reduced evaporative emissions.

In 2000, in accordance with EU directive 98/70/EC (CEC, 1998b), relating to the quality of
petrol and diesel fuels, limit values were set as to the quality of fuels in the market amongst
the EU. In addition to these limits shown in Table 2.2, the aromatic content must be reduced to

35% by 2005.

Parameter Limit
minimum maximum
Research octane number (RON) 95.00 -
Reid Vapour pressure (Summer only) 60.00 kPa -
Distillation
Evaporated at 100°C 46 % v/v -
Evaporated at 150°C 75 % viv -
Hydrocarbon analysis
Olefins (alkenes) - 18 % v/v
Aromatics - 42 % v/v
Benzene - 1 % v/v
Oxygen content - 2.7 % m/m

Table 2.2 Selected specifications for market fuels to be used for vehicles equipped with
positive-ignition engines (CEC, 1998b)
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Results of analysis of 1998 Irish fuels by Broderick and Marnane (2002), indicated that fuels

in the Irish market were already close to meeting EU fuel specifications and a comparison

between the fuel and ambient HC components indicated good agreement.

While effects of fuel quality changes alone on emissions from fixed technology engines are
relatively small compared to reductions achievable from changes to engine technology, real
benefits from changes to fuel quality arise when they are used to enable new technologies. The
introduction of Unleaded Gasoline for catalyst cars, low sulphur diesel fuels for Euro 2 diesel
engines and development of detergent additives to prevent problems in fuel injected engines

show where fuel properties are effective as an enabling tool (CONCAWE, 2003).

The conventional wisdom is that there is no relationship between fuel economy and motor
vehicle emissions, at least for new cars (Harrington, 1997). As cars age, however, the emission
control equipment tends to break down, providing reason to think that the conventional
wisdom might do the same. After linking EPA fuel economy certification data to a large
database of motor vehicle emission measurements collected by remote sensing Harrington
(1997), found that better fuel economy is strongly associated with lower emissions of CO and

HC and that the effect gets stronger as vehicles age.

Ambient temperature

The two extremes of ambient temperature can have a significant effect on vehicle emissions.
At low ambient temperatures, the increased time taken for catalytic converters to reach their
optimum working temperature leads to an increase in exhaust emissions. Emissions associated
with such conditions are termed cold start emissions. At higher ambient temperatures,
evaporative emissions can be significant (Field ef al,, 1994). These can take the form of

diurnal, running or hot soak losses.

Cold start emissions

Most journeys are of short duration (AEAT, 1999) and take place in urban areas. These
journeys will start (and most of them end) with the vehicle significantly below its normal
operating temperature. This situation is exacerbated with low ambient temperatures, inhibiting

a rapid rise in engine temperature. Under these conditions the emission of most pollutants will
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be higher than if the catalyst was working at optimum. Thus, nowadays, cold start emissions
are the most important source for traffic related HC emissions in most European countries

(Heeb et al., 2003).

For 15 petrol engines examined by the DETR in 1999 (AEAT, 1999), a cold start at a -7°C
ambient approximately doubled the emissions relative to a hot start at 20°C ambient. Heeb et
al. (2001), examined the cold start emissions of five EURO-0, twenty EURO-1, eighteen
EURO-2 and six EURO-3 passenger cars. At room temperature a clear reduction of 94%, 81%
and 85% was found for the methane, benzene and alkyl benzene cold start emissions from

EURO-0 to EURO-3 technology, respectively.

Evaporative emissions
Evaporative emissions of petrol fuel vapour from the tank and fuel delivery system in vehicles
constitute a significant fraction of total HC emissions from road transport

(www.aeat.co.uk/netcen/airqual/naei/roadproj).

Evaporative emissions are dependent on ambient temperature and the volatility of the fuel and,
in the case of diurnal losses, on the daily rise in ambient temperature. Fuel volatility is usually

expressed by the empirical fuel parameter known as Reid vapour pressure (RVP).

There are three different mechanisms by which gasoline fuel evaporates from vehicles:

i) Diurnal loss

By definition (USEPA, 1998b), diurnal losses are those emissions associated with daily
temperature change, its effect on vaporization of a vehicle’s fuel, and the expansion of fuel
vapor. Evaporation through "tank breathing" will occur each day for all vehicles with petrol

fuel in the tank, even when stationary.

ii) Hot soak losses
Hot soak losses are, by definition, the evaporative hydrocarbon emissions which escape from a
vehicle during the first hour after the engine is stopped. They arise from the transfer of heat

from the engine and hot exhaust, to the fuel system, where fuel is no longer flowing.
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Carburettor float bowls contribute significantly to hot soak losses. The limited data in this area
suggests that the emissions are not distributed evenly throughout the hour, but decline as the
hour passes (USEPA, 1998a). This is likely due to the cooling of the vehicle and its

evaporative system.

iii) Running loss

Running losses are evaporative losses that occur while the vehicle is in motion and are defined
as the non-tailpipe hydrocarbon emissions produced, or given off, by a vehicle while it is “in
operation.” In operation means that the engine is running, even if the vehicle is at rest (CRC,
1999). There are two components to running losses; i.e. fuel, and non-fuel. Fuel related
emissions come from many places; i.e. joints, vents, leaks, and permeation through the rubber-
like components of the fuel system. Non-fuel emissions result from the out-gassing of the
paint, adhesives, vinyl, tires, and others, such as windshield washer solvent, and air
conditioning refrigerant. Running losses are difficult to distinguish from tail-pipe emissions in

normal ambient air monitoring and additional analysis is usually needed to distinguish the two.

Diurnal evaporative emissions were observed in studies on ambient HC concentrations by Na
et al. (2003); Gou et al. (2004);Ho et al. (2004) and Bourbon et al. (2002). Each showed a rise
in HC concentrations with temperature for those compounds associated with evaporative

emissions.

Running losses were examined in detail by the CRC (1999). Running loss emissions were
measured in a Running Loss SHED (RL-SHED). The major causes of high running loss
emissions were liquid leaks on carburetor equipped models. Speciation analysis of the end-of-
test data indicated that approximately 50% of the emissions come from vapor sources and 50%
come from liquid sources (leaks in the fuel line etc.). The program identified 30 vehicles as
candidates for repair and retest. The result showed a very high (>90%) effectiveness for the
repairs. This shows that vehicle age and hence condition is the major contributing factor for

vehicles with associated high levels of running loss evaporative emissions.

A report by Pierson et al. (1999), for the air and waste management association evaluated

evaporative HC emissions from light-duty spark-ignition vehicles. Emissions from volunteer
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fleets of in-use vehicles were assessed in chassis dynamometer and sealed housing for
evaporative determination (SHED) tests. Running-loss emission rates were seen to be
critically dependent on driving cycle and conditioning, decreasing steeply with increasing
vehicle speed. They increased with ambient temperature and fuel Reid vapour pressure (RVP)
at rates of ~7%/°F and 46%/psi. Hot soak and diurnal loss emission rates all increased with
increasing ambient temperatures, at rates in the range of 2.2-4.6%/°F. Hot soak and diurnal
emission rates increased with increasing fuel RVP, at rates between 34% and 47%/psi increase
in RVP (at 95 °F ambient temperature). Vehicle-to-vehicle variation in HC emission rates was

very large in all vehicle categories examined.

Anthropogenic Stationary sources

Stationary or point source emissions can emanate from a variety of sources linked to various
processes as diverse as pharmaceutical production to solvent and paint manufacture to waste
disposal in landfill sites. A common denominator amongst these sources is that they are
controlled by the EPA under the Integrated Pollution Prevention and Control (IPPC) licensing,

previously Integrated Pollution Control (IPC) licensing.

EU directive 96/61/EC (CEC,1996b), covering the implementation of IPPC licenses defines
the basic obligations to be met by all the industrial installations concerned, whether new or
existing. These basic obligations cover a list of measures for tackling discharges into water, air
and soil and for tackling waste, wastage of water and energy, and environmental accidents.
They serve as the basis for drawing up operating licences or permits for the installations
concerned. Central to the system is the requirement of an operating license, the aim of which
is to prevent the release of pre-scribed substances, to reduce them to a minimum or to render
them harmless if they are released. The EPA continually monitors the level of adherence to
the licensing requirements and takes action against companies seen to breach the terms of the
license. The licensing is applied to 13 sectors of Industry outlined in Table 2.3. The majority

of Class 5 facilities are located in Dublin or Cork.

21



BACKGROUND TO HYDROCARBON MONITORING

1. minerals and other activities 8. wood, paper, textiles and leather
2. Energy (production) 9. Fossil fuels

3. Metals 10. Cement

4. Mineral fibres and glass 11. Waste

5. Chemical 12. Surface coatings

6. Intensive agriculture 13. Other activities

7. Food and drink

Table 2.3 Industrial sectors covered by IPPC licensing (EPA, 2002)

From the commencement of IPC licensing in 1994 to the end of 2002, a total of 663 IPC
applications were received. During 2002, 34 new applications were received, of which five
were for reviews of existing licences. The Intensive Agriculture sector had the highest number

of applications in 2002 (11 applications).

The EU Council Directive 96/61/EC on Integrated Pollution Prevention and Control (IPPC)
was transposed into Irish law in 2003 with the enactment of the Protection of the Environment

Bill, 2003.

The changes imposed by this bill significantly strengthen the regulatory framework for the
control of emissions and protection of the environment. Amongst the key changes from the
IPC licensing system are a change in the technical basis of the licensing system from best
available technology not entailing excessive costs (BATNEEC) to best available techniques
(BAT), a greater emphasis on pollution prevention in the licensing system and on minimising
environmental problems at source and the extension of the scope of licensing for the purpose
of fully implementing the Directive, bringing more activities into the licensing system in areas
such as intensive agriculture, the treatment and processing of milk, the slaughter of cattle, food

production, and the production of paper, pulp or board (EPA, 2002a).
The EPA is obliged to keep a statutory Register of Licences. This Register is available for

inspection at the headquarters and regional inspectorates of the Agency, and at relevant

planning authorities.
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In addition council directive 1999/13/EC was implemented in November 2002, which
provided a means for controlling VOC emissions from the solvent industry where those per
annum emissions were less than the 10 tonne / annum limit, above which an IPPC license is

required.

The extent of VOC emissions from point sources has been documented to a considerable
extent worldwide. Ho ef al. (2004), investigated their prevalence along with mobile and
evaporative emissions in Hong Kong, while Vrieling and Neustadt (2003), examined the effect
turbulence has on multiple stack emissions, where stacks are located in close proximity.
Saarinen (2003), investigated the comparability of Industrial emissions and concluded that any
international comparisons made are seriously restricted by the fact that the coverage of the
different emission sources and operating conditions is disparate.

In addition, Grodziska et al. (1997), concluded that the protection of Polish mountain forest
health against deterioration requires reduction of industrial emissions, changing of the existing
forests into genotypes that are less sensitive to air pollution and more compatible with local
habitats, and recultivation of deteriorated forests. Finally, Yang et al. (1997), reported the
results from an ongoing study of outdoor air pollution and the health of persons living in the
communities in close proximity to petrochemical industrial complexes. It was concluded that
exposure to petrochemical air emissions may be associated with increased rates of acute

irritative symptoms.

2.3.2 Biogenic sources

It is now well known that reactive organic gases are emitted from vegetation, including urban
landscapes, agricultural crops, and natural plant communities. The global budget of volatile
organic compounds (VOC) is dominated by biogenic emissions (Guenther et al., 1995) and
biogenic volatile organic compound (BVOC) emissions play important roles in tropospheric
ozone formation, global tropospheric chemistry, and balancing the global carbon cycle
(Fesenfeld er al.,1992). Vegetative emissions are as reactive or more reactive than the VOC
exhaust and evaporative emissions from motor vehicles, and can have higher ozone-forming

potential (Carter, 1994:Benjamin and Winer, 1998).
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Because biogenic VOCs are emitted into the atmosphere as a by-product of natural processes,
their emissions are strongly affected by ecosystem-dependent factors. Human activities such
as urbanization or agriculture can change land cover, impacting the magnitude, species, and

spatial distribution of vegetation (Steiner et al.,2002).

The VOC emission rates for aspen, silver birch and tea-leafed willow were measured in the
boreal vegetation zone in Finland by Hakola et al. (1998). During the growing season

hydrocarbon emissions of isoprene, ethene, 1-butene and propene were all detected.

For the whole of Finland, containing a portion of the boreal vegetation zone which is one of
world's largest forest areas, covering a land surface of 15.8x10° km® (Archibold, 1995),
biogenic emissions were calculated to be 318 kiloton per annum, which exceeds the annual
anthropogenic VOC emissions of 193 kiloton (Mroueh, 1994). The biogenic emissions are
affected by a number of factors; temperature, light intensity, plant phenology, injury, stress,

etc. (Kesselmeir and stoudt, 1999), making emission inventories difficult.

In addition to biogenic natural emissions, extreme natural events can also have an effect on
HC emissions. Earthquakes, volcanic eruptions and subsequent bio-mass burning and wildfires

can release significant emissions of hydrocarbons (Young et al., 2003).

2.4 EFFECTS OF HYDROCARBONS

Human exposure to air pollutants may result in a variety of health effects depending on the
type of pollutant; the magnitude, duration and frequency of exposure; and the associated
toxicity of the specific pollutant (WHO, 1995). Mixtures of chemicals can have additive,
synergistic or antagonistic effects. In general, our knowledge of these interactions is
rudimentary. One exception can be found in a WHO publication on summer and winter smog

(WHO, 1992), which deals with commonly recurring mixtures of air pollutants.

Individual organic compounds may have important impacts on human health through direct
mechanisms in addition to their indirect impacts through photochemical ozone formation
(Derwent,1995). Some organic compounds effect the human senses through their odour, others

exert a narcotic effect, but most importantly, some are toxic (WHO,1995).
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2.4.1 Individual Hydrocarbons

With the advent of such air quality monitoring networks as the Photochemical Air Monitoring
System (PAMS) in the US and the National Hydrocarbon Monitoring Network in the UK, a
better understanding of the makeup of the ambient atmosphere in regard to individual species
and their ambient concentrations has been obtained. It has also facilitated better understanding
of the ozone formation process and the particular HC species which contribute most to its
formation (categorised as the ozone formation potential). From this form of network analysis
we can determine which chemicals are present in the air, at what levels, and whether likely

levels of exposure are hazardous to human health and the environment.

Although the majority of HC compounds in the C,-C; range are non-toxic or mildly toxic at
typical ambient concentrations, several HC compounds are associated with serious health
effects with long term exposure. The two main pollutants in this category are benzene and 1, 3

butadiene.

Benzene

Benzene is classified in Group 1 of the International Agency for Research on Cancer, which
defines this compound as being carcinogenic to humans. In addition the USEPA term it a class
A carcinogen. Numerous case reports and series have suggested a relationship between
exposure to benzene and ill health. Three independent cohort studies have demonstrated an
increased incidence of acute nonlymphocytic leukaemia in workers exposed to benzene (Arp
et al., 1983; Decoufle et al., 1983, Bond et al.,1986). In a Chinese retrospective cohort study,
encompassing 28 460 workers exposed to benzene in 233 factories, 30 cases of leukaemia (23
acute, seven chronic) were found, as compared to four cases in a reference cohort of 28 257

workers in 83 machine production, textile and cloth factories (Yin et al., 1987).

Chronic exposure to low concentrations of benzene also causes blood disorders and damage to
bone marrow, inducing aplastic anemia. Reproductive effects have also been reported for
women exposed by inhalation to high levels, and adverse effects on the developing fetus have

been observed in animal tests. (www.epa.gov/ttnatw01/hlthef/benzene.html).

25



BACKGROUND TO HYDROCARBON MONITORING
Acute health effects in humans include dizziness, headaches, irritation of skin, eyes and throat
and unconsciousness. However the concentrations frequently encountered in the ambient

atmosphere are unlikely to be a the requisite levels to cause such short term effects.

Table 2.4 below describes the health effects due to inhalation of benzene (Rushton and
Cameron, 1999).

Effect Description Length of | Concentration
exposure (ppm)

Death 5-10 min 20000

Central Nervous System | Vertigo, drowsiness, headache | Hours 250-500

Haematological Aplastic anemia, Pancytopenia | Years 100

Mutagenic Chromosome aberrations Years 20-100

Carcinogenic Leukaemia Years 20-50

Table 2.4 Health effects due to inhalation of benzene (Rushton and Cameron, 1999)

1,3 butadiene

1,3 butadiene is a probable carcinogen for humans, as defined by the IARC Group 2A, and is
classified as Group B2, probable human carcinogen, by the USEPA.

Irritation or effects on the central nervous system may be associated with acute exposure to
high concentrations of butadiene. However, the potential carcinogenic effect of long term

exposure is the cause for most concern in regard to this compound.

1,3-butadiene has induced a wide variety of tumours in rats and mice, with mice being
considerably more sensitive than rats. There are widely divergent points of view as to which
animal species — the rat or the mouse — is most appropriate for use in human risk assessments

for butadiene (Bond et al., 1995; Melnick et al., 1995).

Epidemiological studies, while relatively few in number, suggest that there is equivocal
evidence for an association between exposure to butadiene and lymphohaematopoietic cancer
(WHO, 1995). A large epidemiological study of synthetic rubber industry workers
demonstrated a consistent association between 1,3-butadiene exposure and occurrence of
leukemia (Delzell et al., 1996; Macaluso et al., 1996). Several epidemiological studies of

workers in styrene-butadiene rubber factories have shown an increased incidence of
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respiratory, bladder, stomach, and lymphato-hematopoietic cancers. However, these studies
are not sufficient to determine a causal association between 1,3-butadiene exposure and cancer
due to possible exposure to other chemicals and other confounding factors (USEPA 1999a,
CalEPA 1997).

The studies carried out to date do not produce a conclusive picture, and it is clear that there is
a high degree of uncertainty in any conclusions drawn from these studies. The Expert Panel on
Air Quality Standards (EPAQS) conducted an assessment of the health impact of 1,3-
butadiene and recommended an air quality standard of 1 ppb expressed as an annual running

mean (Dollard et al., 2001) in the UK.

Acute (short-term) exposure to 1,3-butadiene by inhalation in humans results in irritation of

the eyes, nasal passages, throat, and lungs (www.epa.gov/ttnatw01/hlthef/).

In addition to the two compounds discussed above, several HC compounds, which in addition
to benzene make up the BTEX are also of significant interest. Toluene, ethylbenzene and the

xylene monomers complete this group.

Toluene

The USEPA has classified toluene as a Group D, not classifiable as to human carcinogenicity.
However the WHO guidelines on exposure recommend an air quality limit of 2 ppbv averaged
over 24 hours (WHO, 1995). The central nervous system (CNS) is the primary target organ
for toluene toxicity in both humans and animals for acute (short-term) and chronic (long-term)
exposures. CNS dysfunction and narcosis have been frequently observed in humans acutely
exposed to toluene by inhalation; symptoms include fatigue, sleepiness, headaches, and
nausea. CNS depression has been reported to occur in chronic abusers exposed to high levels
of toluene. Chronic inhalation exposure of humans to toluene also causes irritation of the
upper respiratory tract and eyes, sore throat, dizziness, and headache. Human studies have
reported developmental effects, such as CNS dysfunction, attention deficits, and minor
craniofacial and limb anomalies, in the children of pregnant women exposed to toluene or

mixed solvents by inhalation. Reproductive effects, including an association between exposure
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to toluene and an increased incidence of spontaneous abortions, have also been noted.

However, these studies are not conclusive due to many confounding variables.

The xylene monomers

Acute (short-term) inhalation exposure to mixed xylenes in humans results in irritation of the
eyes, nose, and throat, gastrointestinal effects, eye irritation, and neurological effects. Chronic
(long-term) inhalation exposure of humans to mixed Xylenes results primarily in central
nervous system (CNS) effects, such as headache, dizziness, fatigue, tremors, and
incoordination; respiratory, cardiovascular, and kidney effects have also been reported. EPA
has classified mixed xylenes as a Group D, not classifiable as to human carcinogenicity.

(www.epa.gov/ttnatw(1/hlthef/).

Ethyl benzene

Chronic (long-term) exposure to ethylbenzene by inhalation in humans has shown conflicting
results regarding its effects on the blood. Animal studies have reported effects on the blood,
liver, and kidneys from chronic inhalation exposure to  ethylbenzene

(www.epa.gov/ttnatw( 1 /hlthef/). Limited information is available on the carcinogenic effects

of ethylbenzene in humans. In a study by the National Toxicology Program (NTP), exposure
to ethylbenzene by inhalation resulted in an increased incidence of kidney and testicular
tumors in rats, and lung and liver tumors in mice. EPA has classified ethylbenzene as a Group
D, not classifiable as to human carcinogenicity. The TARC classifies ethylbenzene as a

possible human carcinogen, in Group 2B.

The compounds detailed above are generally termed toxic hydrocarbons. Others may be
classified as asphyxiants (e.g propene, ethane) while others can act as halucinogens at high

concentrations (e.g n-pentane).

Although everyone is at risk from the health effects of air pollution, certain sub-populations
are more susceptible of which age and health are important factors. The elderly and people
suffering from cardio-respiratory problems such as asthma appear to be the most susceptible

groups (Niven and Longhurst, 1995).
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Many studies have already linked environmental or occupational exposure to air pollutants
with adverse health effects in adults (Nakai ez al., 1995). However, children differ from adults
as regards exposure, physiological factors, and pharmacokinetics (Needham and Sexton,
2000). Moreover, children are considered as potentially more vulnerable than adults, because
their health is more susceptible to hazardous pollutants (Guzelian et al., 1992; Asprea et al.,
2000). Consequently, within the last decade or so, there has been a growing concern over the
relationship between children’s environmental exposure and the health effects (Rogan et al.,
1995). For example, (Pearson et al., 2000) reported that exposure to air pollutants emitted
from automobiles is closely associated with childhood leukemia and other childhood cancers.
Wang et al. (1999), observed a statistically significant association between outdoor air
pollution and asthma in adolescents, after controlling for potential confounding variables and
White et al. (1994), found that among black children from low-income families in Atlanta,

asthma may be exacerbated following periods of high ozone pollution.

Effects on plants

Unlike other air pollutants, ethylene is a plant hormone and endogenous ethylene controls a
variety of plant phenomena including growth, flowering and senescence (Tonneijck et al.,
2003). Tonneijck used data from a multi-year (1977-1983) biomonitoring programme with
marigold and petunia around polyethylene manufacturing plants and analysed plant responses
to atmospheric ethylene to determine the area at risk for the phytotoxic effects of this
pollutant. In both species, flower formation and growth were severely reduced close to the
emission sources and plant performance improved with increasing distance. The general effect
of atmospheric ethylene is a reduction in vegetative growth, flower and fruit development and

an acceleration of normal ageing of plant tissues (Manning and Feder, 1980).

Plant response to ethylene is highly species-specific (Heck and Pires, 1962 and Woltering,
1987) and sensitive plant species, which respond with rather specific and visible symptoms,
can be used as indicators in monitoring networks to demonstrate the adverse effects of

atmospheric ethylene.
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Effects on the atmosphere

Virtually all HC compounds of anthropogenic origin, are emitted into the atmospheric
boundary layer, the shallow region of the troposphere next to the earth’s surface. The more
reactive compounds are oxidised in the boundary layer, however, the less reactive compounds
survive and are transported above the boundary layer and into the free troposphere, during
particular meteorological events (i.e convection). If any of these compounds have the ability to
absorb solar or terrestrial infrared radiation, then they may contribute to the greenhouse gas
effect. Such compounds would be classified as radiatively active gases and their relative
effectiveness compared with CO, can be expressed through their global warming potentials

(Derwent, 1995).

2.4.2 Tropospheric Ozone formation and effects

The presence of relatively low levels of ozone in the troposphere is extremely important, as
photolysis at wavelengths >290nm occurs in the troposphere to form the excited oxygen, O
(‘D) atom, which are then deactivated to ground state oxygen O (°P) or react with water
vapour to form OH radicals. OH radicals are the key reactive species in the atmosphere,
reacting with the vast majority of organic compounds, acting as a “garbage disposal” system
or low temperature combustion system (Atkinson, 1995).

However, elevated concentrations of ozone at ground-level are known to cause negative
impacts on human health, ecosystems and materials. Average ozone concentrations in the
troposphere have been rising during this century as a result of increased input of the precursors
of ozone, nitrogen oxides (NO,) and volatile organic compounds (VOCs), into the atmosphere
(Syri et al., 2001). In recent years there has been an increased concern about European
population and vegetation being exposed to harmful ozone concentrations. The World Health
Organization has established threshold values for the protection of human health and
vegetation, respectively (WHO, 1995). With these levels, of all the compounds present in
troposphere, ozone has the smallest margin between natural background levels and those
considered harmful to human health and ecosystems (Syri et al., 2001).

Ozone (O3) is formed in the atmosphere by a series of complex chemical reactions. The basic
photolytic production and loss processes for O3 can be summarised by the equations 3.4 to 3.6

(Kiely, 1997):
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NO, + hv . NQ .+ 0] (where Av = energy photon) (3.4)
O - 02 —> 03 (3 = )
03 + NO = NO2 + Oz (36)

HC compounds make the above cycle unbalanced, otherwise the amount of ozone produced

and destroyed would be in balance.

HC compounds play a crucial role in ground level photochemical oxidant formation since they
control the rate of oxidant production in those areas where NOx levels are sufficient to
maintain ozone production (Derwent, 1995.). In the late 1970s, Fishman and Crutzen, showed
that ozone could be formed from oxidation of methane and carbon monoxide in the

troposphere in processes involving the OH radical (Harrison, 2001):

CHy it — CH; + H,O
CH; + 0O, + M — CH;0, + M
CcO o+ OH — cO; + H

H + 02 =+ M e g HOZ e M

(where M is an unreactive third molecule such as N2)

In the presence of NO :

CH;0; * NO — CHQ: NO;
CH3O I Oz — CHzO ol HOz
HO, * NO — OH + NO;

Thus via the reactions of the peroxy radicals HO, and RO, (R= alkyl group), NO is converted
into NO2. Then:

NO, + hv — NO + OoCP) A<435nm
oCP) + 0, + M - 0 + M
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However, in general, in the continental boundary layer, the oxidation of methane or CO is not
expected to be the most important factor controlling the photochemical production or loss of
ozone. The ample concentrations of non-methane hydrocarbons, with their higher
photochemical reactivities, can dominate ozone production. However, the presence of NO is
expected to determine whether the oxidation leads to ozone production or loss. The process

can be approximately represented by a simplified scheme (Hewitt e al., 1993):

NMHC + o u@HT 4. 0y =~ ROy

RO, L NOT ol s NG+ HO, + - CARB
HO, + NO — NO, + OH

2 (NO, SRR "RNNNE VU o " SRR ¢ TR TR

net:NMHC + 40, + hv — 205 +  CARB (3.7)

Where R stands for a hydrocarbon radical and CARB denotes a carbonyl compound.

The net reaction in equation 3.7 shows that two ozone molecules are produced for every
hydrocarbon oxidised. In addition the carbonyl compound may undergo additional
photochemical reactions and as a result more radicals will be produced further increasing the
production of ozone. However, in the absence of NO, the oxidation of NMHCs can lead to

ozone destruction (Hewitt et al., 1993).

Ozone is a powerful oxidant and toxic air pollutant. As a gaseous pollutant, its primary

target tissue is the lung and breathing slightly elevated concentrations of ozone results in a
range of respiratory symptoms. It causes direct cellular damage by damaging the anti-oxidant
mechanisms in cells lining the airway walls (Harrison, 2001). The symptoms include
decreased lung function and increased airway hyper-reactivity in 10-20% of the healthy
population. Moreover, those with conditions such as asthma and chronic obstructive
pulmonary disease (COPD) generally experience an exacerbation of their symptoms.
Together, these observations suggest that certain individuals are particularly susceptible to this

oxidant gas (Mudway and Kelly, 2000).
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In addition to the adverse health effects caused by elevated ambient concentrations, ozone can
be highly damaging to plants. At relatively high concentrations (>100ppb) ozone causes a
characteristic brown or white flecking in foliage (Harisson, 2001). At lower concentrations,
when no visible damage can be observed, ozone may reduce the growth rate and physiological

activity of plants (Boubel ef al., 1994).

2.5 FATES OF HYDROCARBONS

As discussed in section 2.6.4, atmospheric dispersion reduces the concentrations of
hydrocarbon emissions, the ultimate fate of these hydrocarbons however depends upon other
atmospheric processes, primarily chemical in nature. The troposphere can be thought of as
chemical “processor” resuiting in the partial or complete degradation of almost all organic
compounds emitted (Atkinson, 1995). In addition to chemical removal processes, the physical
processes of removal, wet and dry deposition also play a significant role (Atkinson, 1995;

Derwent, 1995).

Chemical removal processes

Gas phase organic compounds in the troposphere are degraded by photolysis and /or reactions
with OH radicals, NO; radicals or O;. The resulting oxidised organics are transformed into
generally more polar products which have less carbon atoms than the parent compound
(Atkinson, 1995). These degradation reactions continue until the original organic has been

degraded to CO; and H,O, or the products are removed by physical processes.

The Oxidation by the OH radical plays a central role in tropospheric chemistry (Levy, 1971)
by cleansing the troposphere through chemical reactions with most trace gases. It is generally
agreed that the reaction between hydrocarbons and the OH radical is the most important

daytime tropospheric removal process.

The primary source of OH radical is the photolysis of Oj; to produce an excited state of atomic
oxygen, O('D), which then reacts with water vapour to give oxygen and OH radicals (Potter et
al., 2000).At 298K and atmospheric pressure with 50% relative humidity, 0.2 OH radicals are
produced per O('D)atom formed (Atkinson, 1995). As the formation process involves the

photolysis of Os, the formation of OH radicals occurs only during daylight. Based on
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spectroscopic measurements at ground level, peak daytime OH radical concentrations were
found to be of the order of 10°-10” molecules cm™ (Atkinson, 1995; Potter, 2000). Alkanes
generally have lifetimes of about 2-30 days as a result of oxidation by OH radicals, methane
and ethane are the exception with lifetimes of 10 years and 3 months respectively. Alkenes
generally have the shortest lifetimes of the major classes of organics found in the troposphere,
with a range of about 0.4-4 days. Aromatics show lifetimes in the range of 0.4-5 days, with

benzene showing uncharacteristically long lifetime of 25 days (Derwent, 1995).

The reaction of NO, with O3 leads to the formation of the NOs radical and O,. The NOj; radical
photolyses rapidly, with a photolysis time of approximately Sseconds. Hence, NO; radical
concentrations are at their highest at night (Atkinson, 1995). During this period NOs radicals
may react with reactive alkenes and dialkenes to form nitrato-carbonyl compounds by addition
reactions. For a large number of organic compounds, however, NOs radicals are not reactive

enough to contribute significantly to atmospheric removal (Derwent, 1995).

For a chemical to undergo photolysis in the troposphere, it must absorb radiation in the
wavelength range of 290-800nm. Furthermore, having absorbed radiation, the chemical must
undergo chemical transformation in the form of dissociation or isomerization (Atkinson,
1995). This removal process is only important for a limited range of organic compounds,
namely the aldehydes and ketones. It is however an important source of free radical species

(Levy, 1971).

In addition to the species outlined above, chlorine and fluorine radicals share a wide spectrum
of reactivity similar to the OH radical. These compounds however lack significant

atmospheric sources to be significant removal mechanisms (Derwent, 1995).

Physical removal processes

Deposition onto water surfaces, plants, vegetation and soil surfaces is generally termed dry
deposition. Dry deposition only tends to act efficiently on those organic compounds present in
the atmosphere close to the surface where biological uptake occurs. The general impression is

that this form of removal is not significant.
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The removal of trace gases by precipitation, referred to as wet deposition, results from the
incorporation of material into falling precipitation (wash out) and by incorporation into cloud
droplets (rain out). These removal processes are only significant for those compounds which
are readily soluble in water and as the vast majority of low molecular weight organics are
insoluble in water, this removal process is not deemed to be significant (Derwent, 1995).Dry
and wet deposition rather than oxidation by OH radicals are the major removal mechanisms

for semi-volatile organic compounds.
Overall
The overall lifetime, Tovera, Of an organic compound is given by the equation (Atkinson,

1995):

1/ Toverall = 1/ Twet dep. + 1/ Tary dep. + 1/ Tphot + 1/ Ton+ 1/ tno3 + 1/ 103 + 1/ 10

where, Toverall = overall atmospheric lifetime of the compound
Twet dep. = lifetime due to wet deposition
Tdry dep. = lifetime due to dry depostion
Tohot = lifetime due to photolysis
ToH = lifetime due to reaction with OH radical
™wo3 = lifetime due to reaction with NOjs radical
Tcl = lifetime due to reaction with Cl radical

Examples of several atmospheric lifetimes are given in Table 2.5. For the bulk of organics
emitted anthropogenically in the northern mid latitudes, atmospheric lifetimes are generally
one hundred days or less. For those with lifetimes of 5 days or less, they are likely to be found
to any significant extent within the boundary layer and within 1000kms of major source

regions (Derwent, 1995).
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lifetime due to reaction with:
Compound OH radical NOj radical 05
propane 13 days - > 4500years
ethene 1.7 days 225 days 10 days
propene 7 hours 4.9 days 1.6 days
isoprene 2 hours 50 minutes 1.3 days
benzene 12 days > 4 years > 4.5 years
toluene 2.4 days 1.9 years > 4.5 years
m-xylene 7 hours 200 days > 4.5 years

Table 2.5 Atmospheric lifetimes of sample hydrocarbons (Atkinson, 1995)

2.6 METEOROLOGY AND AIR POLLUTION

The atmosphere serves as the medium through which air pollutants are transported and
dispersed. In recent years considerable resources have been devoted to the measurement of
ambient HC concentrations. These measurements treated in isolation are of little use in
determining the origin of the pollutants in question, on the dispersal process in the atmosphere
and on the impact of new sources or the benefits of control. Therefore, there is frequently the
need for detailed knowledge of the characteristics and quantities of HC pollutants emitted to
the atmosphere and on the atmospheric processes, which govern their subsequent dispersal and

fate.

2.6.1 Atmospheric stability

When solar radiation heats the earth’s surface, lower layers of the atmosphere increase in
temperature and driven by buoyancy forces, convection begins. The motion of air parcels
from the surface are unstable, as an air parcel in rising finds itself warmer than its
surroundings and will continue to rise. As a result large eddies of convective circulations are
set up in the boundary layer. At night when the surface of the earth cools due to a lack of solar
radiation, temperature increases with height and turbulence tends to be suppressed. Generally,
when the atmosphere resists vertical motions, it is called stable, when the atmosphere

enhances vertical motions it is called unstable, or in a state of instability (Boubel et al., 1994)

It is convenient to classify the possible states of the atmosphere into what are usually termed
stability categories. These are classified according to the amount of incoming solar radiation,

wind speed and cloud cover (Harrison, 2001) A semi-quantitative guide is given in Table 2.6,
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and typical temperature profiles can be seen in Figure 2.6 for unstable, neutral and stable
cases. The adiabatic lapse profile in Figure 2.6a is the vertical temperature profile for the
atmosphere in a stage of adiabatic equilibrium, where a parcel of air can rise and expand or
descend and contract, without the gain or loss of heat. The temperature of the parcel of air is

always the same as that of the surrounding air, and the conditions correspond to neutral

stability.
Insolation Night
Surface wind Strong Moderate Slight Thickly >3/8 cloud
speed (m/s) overcast
<2 A A-B B - G
2-3 A-B B C E r
3-5 B B-C C D E
5-6 C C-D D D D
>6 C D D D D

Strong insolation corresponds to sunny midday in midsummer. Slight insolation is similar conditions in Winter.

Table 2.6 Pasquill stability categories (Harrison, 2001)

Very unstable (A) Neutral (D) Very stable (G)

|

‘ Adiabatic [y
lapse profile

Actual temp
profile

Height

Temperature+>
a) b) c)

Figure 2.6 Typical atmospheric temperature profiles and corresponding stabilities
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2.6.2 Mixing height
Although there is no unique definition of mixing height (Salcido et al., 2003), it can be
thought of as the height above the ground, which is well mixed due to either mechanical or

convective turbulence.

In Figure 2.6¢, the stable atmosphere shown depicts a ground based temperature inversion (i.e,
the temperature increases with height unlike the normal decrease). An inversion is usually
seen when a region of stable air caps a region of unstable layer below. Pollutants emitted
below this height can be mixed up to this vertical mixing height but not through the inversion.
In the case of emissions above this height, the pollutant will be prevented from reaching the
ground by the mixing height. The mixing height can therefore be thought of as the height of

the boundary between two stability regimes.

The variation of mixing heights throughout the day due to solar heating and atmospheric
cooling can have a profound effect on ground level pollutant concentrations. Maximum
mixing heights and corresponding maximum periods of atmospheric dilution are generally
observed during periods of increased solar activity with associated convective eddies, while
shallow mixing heights and periods of limited atmospheric dilution are associated with stable,

inactive solar nightime periods.

2.6.3 Urban-Rural circulations

Urban areas have roughness and thermal characteristics different to rural areas. Due to the
amounts of concrete and steel in urban areas, they have higher specific heat capacity than rural
areas and therefore heat up quicker during the day and release this heat at night, keeping them
generally warmer than the surrounding rural areas. Under stable conditions, with associated
low wind speeds, this warmer air rises and colder air is drawn in, from all surrounding
directions. This “doughnut shaped” circulation pattern is known as the urban heat island, and
the flow strength is dependant on the temperature difference between the urban centre and its
surroundings. Under less stable conditions where wind speed allows flow to occur in one

general direction, the resultant flow is termed an urban plume.
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2.6.4 Transport and dispersion of pollutants
wind direction
The initial direction of transport of pollutants from their source, is in the main determined by
wind direction at the source. If the wind is blowing directly toward a receptor, a shift in
direction of as little as 5° causes concentrations at the receptor to drop about 10% under
unstable conditions, about 50% under neutral and 90% under stable conditions (Boubel et al.,
1994). The direction of plume transport is of paramount importance in impact assessment and

in source apportionment when dealing with more than 1 source.

wind speed
Wind speed generally increases with height. A number of expressions describe the variation of
wind speed in the boundary layer. A power law has frequently been used in air pollution work

(Boubel et al., 1994):

U@ = uw(z)@z)

Where u(z) is the wind speed at height z, u(z,) is the wind speed at the anemometer height z,,
and p an exponent varying from about 0.1 to 0.4. The exponent varies with stability, surface

roughness and boundary layer depth.

Wind speed is an indirect indicator of atmospheric stability and the atmosphere’s dilution
capability. The effect of this is to continuously dilute air pollution at the point of emission, the
greater the wind speed, the greater the effective dilution. Whether the source is elevated or at
the surface, the dilution takes place in the direction of the plume transport. Wind speed also
effects the travel time of pollutants from source to receptor, halving of the wind speed will

double the required travel time.

Turbulence

Atmospheric flow is not a continuous, smooth flow, but more a highly irregular motion of
wind associated with turbulent eddies. The manifestation of turbulent eddies is gustiness and is
displayed in the fluctuations seen on a continuous record of wind or temperature. Turbulent

dispersion is the most important mixing process in the atmosphere, and results in the mixing of
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polluted air with relatively unpolluted air, causing a serial dilution effect where polluted air at

successively lower and lower concentrations is forced to occupy larger volumes of air.

2.6.5 Meteorological conditions during pollution episodes

Historically, meteorological conditions have been central to episodes of high levels of
tropospheric pollution and subsequent human exposure. In December 1930, in Meuse,
Belgium, an intense fog occupied this heavily industrialised region. Several hundred people
had respiratory attacks and 63 people died over the four day episode. When the fog dissipated,
the respiratory difficulties people were suffering ceased. In Donora, Pennsylvania, in October
1948, a severe pollution episode caused the deaths of twenty people,17 of them within 14
hours. In 1952, London suffered a major air pollution episode over a four day period in
December. From the commencement of the fog, many people experienced respiratory
difficulties and the number of deaths increased with increasing levels of SO2 and smoke (PM<
20uM) (Boubel et al., 1994).These are extreme pollution episodes by modern standards and
there can be little doubt that poor air quality standards played a significant role in these
episodes. The similarities between all three episodes however lie in the meteorological

conditions observed during these periods.

All three areas were influenced by high pressure with almost non existent surface air motion.
Surface inversions caused the condensation of fog, which, once formed, persisted throughout
the day. In each case the fog layer was shallow, extending to approximately 100 m. The
persistence of the fog past three days and the subsequent lack of air transport out of the region,
allied to the considerable emissions of pollutants, seem to separate these episodes from more

common meteorological occurrences (Boubel ef al., 1994).

On a more recent level, (Stedman, 2004),showed that during an August 2003 heat wave in the
UK, an excess of 2045 deaths in England and Wales for period from 4 to 13 August 2003
above the 1998-2002 average were observed. It was estimated using previously established
dose-response functions, that there were between 423 and 769 excess deaths in England and
Wales during the first two weeks of August 2003 associated with the elevated ambient ozone

and PM; concentrations. This represented 21-38% of the total excess deaths.
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Klemm et al. (1998), showed how under favourable meteorological conditions, sea breezes
could penetrate the entire Athens basin, resulting in an upward flow at the foothills of Parnitha
and Pendeli mountains, and filling the lower troposphere with high levels of air pollution at
altitudes of up to 2000 m and more. From these layers of high photochemical activity (O3

levels up to 200 ppb), air pollution may have been incorporated into long-range transport.

On a more “every day” basis, the influence meteorological conditions have on HC
concentrations in two European cities was investigated by Vignati et al., (1996). The first city,
Milan was located in Italy, the second, Copenhagen in Denmark. It was found that the
frequency of low wind speed conditions were considerably higher in Milan than in

Copenhagen. These lower wind speeds were more associated with ground level inversions,

and as a result, the pollution levels observed in Milan were much higher than in Copenhagen.

2.7 HYDROCARBON SAMPLING AND ANALYSIS TECHNIQUES
Sampling

The primary methods for sampling hydrocarbons involve or whole air (grab) sampling and
adsorbant sampling. Whole air sampling involves collecting a representative average sample
of the atmosphere in the sampling location over a desired sampling time. Stainless steel or
aluminium canisters, or bags lined with Teflon or Tedlar are commonly used for this form of

sampling.

The most common sampling procedures for this form of sampling are carried out in
accordance with EPA methods TO-14 (USEPA,1999b) and TO-15 (USEPA,1999c), which

outline the sampling procedures when sampling into stainless steel or aluminium canisters.

Adsorbant sampling involves passing the sample through a stainless steel or glass tube filled
with the desired adsorbant substance which absorbs the HC compounds of interest. Sorbant
sampling can be either pumped (active), where a pump is used to draw the air sample through
the tube, or diffuse (passive), where the sample is allowed to permeate through the tube

naturally.
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Analysis
The primary method of separation of HC compounds for analysis is through gas
chromatography. Chromatographic methods in general are separation techniques applied to a
mixture of compounds in an attempt to separate and isolate the compound of interest. Gas
chromatography, specifically gas-liquid chromatography, involves a sample being vapourised
and injected onto the head of the chromatographic column. The sample is transported through
the column by the flow of inert, gaseous mobile phase. The column itself contains a liquid
stationary phase which is adsorbed onto the surface of an inert solid. The column separates the
mixture of compounds according to their individual affinity for the stationary phase. Upon
elution from the column the compounds are passed through a detector for quantitation and

quantification.

Detection of hydrocarbons is typically carried out by flame ionisation detection (FID) or mass
spectroscopy (MS), the latter allowing a more positive identification of the individual
compounds (Harrison, 2001). The process of GC/FID is discussed in greater detail in Chapter
3,

Recent years have seen the development of automated systems for GC measurements of
hydrocarbons on a cyclic basis of about one hour from sampling to analysis. Such equipment
has been incorporated into such national hydrocarbon networks as the UK Hydrocarbon
Network (Dollard et al., 1995; Derwent et al., 1994) and the US Photochemical Assessment
Monitoring Network (Demerjian, 2000). This form of analysis is discussed in great detail in

Chapter 3.

In addition to the techniques outlined above; as magnetic minerals are common amongst
anthropogenically derived particulate matter, magnetic properties of soils (Leocoanet et al.,
2001;Schu et al., 2001), filters (Muxworthy et al., 2001; Xie et al., 2001) and leaves
(Georgeaud, 1999; Matzka and Maher, 1999) have been used for identifying the spread of
pollution derived from vehicular or industrial emissions. Mareno et al. (2003), showed that a
magnetic survey of tree leaves, which is relatively rapid and inexpensive, may be used in
addition to the classical air quality monitoring systems to identify and delineate high-polluted

areas in urban environments. Padola ef al., (2004) proved the concept of the detection and
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identification of two different VOCs with a non-selective biochip-based algal biosensor.
Environmental biosensors represent a significant breakthrough for the monitoring of pollutants
in contaminated matrices since they have the unique ability to measure the interaction of
specific compounds with biological systems through highly sensitive biorecognition processes

(Keane, 2002).

2.8 CONTROL OF EMISSIONS

The two main areas that deal with the control of pollutant emissions and hence have a direct

bearing on ambient air quality are regulatory and engineering control of emissions.

2.8.1 Regulatory control

Air quality standards prescribe pollutant levels that cannot legally be exceeded during a
specific time period in a specific geographic area. Air quality standards are based on air
quality criteria, which are cause-effect relationships, observed experimentally,
epidemiologically, or in the field, of exposure to various ambient levels of specific pollutants
(Boubel et al., 1994). Some of the more important EU directives relating to air quality are

outlined below:

Directives relating to general air quality

Directive 96/62/EC (CEC, 1996), establishes the basic principles of a common strategy to
define and set objectives for ambient air quality in order to avoid, prevent or reduce harmful
effects on human health and the environment. The only hydrocarbon of interest, for which
there is an air quality standard is benzene, covered in daughter directive 2000/69/EC (CEC,
2000). It specifies an annual average concentration of no greater than 1.45ppb as an annual
average to be achieved by 2010. The hydrocarbon of note, for which there is no EU limit value
is 1,3 butadiene, however at least one member state has imposed a limit. In 1994, the UK
Expert Panel on Air Quality Standards (EPAQS) published a report on 1,3-butadiene,
considering not only current concentrations, but studies of human and animal exposure to
elevated levels of 1,3-butadiene (1, 3 butadiene, 1994). The study accepted that 1,3-butadiene
is a genotoxic carcinogen, and consequently no safe level can be defined. However, the panel
agreed on a recommended concentration that would ensure the risks are exceedingly small and

unlikely to be detectable by any practicable method. The panel recommended that an Air
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Quality Standard for 1,3-butadiene in UK of 1 ppb measured as a running annual average be
introduced (Dollard et al., 2001).
Additional noteworthy directives include 99/30/EC (CEC, 1999b) which covers air quality
limits for NOx, SO,, particulate matter and lead. This directive along with 2000/69/EC,
covering the limit values of benzene and CO has recently been transcribed into Irish law under
Air Quality Standards Regulations 2002. Appendix C outlines these limit values. A third
daughter directive, 2002/3/EC (CEC, 2002), relating to limit values of ground level ozone was

published in February 2002 and is due to be transposed into Irish law imminently.

Directives relating to mobile sources
Aware of the fact that air quality in urban areas is significantly affected by emissions from
mobile sources, various Directives have been implemented to limit the emissions from such

sources.

A variety of amendments to Directive 70/220/EEC (CEC, 1970) establish limit values for
emissions from petrol and diesel engine passenger cars and light commercial vehicles. The
most stringent values, laid down by Directive 98/69/EC (CEC, 1998b), apply from 2000 for
spark ignition and 2005 for compression ignition engines. The Directives apply to tailpipe
emissions, evaporative emissions, emissions of crankcase gases and the durability of anti-
pollution devices for all motor vehicles equipped with spark-ignition engines and to the
tailpipe emissions from and durability of the anti-pollution devices of vehicles equipped with

compression-ignition engines.

As mentioned previously, Directive 98/70/EC (CEC, 1998a) was drafted to reduce pollution
from car emissions by introducing new environmental specifications applicable to fuels which
included a reduction in benzene content to 1% v/v. In addition, the Directive included a ban
on the marketing of leaded petrol and the obligation to make sulphur-free fuels available

within the Union.
Directives relating to point sources

Various Directives have been drafted to control emissions from point sources. Included in

these is Directive 94/63/EC (CEC, 1994), which aims to reduce losses due to evaporation of
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the petrol at all stages of the fuel storage and distribution chain. Directive 99/13/EC (CEC,
1999a) aims to prevent or reduce the direct and indirect effects of emissions of volatile organic
compounds (VOCs) in the environment and on human health, by setting emission limits for
such compounds and laying down operating conditions for industrial installations using

organic solvents.

2.8.2 Engineering control of emissions

During the last two decades there has been a considerable effort, particularly in the United
States to develop alternatives to the use of petrol and conventional diesel fuel for
transportation. The primary motives for this effort have been two-fold: energy security and
improvement in air quality, most notably ozone. The anticipated improvement in air quality is
associated with a decrease in the atmospheric reactivity, and sometimes a decrease in the mass
emission rate of the organic gas emissions from vehicles using alternative fuels when
compared to conventional transportation fuels. The most common alternative transportation
fuels in the US are methanol, ethanol, compressed natural gas (CNG), liquefied petroleum gas

(LPG), reformulated gasoline, and electricity (Sawyer et al., 2000).

In Europe, the main alternatives are natural gas (liquefied or compressed), liquid petroleum
gas and electric vehicles. In general there has been little support for the use of alcohol based
fuels There are several technical problems with the use of alcohol as a fuel, firstly its
miscibility with water, second, emissions of some ozone pre-cursors can increase and third it

burns with an invisible flame making it potentially dangerous in accidents.

The main advantage of using gaseous fuels is their significantly lower particulate matter
emissions when compared to diesel engines. Duel fuel vehicles running on petrol and
compressed natural gas can have higher HC emissions when the vehicle is running on petrol
compared to a conventional petrol vehicle. Dedicated compressed natural gas (CNG) vehicles
offer greater benefits, with all regulated emissions lower or similar to a petrol vehicle. CNG
vehicles also have lower CO, NOy and particulate matter than diesel vehicles. However, total
HC emissions tend to be higher than petrol vehicles due to the level of methane (greenhouse

gas) in the emissions (Harrison, 2001).
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In addition to reducing vehicle emissions through the use of better quality and alternate fuels,
advances in vehicle technology have also played a role, necessary due to the regulatory

requirements imposed on manufacturers to continuously reduce emissions from new vehicles.

In the early stages of such emission control, the emphasis was on improving fuel injection
systems and combustion chamber designs. The focus was on minimising the deposit of fuels
on the chamber walls, which leads to HC emissions. However, to comply with emission limits,
“after treatment systems” have been implemented which remove pollutants in the exhaust
rather than controlling their formation in the engine. Over 85% of all new cars produced world
wide are equipped with after treatment systems (Searles, 2000). Such after treatment systems
developed include the three way catalytic converter, diesel oxidation catalysts and particulate

traps.

Diesel oxidation catalysts can lower particulate matter emissions by 50% by destroying the
organic fraction and also lower significantly the HC and CO emissions. Particulate traps
include ceramic wall —flow filters or traps which remove well over 90% by weight of the total
particulate matter contained in diesel exhaust. Another area of development is the HC
adsorber, which incorporates adsorbing materials into or ahead of the three way catalytic
converters in petrol cars. HC emissions are collected when the exhaust temperature is too low
for optimum catalyst conversion. The HCs are then desorbed when the catalyst has lit-off.

By far the greatest reduction in vehicle emissions is as a result of the introduction of the three

way catalyst into petrol fuelled vehicles.

Exhaust catalysts were first required on European gasoline cars with the introduction of Euro-

1 emission limits in the early nineties (CONCAWE, 2003).

The basic reactions for CO and HC in the exhaust are oxidation, with the desired product
being CO,, while the NO, reaction is a reduction with the desired product being N, and H,O.
A catalyst promotes these reactions at lower temperatures than a thermal process giving the
following desired reactions for HC, CO and NOx (Harrison, 2001):
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Oxidation reactions

200 + (073 — 2CO,
HC 2 O, — CcO, + H,0

Reduction reactions
2CO + 2NO — 2C0O, + N,
HC % NO S C02 + H20 o N2

All the above reactions required some heat or temperature on the catalyst surface for the
reaction to occur. When the automobile first starts, both the engine and catalyst are cold. After
startup, the heat of combustion is transferred from the engine and the exhaust piping begins to
heat up. Finally, a temperature is reached within the catalyst that initiates the catalytic
reactions. This light-off temperature, and the concurrent reaction rate, is kinetically controlled

(i.e. depends on the chemistry of the catalyst since the transport reactions are fast).

Typically, the CO reaction begins first followed by the HC and NO; reaction. When all three
reactions are occurring, the term three-way catalyst or TWC is used. In order to accomplish
even lower emissions, a number of approaches have been taken, primarily to reduce the
amount of cold start emissions, as 60-80% of HC emissions take place at this stage of catalyst
operation (Heck and Farrauto, 2001). These include close-coupled catalysts, electrically
heated catalyzed metal monoliths, hydrocarbon traps, chemically heated catalysts and pre-heat

burners.

In addition a more fundamental understanding of the function of various components of the
three way catalytic converter, is now allowing more precisely defined washcoats with less

expensive metals and enhanced performance for 160000 km (Farauto et al., 1999).
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2.9 COMPARISONS OF WORLD WIDE STUDIES

2.9.1 Europe

Ireland

Ireland’s small population and generally good standard of air quality mean that a small
number of measurement stations are sufficient across the four zones defined for the purposes
of EU Directives and Air Quality Standards Regulations. The zones were determined from an
analysis of historical air quality data and other factors including population (McGettigan,

2001). The four air quality zones designated for Ireland are as follows;

- Zone A Dublin City and environs
- Zone B Cork City and environs
- Zone C 16 urban areas with population greater than 15,000

- Zone D remainder of the country

Local Authority continuous air monitoring is largely confined to Dublin (Zone A) and Cork
(Zone B), although additional continuous monitors have been established by the EPA at a
number of rural sites providing data in areas with lower population densities. Local Authority
monitoring is still largely concentrated on SO, and black smoke, though the number of such

sites in operation is continuing to decline (EPA, 2002).

Mobile monitoring units carry out air quality monitoring primarily in Zones C and D where no
continuous monitoring was previously conducted. The units are equipped with instrumentation
for the monitoring of all the pollutants covered by the Air Quality Standards Regulations
2002.

Few hydrocarbon studies have been carried out in Ireland, with the majority of previous

monitoring tending to focus on SO, and more recently NOx and Os.

Of the hydrocarbon compounds of interest benzene monitoring has been carried out by the
EPA in order to comply with EU directive 2000/69/EU (CEC, 2000) and subsequently the Air
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Quality Standards Regulations 2002. In 2001 the EPA monitored benzene at 5 different

locations. The results are shown in Table 2.7.

The annual mean concentration at the Wood Quay site is close to the limit value of 1.5ppbv,
while the annual mean at Anglesea Street was over the upper assessment threshold of
1.05ppbv. The average concentrations obtained at Crumlin were above the lower assessment
threshold of 0.6ppbv. The data for the other sites suggest that the average benzene levels are
well within the 2010 limit.

benzene (ppbv) Zone A Zone B Zone C Zone D
Wood Crumlin, Anglesea Three zone Mullingar
quay, Dublin street, Cork C sites
Dublin

Average (ppbv) 1.47 0.63 1.14 0.2 0.12

Median (ppbv) 1.08 0.42 0.15 0.12 0.09

Max (ppbv) 213 8.4 4.5 9.9 2.4

% data capture 88 91 54 15 9

Table 2.7 Benzene concentrations in Ireland in 2001 (EPA, 2001)
Similar monitoring was carried out in 2002 by the EPA, the result of which can be seen
summarised in Table 2.8. Benzene levels measured at all five stations in 2002 were low apart
from Winetavern Street, where the annual mean level measured exceeds the Upper
Assessment Threshold of 1.05ppbv. Concentrations from other locations were less than the
Lower Assessment Threshold of 0.6ppbv indicating that benzene levels are well within the
2010 limit for these areas. All concentrations were seen to decrease from those values

obtained for similar sites in 2001.

benzene (ppbv) Zone A Zone B Zone C

Wood Crumlin, Old station Drogheda Dundalk

quay, Dublin road, Cork

Dublin
Average (ppbv) 1.14 0.39 0.30 0.39 0.12
Median (ppbv) 0.66 0.12 0.12 0.27 0.09

Max (ppbv) 31.8 147 9.00 6.27 1.65

% data capture 68 76 79 21 65

Table 2.8 Benzene concentrations in Ireland in 2002 (EPA, 2002)
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The majority of research into ambient levels of HC’s in Ireland has been carried out at a North
Atlantic background site, at Mace head in the West of Ireland. Examples of such studies are

outlined below.

Diurnal hourly concentrations of reactive alkenes were reported by Lewis ef al.(1998). Species
seen to exhibit distinct cycles included isoprene, ethene, propene, 1-butene, iso-butene and a
substituted Cg alkene. During periods when airflow resulted from unpolluted oceanic regions,
a clear daily cycle in concentrations was observed, peaking at around solar noon for all
species. The species short atmospheric lifetimes indicated that the source of emission was
from local coastal waters within close proximity of the sampling site. At solar noon,
concentrations of reactive alkenes from oceanic sources were responsible for up to 88% of

non-methane hydrocarbon reaction with the hydroxyl radical at this coastal marine site.

Sartin et al. (2002), estimated Emission fluxes for a range of Cs—C,s volatile organic
compounds (VOCs) from the seaweed Fucus spiralis (spiral wrack) and an adjacent sand
surface during low tide on the coastline of Mace Head, Ireland. . A range of n-alkanes and
oxygenates were routinely identified. Comparison with previous flux estimates from coastal
seawater indicates that the two source types (Fucus spiralis and bare sand) were significant

but not dominant sources of these VOCs.

In addition a technique was described by Ryall et al. (2001), for identifying probable source
locations for a range of greenhouse and ozone-depleting trace gases from the long-term
measurements made at Mace Head. The results indicated that whilst there are limitations,
useful information about source distribution could be extracted from continuous measurements
at a remote site. It was concluded that much improved estimates could be derived if

observations were available from a number of sites.

In Dublin, hourly roadside hydrocarbon concentrations were measured over a six-week period
at a heavily trafficked junction in Dublin city centre by Broderick and Marnane (2002).
Samples of unleaded petrol fuels used in Irish vehicles were also collected and their
hydrocarbon compositions determined. The measured ambient hydrocarbon concentrations

were presented, as were the properties of each of the analysed fuels. Comparison of the
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ambient hydrocarbon concentrations and the fuel hydrocarbon composition revealed a strong
correlation for most hydrocarbons, except those compounds that were wholly combustion

derived (i.e. acetylene, not present in the fuel).

United Kingdom

A fully automatic network with 11 urban background and one rural site (UK Hydrocarbon
Monitoring Network) has been set up and operated successfully in the UK to measure,
continuously, hourly concentrations of C,—Cg hydrocarbons; the measurements collected form
one of the largest data sets of urban hydrocarbon air quality data available anywhere in
Europe. Hourly archived data are provided for each site and can be accessed through the

associated website (www.airquality.co.uk).

Results from the monitoring network and other HC monitoring sites are presented in the
Reports of the Photochemical Oxidant Review Group (PORG) “ozone in the United
Kingdom”, which includes information on ozone precursors (PORG, 1993 and 1997)
Information on UK HC concentrations for 2001 can be found in the publication by the AEAT,
(Durnitrian, 2002a) for the DETR. The Quality of Urban Air Review Group (QUARG) also
publish reviews of urban air quality data (QUARG, 1993).

The 15" annual report from the UK National Atmospheric Emissions Inventory (NAEI), has
recently been published (Dore et al, 2003), it includes a comprehensive review of HC emission

trends form 1970-2001.

Hourly data from the UK hydrocarbon monitoring network was analysed by Derwent et al.
(2000), on a site-by-site and hydrocarbon-by-hydrocarbon basis by constructing scatter plots
against benzene. From these scatter plots a number of important sources of hydrocarbon

emissions were identified including: motor vehicle exhaust and evaporative emissions, natural
gas leakage, petrol station forecourt evaporative emissions and industrial sources. Overall,
urban background hydrocarbon air quality was found to be heavily influenced by motor

vehicles.
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The on-road hydrocarbon emissions of vehicles at four sites in the UK were monitored using
remote sensing equipment by Revitt ez al. (1999). Analysis of the results showed that there is
both a large majority of low emitting vehicles which contribute little to fleet hydrocarbon
emissions and a small minority of high emitting vehicles which contribute significant

proportions to fleet hydrocarbon emissions at all sites.

Leung and Harrison (1999), investigated the concentrations of mono-aromatic hydrocarbons
both inside and outside passenger vehicles and came to the conclusion that pollution inside the

car is derived from pollutants outside entering with ventilation air.

Clarke and Ko (1996), estimated the speciation of VOC emissions in Leeds, using fingerprints
for different types of source. The results for the city as a whole indicated that the greatest
contributors were motor vehicles, followed by industrial and domestic use of solvents. The
result of spatial disaggregation indicated substantial differences in the relative significance of
vehicular emissions from one place to another. In the city centre, the contributions of motor
vehicles were found to be lower than outside the city centre due to the large emissions from a

number of point sources in the inner city area.

France

In France work has been carried out by Bourbon et al. (2002 and 2003), into the identification
of urban hydrocarbon sources, including their spatial and temporal variations. Results were
based on 4-years of continuous and hourly measurements of nearly 40 C,—Cy ambient NMHC
carried out at two urban sites of the medium-sized city of Lille, northern France. Four main
categories of sources were consistently identified: (1) motor vehicle exhaust, which dominated
the NMHC distribution, particularly in winter (2) wintertime stationary combustion and
activities related to general fossil fuel consumption (3) summertime evaporative emissions
from fuel and solvents (4) summertime biogenic emissions for isoprene and their dependence

on temperature.
In addition, hydrocarbon speciation of vehicle emissions was carried out by Touty and

Bomsang (2000), in the Thiais tunnel, close to Paris. The major compounds observed, and

expressed in terms of % w/w of total hydrocarbons, were ethene, (21.4%), acetylene and
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propyne, accounting for 10% each. Other measured HCs were emitted in very low amounts of
about 1% or less. Expressed in terms of a mixing ratio percentage, alkenes, alkanes and

alkynes accounted for 46, 35% and 19%, respectively of the total identified HCs.

Holland

Measurements of C,—Cs hydrocarbons on an hourly basis at two sites in Holland, the first in
Delft from 1982 to 1984 and the second at Moerdijk over the period 1981 to 1991 were
presented by Roemer et al. (1999). Under conditions of high wind speed the concentrations
measured at Moerdijk in the marine sector were found to be close to the Atlantic background
concentrations in winter and somewhat above this in summer. The continental background
concentrations were higher than the marine background concentrations by a factor of almost
two. The observations showed that at Moerdijk C,—C4 concentrations measured, have
decreased considerably since the early 1980s, corresponding with changes in emissions in that
area. Averaged over all wind directions the trend of all species was downward, but for
acetylene the trend was significant at a 95% confidence interval. The acetylene concentrations

showed an annual downward trend of 3% during the 1980s.

Denmark

A method to determine emissions from the actual car fleet under realistic driving conditions
was developed by Palmgren ef al. (1999). The method was based on air quality measurements,
traffic counts and inverse application of street air quality models. Measurements of benzene,
toluene and xylenes were carried out in central Copenhagen between 1994-1997. Hourly mean
concentrations of benzene were observed to reach values of up to 20 ppb. Based on inverse
model calculation of dispersion of pollutants in street canyons, an average emission factor of
benzene for the fleet of petrol fuelled vehicles was estimated to be 0.38 g/km in 1994 and 0.11
in 1997. It was concluded that this decrease was caused by the reduction of benzene content in
Danish petrol since summer 1995 and increasing percentage of cars equipped with three-way

catalysts.
Hourly measurements of 23 hydrocarbons ranging from Cs to Cs were measured in a busy

central Copenhagen street during 5 working days in December 1997 by Christensen et al.

(1999). The compounds were concentrated on absorbent tubes by active sampling and
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subsequently analyzed by thermal desorption and gas chromatography. Average benzene

concentrations were found to be 3.4 ppbv, alkanes, 0.2-2.4 ppbv and the alkenes 0.03—0.4
ppbv.

Switzerland

A detrending technique was developed by Keubler et al. (2001), for short-term and yearly
variations in order to identify long-term trends in primary and secondary pollutants. It was
shown that primary pollutants at urban and sub-urban stations have shown a downward trend

over the last decade which correlated well with the reductions in estimated Swiss emissions.

Volatile organic compounds were measured with a motor-glider during six days of July and
August, 1996, in Switzerland's Mesolcina valley by Prevot et al. (2000). Morning and
afternoon profiles from the motor-glider reached up to 4000 m above sea level (m asl). The
results showed that due to vertical transport of air, VOC concentrations can increase strongly

during daytime at high altitudes (~2000—4000 m asl) over the Alps.

Time-resolved chemical ionization mass spectrometry (CIMS) was used to investigate the
variations of the mixing ratios of benzene, toluene and the C,-benzenes (xylenes and ethyl
benzene) in automotive exhaust during transient engine operation by Heeb et al. (1999). A
significant increase of the benzene/toluene ratios from 0.35 to 1.31 (median) was found upon
introduction of a catalytic converter system. At this site, the atmospheric concentrations of
benzene and alkyl benzenes were detected at hourly intervals since 1993. A steady decrease of
the yearly mean from 3.54 to 2.00 ppb for toluene and from 2.87 to 1.33 ppb for the sum of
Cy-benzenes was found from 1994 to 1998, respectively, when the proportion of three-way
catalyst passenger cars increased from 60 to 82%. Nevertheless, the mean benzene
concentration was only affected to a small degree (from 1.10 to 0.97 ppb) within the same
period of time. Reduced catalyst conversion efficiency for benzene with respect to alkylated
benzenes was used to explain most of the observed increase of the benzene/toluene and

benzene/C,-benzenes mixing rations.
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Portugal

C>—Cs hydrocarbons, including isoprene, were measured in a forested area of Portugal from
June 20 to July 12, 1994 as part of the FIELDVOC'94 project (Bonsang et al., 2001). The day-
to-day variability of the measured NMHC was clearly linked to the air mass origin. The
longest-lived ethane did not show any significant diurnal variation. The short-lived alkenes
showed a well-defined diurnal variation with maximum mixing ratios during night-time and
minimum during daytime resulting from both dynamical and photochemical sinks. Isoprene
presented a very different trend with minima of 0.1 ppbv at night and maxima up to 12 ppbv
occurring between 16:00 and 18:00 (UT).

Greece

Benzene, toluene, sulphur dioxide, ozone and nitrogen dioxide were measured by Kourtidis
(2002), in a four-lane street canyon in Thessaloniki, Greece, during the period January—July
1997 by means of a commercial differential optical absorption spectrometer (OPSIS DOAS).
Primary pollutant levels were found to be 2.5-4.4 times higher during the cold part of the year
than during the warm part of the year, the winter/summer ratio increasing with the reaction
rate constant with OH for each of the measured species. Pollution levels were influenced
considerably by wind speed, while for the street canyon under study wind direction did not
influence pollutant levels considerably. While primary pollution was found to decrease with
increasing wind speed, ozone increased. Benzene mean levels during the study period were
around 6 ppb and hence much higher than the EU annual limit value of 1.44 ppb at STP.
Toluene mean levels were around 14 ppb and hence also several times above the WHO

recommendation of 2 ppb for a 24 hour period.

Non-methane hydrocarbon concentrations (NMHC) were determined in samples collected in
electropolished canisters aboard a Falcon aircraft in Athens and Thessaloniki by Moschonas et
al. (2000). Some canisters were also collected on the ground in Athens. Chemical analysis by
cryoconcentration facilitated the speciation of NMHC. The aircraft samples allowed the
determination of the background concentrations in the periphery of each city. The aromatic

hydrocarbon fraction was found to dominate the measured species.

Acetylene, C3;—C, paraffins, olefins, aromatic hydrocarbons and the biogenic isoprene, were

determined in six sampling periods from May to October in 1996—-1997 by Moschones et al.
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(2001). Acetylene and C;—Cs hydrocarbons exhibited seasonal variation with higher
concentrations in the late October sampling period. The hydrocarbons, except benzene,
exhibited maximum concentrations in the summer. The main destruction route of all

hydrocarbons was determined to be due to their photochemical reactions. The photochemical
reactivity, calculated in terms of propylene equivalent concentration, was in the summer
dominated by isoprene which accounted for 69% of the total, aromatics with 16%, olefins with
11% and paraffins with 4%. In the May and October periods, the aromatics contributed the
most (~37%) to the photochemical reactivity. Air mass back trajectories indicated higher
concentrations when air masses arrived from northwestern and northeastern, compared to

southern, directions.

2.9.2 United States

The US photochemical assessment monitoring network (PAMS), is an extensive network of
monitoring stations which are located in ozone non-attainment areas, classified as serious,
severe or extreme. Compounds measured at the PAMS sites include 56 individual
hydrocarbons, NOx, ozone and meteorological data. Demerjian (2000), has recently reviewed
the state of national air quality monitoring networks in North America and assessed the
effectiveness and adequacy of these networks in addressing the critical needs of the various

user communities they were designed to serve.

Hourly volatile organic hydrocarbon concentrations measured at a Photochemical Assessment
Monitoring Station, located in the Baltimore, MD area, during the summer months from 1996
to 1999 were investigated by Choi et al. (2004). Petrol-related sources such as vehicle exhaust,
petrol vapor, and liquid petrol contributed more than half of the total NMHC concentration.
Natural gas, surface coatings, and biogenic source categories accounted for 13%, 12% and

11% of the total NMHC, respectively, when all hourly measurements were considered.

Non methane hydrocarbon (NMHC) measurements were made at remote upwind locations in
Southern California in order to establish the boundary conditions for input into air quality
simulation modeling for the 1997 Southern California Ozone Study (Zielinska, 2003). Results
showed that the mixing ratios and composition of NMHCs are impacted at these sites by local

emissions as well as transported aged emissions.
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Ambient air quality measurements of 54 VOCs including hydrocarbons, halogenated
hydrocarbons and carbonyls were conducted in or near 13 urban locations in the United States
during September 1996 to August 1997 by Mohamed et al. (2002). Air samples were collected
and analyzed in accordance with US Environmental Protection Agency-approved methods.
The target compounds most commonly found were benzene, toluene, xylene and
ethylbenzene. These aromatic compounds were highly correlated and proportionally related in
a manner suggesting that the primary contributors were mobile sources in all the urban
locations studied. Concentrations of total hydrocarbons ranged between 1.39 and 11.93 parts

per billion, by volume (ppbv).

Ambient air HC samples were collected at surface air quality monitoring sites by Seila et al.
(2001), near sources of interest, and aloft on the US (El Paso) and Mexican (Ciudad Juarez)
side of the border during a six-week period of the 1996 Paso del Norte Ozone Study. Samples
were collected at five sites, three on the US side and two on the Mexican side, during nine
intensive operation days when high ozone levels were forecast for the area.. Most samples
were collected in electro-polished stainless steel canisters for determination of C, to Cyg
hydrocarbons by GC—-FID. Spatial and temporal characteristics of HC species concentrations
and compositions were examined. Overall, total non-methane hydrocarbon values ranged from
0.1 to 3.4 ppmC with the highest concentrations being recorded in the morning and evening at
five vehicle-dominated sites, three in Cd. Juarez and two in El Paso. Toluene in El Paso
samples and propane, which is used as a cooking and transportation fuel in Cd. Juarez, were

the most abundant hydrocarbons.

The magnitudes, distributions, controlling processes and uncertainties associated with North
American natural emissions of oxidant precursors were reviewed by Guenther et al. (2000).
Vegetation was predicted to contribute about 98% of the total annual natural NMVOC

emission. The uncertainty associated with natural emissions was estimated to range from less
than 50% for midday summer isoprene emission for some locations to about a factor of 10 for

other compounds and landscapes.
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2.9.3 Other countries of interest

Hong Kong

Ambient VOCs samples were collected at three locations, (PolyU campus (PU), Kwun Tong
(KT), Hok Tsui (HT)) in Hong Kong during the periods of November 2000—February 2001
and June 2001-August 2001 by Ho et al. (2004). Toluene was found to be the most abundant
VOC detected in Hong Kong. At the PU station, which is close to a main road, the
concentrations of most VOCs were higher in summer than in winter. However, at the
background location HT, the concentrations of all VOCs were higher in winter than in
summer. The xylene/ethylbenzene (X/E) ratio was used to assess the relative age of the air
parcels in this study, where values of 1.5 to 3.2 were obtained. The concentrations in the
atmosphere in Hong Kong were mainly affected by direct emissions from vehicles,
evaporation of fuels, photochemical reactions and few industrial emissions. The X/E ratio
measured in a nearby tunnel was higher than that in the ambient air. Vehicular exhaust was the
dominant source at PU and KT stations, and less evaporation of fuel or additive occurred at
low temperature in winter. Diurnal variations of mean BTEX concentrations at the roadside

monitoring station (PU) showed two peaks associated with traffic density.

The characteristics and concentrations of volatile organic compounds (VOCs) in the roadside
microenvironments of metropolitan Hong Kong were investigated by Chan ef al. (2002). The

VOC concentrations, especially toluene and benzene were found to be very high when
compared with those in most developed cities. The average and maximum concentration of
toluene was 19.5 and 84ppbv, respectively. The respective values for benzene were 7.8 and 39
ppbv. There were strong variations in the spatial fluctuation and characteristic of VOC
concentrations. The average benzene/toluene ratio in Hong Kong was 0.5 suggesting that
vehicular emission was the dominant VOC source in most areas of Hong Kong. The common
usage of organic solvents in the building and construction industries, and in the small
industries in the industrial and commercial districts were believed to be important sources of

VOC in Hong Kong.

Non-methane hydrocarbons (NMHCs) were also measured from January to December 2001 at
two sampling sites: Tsuen Wan (TW) and Central & Western (CW) Toxic Air Pollutants

Monitoring Stations in Hong Kong by Guo ef al. (2004). It was found that vehicle emissions
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and LPG or natural gas leakage were the main sources of C;—Cs alkanes and C3—Cs alkenes,
while aromatics were predominantly released from paints. Comparison of source contributions
to ambient NMHCs at the two sites indicated that the contribution of LPG or natural gas at
CW site was almost twice that at TW site.

In an additional study, the real world on-road petrol vehicle emissions of carbon monoxide
(CO), hydrocarbons (HC) and nitric oxide (NO) were investigated at nine sites in Hong Kong
by Chan et al. (2004). A regression analysis approach based on the measured petrol vehicle
emission data was also used to estimate the on-road petrol vehicle emission factors of CO, HC
and NO with respect to the effects of instantaneous vehicle speed and
acceleration/deceleration profiles for local urban driving patterns. The results showed that the
petrol vehicle model years, engine sizes and driving patterns have a strong correlation on their
emission factors. A comparison of average petrol vehicle emission factors in different engine

sizes and European vehicle emission standards was also presented.

China

Urban roadside levels of benzene, toluene, ethylbenzene and xylenes (BTEX) were
investigated in three typical cities (Guangzhou, Macau and Nanhai) in the Pear] River Delta
Region of south China by Wang et al. (2002). Air samples were collected at typical ground
level microenvironments by multi-bed adsorbent tubes. The BTEX concentrations were
determined by thermal desorption—gas chromatography—mass selective detector (TD-GC—
MSD) technique. The mean concentrations of benzene, toluene, ethylbenzene and xylenes
were, respectively, 15.5, 23.2, 5.34 and 24.4 ppbv in Guangzhou, 10.9, 22.6, 5.5, 21.7 ppbv in
Macau, and 6.2, 10.3, 0.7 and 3.2 ppbv in Nanhai. The relative concentration distribution
pattern and mutual correlation analysis indicated that in Macau BTEX were predominantly
traffic-related while in Guangzhou benzene had sources other than vehicle emission. In
Nanhai, both benzene and toluene had different sources other than vehicle emission. The
samples collected from Guangzhou showed that BTEX had significant higher concentrations

in November than those in July.
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South Korea

Chemical analysis of volatile organic compounds VOCs for five emission sources in Seoul
was conducted by Na et al. (2002). The source categories included motor vehicle exhaust,
gasoline evaporation, paint solvents, natural gas and liquefied petroleum gas (LPG). Measured

and estimated gasoline vapour compositions were found to be in good agreement.

Mexico

Measurements of ambient volatile organic compounds (VOCs) were reported from several
field campaigns of simultaneous measurements in the Mexico City Metropolitan Area
(MCMA) by Colina et al. (2004). Conducted between 1992 and 2001, these measurements
represented the longest and most complete record of VOC measurements available for Mexico
City. Ambient air VOC samples were collected at surface air quality monitoring sites in
electro-polished stainless-steel canisters, and analyzed by Gas Chromatography with Flame
Ionization Detection for the C; to Cy, hydrocarbons. The possible decrease in emissions
observed suggests that VOC emission control measures have been effective at reducing

emissions.

Pakistan

Mixing ratios of carbon monoxide (CO), methane (CH,), non-methane hydrocarbons,
halocarbons and alkyl nitrates (a total of 72 species) were determined for 78 whole air samples
collected during the winter of 1998-1999 in Karachi, Pakistan by Barletta et al. (2002). This
was the first time that volatile organic compound levels in Karachi had been extensively
characterized. Methane (6.3 ppmv) and ethane (93 ppbv) levels in Karachi were found to be
much higher than in other cities that have been studied. High levels of benzene (0.3—-19 ppbv)
also appear to be of concern in the Karachi urban area. Emissions from vehicular exhaust were

found to be the main source for many of the hydrocarbons reported.

Taiwan

Concentration profiles of C;—Ce non-methane hydrocarbons (NMHCs) were obtained in
metropolitan Taipei, Taiwan by Wang er al. (1999), based on 50 air samples collected
simultaneously during an evening traffic rush hour. Although motor vehicle exhaust

contributed most of the measured hydrocarbons in the city, levels of propane and butane were
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significant, and did not correlate well with typical NMHCs emitted from vehicle exhaust,
suggesting that the leakage from liquefied petroleum gas (LPG) was the primary source. The
reactivity of ethane, propane, iso-and n-butanes released from NG and LPG was estimated to
be about 5-6% of the total reactivity summed from C,—C¢ NMHCs, compared to their mass

fraction of about 27%.

Japan

The measurement for 1 year from March 1998-February 1999 was achieved for 28 non-
methane hydrocarbons (NMHC) at a remote site, Happo, Japan by Sharma et al. (2000a). The
mixing ratio of NMHC showed well-defined seasonal cycles with winter maximum and
summer minimum for ethane, propane, C4—Cs alkanes, n-hexane and acetylene consistent with
the seasonal variation of OH radical. Ethene and propene did not show clear seasonal cycles.
Trajectory analyses showed that NMHC in the Pacific rim region at this remote site was

affected by anthropogenic emissions from the Asian continent.

Nepal

The total of 28 different C,—Cs non-methane hydrocarbons including isoprene emitted from
natural and anthropogenic sources in urban and rural sites of Kathmandu, capital of Nepal,
were characterized for the first time in Nepal, in November 1998 by Sharma et al. (2000b).
Thirty-eight whole air samples were analyzed by using GC/FID. Ethene, acetylene and C4—Cs
alkanes were identified as the source signature in Kathmandu urban ambient air. Hydrocarbon
emissions from vehicular exhaust and gasoline evaporation sources were confirmed to
outweigh natural gas and biogenic sources. Photochemical ageing analysis showed that the
mixing ratio variation of urban air transported towards the rural was due to OH radical
initiated oxidation and the observed alkanes in the rural site were mostly from transported

urban air.

The Arctic

C>—C7 non-methane hydrocarbons were measured in clean maritime boundary layer air at
latitudes between 53°N and 81°N by Hopkins et al. (2002). Measurements were made using a
high sensitivity automated gas chromatography system. The data was collected during the

summer of 1999, a period of continuous Arctic sunlight. Hydrocarbons of anthropogenic
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origin were observed to decrease in concentration with increasing latitude, due to a
combination of dispersion and extensive atmospheric chemical processing. At high latitudes,
low boundary layer conditions were common and species of exclusively anthropogenic origin
reached highly stable although non-zero values (e.g. acetylene 27.8+2.4 pptV). A number of

hydrocarbons believed to be of oceanic origin showed wide variability in these regions of
atmospheric boundary layer stability (average ethene =37.2+20.9 pptV), highlighting
inhomogeneity in the ocean to atmosphere flux rates. Removal mechanisms for atmospheric

hydrocarbons were generally dominated by OH chemistry.

From the selection of studies outlined above, it is readily apparent the emphasis being placed
world-wide on investigating the concentrations of various hydrocarbons in the troposphere. A
broad comparison between studies is difficult due to differences in sampling campaigns,
especially in relation to meteorological and topographical conditions and campaign length. As
a result, monitoring campaigns are necessary on a city by city basis. It is hoped that the study
carried out and outlined in this thesis can add to the current state of knowledge in regard to
ambient hydrocarbon levels, particularly in the greater Dublin area where limited studies have

been carried out.
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3. ONLINE HYDROCARBON MONITORING SYSTEM

This chapter describes the online measurement method and associated equipment employed
throughout this research. The content and layout of the chapter is largely based on Marnane
(2000), who obtained first view of the monitoring system during and after expert installation
of the system by Perkin Elmer. Relevant additional information is also supplied, in the main
obtained from the PAMS hydrocarbon monitoring programme in the US, supplemented by the

authors experience with the equipment.

3.1 INTRODUCTION

The hydrocarbon monitoring system used during this study is the Perkin Elmer “Ozone
Precursor System”. Similar systems are used for the National Hydrocarbon Monitoring
Network in the UK (NPTBC, 2000), and the PAMS Hydrocarbon monitoring program in US
(USEPA, 1998c¢). It is a robust system comprising of a number of individual components,

which are described along with the system operation in the following sections.

3.2 SYSTEM OVERVIEW

The Perkin-Elmer Ozone Precursor System is an adaptation of the standard Automated
Thermal Desorber Model ATD 400 to include a special means for introduction of ambient
sample air. This is achieved via a modified internal standard valve mounted at the rear of the
ATD 400, which incorporates a dehumidifying system. The ATD 400 desorber is connected to
the gas chromatograph via a heated transfer line. Carrier and combustion gases and dry zero
air supplies are derived from both cylinders and generators. Separation of the target analytes is
achieved through the use of a dual-column system with column switching facilitated by a
Deans switch. The system includes two flame ionization detectors (FIDs) for signal detection.
Voltage signals from the detectors are collected by a dual-channel buffered digital-to-analog
interface, which supplies data to a personal computer running the Turbochrom data handling

software.
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3.3 SYSTEM COMPONENTS

The monitoring system is composed of several instruments, each of which required expert
installation and continued competent maintenance. Each component must be in good working
order to ensure the reliability of results, this is ensured by the application of good quality
control procedures on a routine basis. The system is housed in a mobile laboratory which also
has an in-built meteorological station. The principal components of the on-line HC monitoring
system are the air sampler, ATD 400, Autosystem GC, 900series interface and the

Turbochrom analytical software.

3.3.1 The air sampler

The air sampler is attached to the rear of the ATD 400, which is described below. Valve C
controls whether sample gas or calibration gas is drawn through the system. Valve B is used to
connect and disconnect the sample flow to the ATD400. Dry air, from a zero air generator, is
circulated through the Nafion drier to dry the ambient sample prior to analysis. It is necessary
to dry the air stream in order to prevent blockage by ice on the cold trap (which remains at -
30°C during sample collection), PLOT column deterioration, baseline shifts due to elution of

the water profile and FID flame extinction.

The Nafion membrane consists of a hygroscopic copolymer of tetrafluoroethylene and a
perfluorosulfonic acid that is coaxially mounted within a larger Teflon or stainless steel tube.
The humid sample stream is passed through the membrane tube, allowing water to pass
through the walls by a process called “perevaporation” into a dry zero air purge stream that is
counter-currently flowing through the annular space between the membrane and the outer
tube. The result is that water is drawn out of the sample stream as shown below in Figure 3.1.

Figures 3.2 and 3.3 show front and rear views of the air sampler.
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Figure 3.1 Air flows in Nafion drier (NPTBC, 2000)

The dryer will pass almost all normal hydrocarbons with the exception of iso-butylene which
is almost entirely removed from the chromatogram (USEPA, 2000). Experience has shown
that the drying device is robust under normal use, however replacement is recommended every

year.

A mass flow controller is used to control the flow of the sample through the system. It is an
integrated part of the air sampler but can be adjusted via the readout box, by the operator. The
mass flow controller measures the flow of air by the pressure drop across a venturi. Any
change in flow causes a corresponding change in the measured pressure drop, which is
detected by a pressure transducer, and a compensating circuit causes the flow to increase or
decrease to restore equilibrium. The sampling rate is normally set between 10 and 15ml/min.

For all analysis carried out during this research project the flow was maintained at 10ml/min.
The air sampling pump is an external device, whose inlet port is connected to the pump port of

the air sampling unit using nylon tubing. The pump is used to draw the sample or calibration

gas through the cold trap in the ATD400.
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Figure 3.2 Front view of the air sampler before attaching to ATD400
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Figure 3.3 Rear view of the air sampler with cover removed
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3.3.2 ATD 400 Thermal Desorption Unit
Thermal desorption is a type of dynamic headspace analysis which allows for the collection of
volatiles from materials heated in the range of 45 to 400°C. The collected volatiles are then
transferred to the GC for separation and analysis. The capability to handle large sample
volumes and the absence of solvents permits very low detection limits and little interference in

the analysis of samples.

It is a technique which can be used to extract volatile compounds from a non-volatile matrix
by heating the sample in a stream of inert gas. In the ATD400, the compounds are desorbed
from an adsorbant filled cold trap. The cold trap is packed with two sorbent materials, one is a
form of graphite, the other a carbon molecular sieve, designed to trap hydrocarbons in the C;-
Cyo range. Once the hydrocarbons have been desorbed from the cold trap, they are transferred

via a heated transfer line to the gas chromatograph.

A picture of the ATD400 can be seen in Figure 3.4. The instrument can be controlled from
either the GC or directly from an attached keyboard. The latter option was used in this

research project.

Figure 3.4 ATD400
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The ATDA400 is fitted with a carousel (shown on the top of the ATD in Figure 3.4), which can
be used if samples collected in sorbent tubes are to be analysed. However in the online
method, air is delivered directly onto the cold trap of the ATD, negating the need for a
separate sampling phase before analysis is carried out. This is achieved using a blank glass
tube inserted in the carousel to complete the sample path circuit. The carousel is fixed in

position during online sampling, and at no stage in the sampling stage rotates.

An oven is installed in the ATD to heat the sample during thermal desorption. The oven can be
set to between 50 and 400°C. For the method employed during online operation, the upper

limit was set at 325°C.

The ATD400 heated valve is a 6 port rotating valve which is used to direct the carrier gas flow
to the cold trap during the desorption process, or to isolate the cold trap in other situations.
The heated valve may be heated to between 50 and 225°C depending on the experimental
method being employed. The heated valve allows a constant temperature to be maintained
during the desorption process when the trapped components are being transferred through the

heated transfer line to the GC.

The cold trap concentrates the hydrocarbons in the sampled gas before they are injected into
the columns in the GC. The trap consists of a straight quartz tube approximately 165mm long
by 3mm internal diameter and is cooled electrically to between —30 and 30°C. The tube is
contained within a metal jacket which is made to be cooled in a manner like a thermocouple in
reverse. A thermocouple measures temperatures by observing the change in voltage with a
change in temperature when two particular metals of requisite composition are in contact. This
process can be reversed by altering the applied voltages, thereby controlling the temperature of
the metal itself. In the ATDA400, this process is enhanced by stacking three of these stages one
top of one another allowing a temperature of -30°C to be attained. This is shown illustrated in

Figure 3.5.
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Figure 3.5 Schematic of cold trap in ATD400 (NPTBC, 2000)

With the aid of the adsorbants in the tube, hydrocarbons with boiling points as low as
-90°C can be trapped. The sampling method used for the online system run as standard holds
the cold trap at -30°C during sampling while the desorb temperature is 325°C. A full list of

method specifications is given in Appendix A.

A heated transfer line connects the ATD400 to the GC and consists of a heated stainless steel

tube containing a silica sample transfer line. The transfer line may be heated to between 50

and 225°C.

3.3.3 Autosystem GC

The autosystem GC is a dual channel, temperature programmable gas chromatograph. The GC
is connected to the ATD400 via the heated transfer line through which the sample stream is
passed after desorption. Two separate detectors analysing eluent from two separate columns
can be installed on the GC. The types of detectors which can be installed include Flame
Ionisation Detectors (FID), Electron Capture Detectors (ECD), Thermal Conductivity
Detectors (TCD), Photoionisation Detectors (PID) and Flame photometric Detectors (FPD).
The Flame Ionisation Detector (FID), responds in proportion to carbon content of the sample,
and hence most organic compounds can be detected. For the type of monitoring carried out
during this study, the FID is the most widely used detector as it is non-selective. The FID is
known to be reliable, robust, highly sensitive for HC detection and relatively rugged in
comparison to other detectors. It is known to have a wide linear response from sub-ppb to ppm
concentrations (USEPA, 1999d), ideal for ambient HC sampling in varied environments. For

these reasons two FIDs were fitted to the GC to be used in the online system.
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The GC also contains an oven in which the analytical columns are housed. The oven
temperature is programmed from the keyboard on the GC. Two analytical columns were

installed for use with the online-system.

3.3.4 Analytical Columns.

In order to obtain optimum separation of lighter (C,-C4) as well as heavier compounds (Ce-
C10), a dual column, dual detector configuration is utilized. In this case two columns can be
judiciously selected to provide optimal separation of hydrocarbons without sub-ambient
column oven temperatures. Because both columns are contained within a single GC oven,
columns must be selected that will provide the desired separation with a single GC oven
temperature program. The columns installed are the same as those used in the PAMS
monitoring network and the UK hydrocarbon monitoring network programmes, namely a 50m
PLOT (porous layer open tubular) column and a 50m BP-1 (bonded phase) column. Each
column is connected to one of the FID detectors, allowing better resolution between peaks and

a wider range of compounds detectable, than the single column / detector configuration.

3.3.5 900 series interface

The interface contains dual channel, analog-to-digital circuitry, memory and an IEEE interface
to the PC. The PC sends a sequence, which is a list of analyses that are to be performed. The
interface then proceeds to process the incoming analog data (FID response) every time it
receives a start signal from the GC, and associates that data with a line in the sequence. These
data are then sent on request up to the PC in packets or bursts of data points (or time slices),
which the PC stores under the heading of the Run File Name. This is called raw data, and
Turbochrom gives this data the filename extension of .RAW. The PC need not be active in
order for the A/D interface to do its job. Once the sequence is downloaded the interface will
acquire data. If the PC is not available the Interface will accumulate data in its on-board
memory buffer. When the PC is available it will request the data from the interface by
continuous polling. Runs stored in the buffer will be uploaded as a backlog. If the PC does not
request the data the interface buffered memory will eventually fill (about 4 to 6 hours of data)
and the interface will stop acquiring data. (The whole system will then stop, since the GC will

then not become “Ready”). Two connectors, located on the left hand side are the detector
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connections, one for channel A and the other for channel B, allowing data from the two
detectors to be processed. The relays are located on the bottom left of the interface and are

used to control external devices such as the air sampler valves B and C discussed earlier.

3.3.6 Turbochrom Analytical Software

The Turbochrom software is a windows based application which can be installed on any PC
with more than 8MB of RAM. It is necessary to install a PC board (supplied by Perkin-Elmer)
into any free expansion slots on the PC. The connector on this board is used to connect to the

900 series interface.

The software has two purposes, firstly to write analysis sequences which provide instructions
to the ATD400, the air sampler and the GC on forthcoming sampling and analysis runs which
allows the system to then operate unattended. Once the sequence has been written it is
downloaded to the 900 series interface which controls the operation of the ATD and GC once

analysis begins.

The second purpose is associated with data analysis. The Turbochrom software scans a series
of data points (time slices), which represent the chromatogram. Each data point represents an
analog voltage acquired at a nominal time into the run. Data are normally acquired at 3 points
per second: more is unnecessary for this analysis and less is unsatisfactory. From this data,
Turbochrom determines the baseline signature and identifies peaks according to the criteria in
the Turbochrom Method. With this peak information, Turbochrom is able to match peaks with
a list of pre-defined target components and parameters, and calculate the amounts of each
based on a previous calibration run (a process known as the external standard method of

analysis).

3.3.7 Gas supplies

Four gas supplies are required for the online monitoring system. These gases are;
a) Zero air

Zero air is used as a combustion gas in the FIDs, to operate pneumatic processes within the

ATDA400, to purge the peltier cooling system and to remove moisture from the air sample in
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the Nafion drier. The system uses 1200 ml/min of air, hence a 5 foot cylinder will be
consumed in approximately 6 days. As a result, the zero air supply in most field-deployed
systems is generated by means of an electrical compressor and zero-air generator, consisting
of a catalytic converter and drying unit. The unit that has been selected to meet the criteria of
this application is a modified TOC (total organic carbon) zero air generator from Whatman
(previously Balston). It is imperative that the air supply used meets the stringent humidity
criterion otherwise the system will be adversely affected. The zero air generator used is able to
supply up to 1500 ml/min. of dry (dew point < -100°F) air to the system consistently, over a

relatively long period of time.

b) Helium

Helium is used as the carrier gas. It is inert to all compounds under investigation. As it flows
through the system at a relatively low flow rate of Sml/min, a cylinder size PT10 will last
approximately 3 months. The Helium must be premium grade with <2.0ppm O, and <5.0 ppm
H,O. Hydrogen can not be used as the carrier gas for this system as it reacts with acetylene,

removing it from the air sampled.

¢) Hydrogen
Hydrogen is used as the fuel for the FIDs, along with zero air. Approximately 80ml/min is
used, so a large cylinder will last approximately 6 weeks. The Hydrogen must be 99.999%

pure and not contain more than 0.5ppm total hydrocarbons.

d) Calibration gas

The calibration gas is the most expensive gas used in the operation of the on-line system. The
calibration gas used during this project was identical to that used in the UK Hydrocarbon
Monitoring Network, supplied by the National Physical Laboratory (UK). The components
contained in the mix are listed in table 2.1. The compounds are divided according to the
analytical column on which they separated. Although 30 compounds are present in the mix,
not all of these were analysed in the present study, due to time contraints. The standard
obtained from the NPL is certified traceable, ensuring the accuracy of the stated

concentrations in the gas mix.
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PLOT column Conc (ppbv) | BP1 column Conc (ppbv)
ethane* 5,52 cyclohexane 3.38
ethene* 3.04 n-hexane 2.24
acetylene (ethyne)* | 6.44 benzene* 3.83
propane* 2.59 n-heptane 1.73
propene* 291 toluene* 2.96
propyne 1.80 ethylbenzene* 1.21
n-butane* 1.35 o-xylene* 0.99
iso-butane* 0.86 m+p xylene* 1.50
iso-butene 2.87 1,2,4-tri methylbenzene | 0.76
1-butene* 2.85 1,3,5-tri methylbenzene | 0.89
trans-2-butene* 0.97

cis-2-butene* 1.91

1,3 butadiene* 3.87

n-pentane* 0.79

i-pentane* 0.99

trans-2-pentene* 332

cis-2-pentene* L1

isoprene 2.08

2-methylpentane 1.27

3-methylpentane 1597

* = compounds analysed during this research project

Table 3.1 Concentrations in parts per billion volume for each hydrocarbon in the calibration
mix
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3.4 THE MOBILE MONITORING UNIT

The online system is housed within a mobile trailer unit. There are two main sections, one
containing monitoring equipment, the second containing the gas cylinders used in the running
of the online system. For safety reasons the second compartment is self enclosed with a
separate access. A photograph of the main compartment is shown in Figures 3.7 and a

schematic plan of the interior of the mobile unit is shown in Figure 3.6.
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Figure 3.6 Schematic of mobile trailer housing online system
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The Autosystem GC, the ATD400, the 900 series interface and the PC are all located on the
same bench in the main section. The zero air generator is situated directly beneath the

Autosystem GC underneath the bench.

Additional monitoring equipment for other pollutants is situated on an instrument rack
opposite the online system. The weather station telescopic pole and the hydrocarbon intake
manifold are also on this side. The weather station monitors wind speed and direction,
temperature and humidity. The detectors and sensors are located on top of a telescopic pole

which is raised to a height of approximately 10 metres.

The sample intake and manifold assembly is used to provide a representative air sample for
collection and subsequent analysis. The sample manifold is constructed of glass,
approximately 1.5 inches O.D. The manifold has ports used for sample distribution. The
number of ports located on the manifold is greater than the total number of monitoring
systems to which samples will be delivered. To reduce the potential for bias, the port nearest

to the inlet of the manifold is reserved for HC sampling.

Teflon bushings are used to connect sample lines to the manifold. For HC sampling, the
sample lines are constructed of 1/8 inch O.D. nylon tubing. The 1/8 inch tubing is flexible and

will accommodate the flow rates associated with HC sample collection.

A blower and bleed adapter are located at the exit end of the sample manifold. The blower is
used to pull sample air through the inlet while manifold, while the bleed adapter is used to
control the rate at which the sample air is pulled through the manifold. An excess of sample air
is pulled through the sample inlet and manifold to prevent back diffusion of room air into the
manifold and to ensure that the sample air is representative of outside ambient air. Sample air
flow through the sample inlet and manifold is at least two times greater than the total air flow

being removed for collection and analysis by all systems on the manifold.
The manifold is assembled in a horizontal configuration (Appendix E, Figure E.1), as a result

the sample ports point upward so that material that may be present in the manifold will not be

transferred into the sample lines.
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The trailer is also fitted with an air conditioning system which is necessary to regulate the
temperature within the trailer. The ATD400 and GC oven cooling processes require the warm
air to be expelled into the main compartment, resulting in a rise in temperature with continued

online system use.

Excessive temperatures in the trailer will result in the GC automatically shutting down as a
safety precaution, resulting in a discontinuation of online sampling. The air conditioning unit
regulates the temperature at a modest 17°C, ideal for continued use of the online system. The
power requirements of the system are very high and an internal fuse board is fitted to regulate

power supply.

Figure 3.7 P-E ozone precursor system, in main compartment
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3.5 PHYSICAL CONNECTION OF COMPONENTS.

The central system around which all connections are made is the ATD 400, as this is the
system which controls the starting and ending of a sampling sequence. The ATD 400, through

information sent from the 900 series interface, controls the time of operation of the GC.

The ATD400 is connected to the GC via a 25-pin cable connector. This connector allows
synchronisation of the GC analysis start time when desorption begins on the ATD 400. As
stated earlier, the sample is passed from the ATD 400 to the GC via the heated transfer line.
This line is connected from the outlet splitter on the ATD 400 to the analytical columns on the
GC.

The helium carrier gas and the zero air are both connected to ATD and GC. These supplies are
passed through filters prior to entering the instruments in an attempt to guarantee their purity.

Contaminants in either gas will adversely affect the quality of results obtained.

Non soldered copper tubing (to limit potential leaks) is used to carry the gases from the
cylinders and generator to the instruments. Swagelok compression fittings are used to connect
joints. The air sampler and integrated mass flow controller were connected to the ATD prior to

delivery.

The sample manifold (Figure E.1) discussed in the preceding section is attached to the sample
port of the air sampler via 1/8 inch nylon tubing. The calibration gas cylinder, which is
connected to the calibration port on the air sampler via 1/8 inch stainless steel tubing, requires

a specially adapted regulator (Figure 3.8).

This regulator is not fitted with a gauge as loss of trace HC compounds could occur with such
a device. Figure 3.8 shows how the delivery pressure is regulated with the HC regulator and
read on pressure gauge, but the gas passed to the gauge is not passed on to the air sampler due

to the inclusion of a t-piece. The required pressure is approximately 2-3 psi.
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Figure 3.8 Calibration gas supply and pressure measurement system

The ATD is connected to the 900 series interface at the relay 6 and 7 connections. These
relays control valve C in the air sampler and dictate whether ambient air or calibration gas is

drawn through the system. This is discussed further in the next section.

The 900series interface is connected to the PC via a connection on the “Ziatech” IEEE card
installed in one of the expansion slots on the PC. An IEEE 488 cable connects the two

instruments.

The Nafion drier is connected between the dryer return and the dryer supply on the front of the
air sampler (Figure 3.2) The zero air flow through the dryer should be approximately 250 ml-

min, which is adjusted using a needle valve.

3.6 SAMPLE FLOW THROUGH THE SYSTEM

The complete online sampling and analysis procedure takes approximately 95 minutes.

However, after the initial sample “run”, hourly data is available as the ATD can collect a new
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sample while the GC is analysing the previous one. Several stages can be outlined from initial

sampling to analysis. These stages are illustrated in Figure 3.9 and discussed in detail below.

Air Sampler ATD 400 Autosystem GC

Valve C ;
Split Vent
pom/ ot FID 2 FID 1
N
Calibration
G Sample In ey
<& Restrictor
i Tubing
Dry Air aLor O
Exhaust D ?
1 Switch
Valve B

Figure 3.9 Schematic of sample flow through the entire system

3.6.1 Ambient or calibration gas sampling

The sample / calibrant valve (valve C) in the air sampler is controlled by the 900series
interface. The position of this valve, which determines whether ambient or calibration gas is
drawn through the system is determined by relays 6 and 7 on the 900 series interface. Relay 6
is associated with the calibration gas and when this relay is “on”, calibration gas is drawn

through the system.

Figure 3.9 shows a simplified schematic diagram of the flow through the entire system. The
diagram shows that as valve C is rotated, the input gas switches from calibrant to sample gas
(relay 7 on the 900 series interface “on”). These relays are controlled by the “sequence”
written in the Turbochrom software. Once the valve switches to either the calibrant or ambient

sampling positions, the sampling and analysis stages for both forms of gases are the same.

19



ONLINE HYDROCARBON MONITORING SYSTEM
3.6.2 Sample intake and concentration
Figure 3.15 illustrates the flow through the system for this stage of the procedure. With valve
C in the sample intake position (relay 6 “on”), ambient air is drawn through the system. The
sample is drawn through the sample inlet and manifold and into the nafion drier where excess

moisture is removed from the sample.

The sample then passes through the empty glass tube in the carousel of the ATD and into the
cold trap (-30°C) where volatiles are trapped on the adsorbant material. After passing through
the cold trap (minus the HCs of interest which will have adhered to the adsorbant in the cold
trap), the remaining sample passes through a filter before being released via the exhaust port

of the pump attached to the ATD which draws the sample through the system.

The time over which sampling occurs is known as “sample injection time”. In the standard
method, this lasts for exactly 40 minutes, which at a flow rate of 10ml/min equates to 400cm’
of sample volume passing through the system. During this sample injection stage, the helium
carrier gas only passes through the analytical columns in the GC, with the excess flowing

through the outlet split vent.

3.6.3 Desorption

During the desorption stage, outlined in Figure 3.16, valve B in the ATD is rotated and sample
is no longer drawn through the cold trap. Air is removed from the cold trap by passing helium
(inert) through the cold trap, leaving only the volatiles trapped on the adsorbant. This stage is

known as the desorb time and is set at 1| minute in the standard method being employed.

3.6.4 Trap heating and sample transfer

Following desorb time, valve A in the ATD400 is rotated to achieve the flow path illustrated
in Figure 3.17. Solenoid valves 2 and 1 (SV2 and SV1) are switched, reversing the carrier gas
flow through the cold trap (i.e in the opposite direction to that of the sample when drawn
through the trap). Concurrently the trap is quickly heated to a temperature of 325°C at a rate of
45°C / second, to remove all volatiles from the cold trap as quickly as possible. The reversed
carrier gas flow allied to the rapid heating creates a narrow vapour band which is sent via the

heated transfer line to the analytical columns in the GC.
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3.6.5 Passage through the analytical columns
After the sample has passed through the heated transfer line, it is sent to through the BP-1
capillary column and then via the Deans switch, either directly to the FID1 or into the PLOT

column and from there to the FID2. A schematic flow diagram is shown in Figure 3.10.

0.5mm e S

union

Deans switch \

BP1 column

Fused
silica Sweep PLOT
restrictor gas valve column

Solenoid
valve

Midpoint pressure regulator

Figure 3.10 Schematic of column connections to GC

The entire sample is first passed through the BP-1 column, which consists of a non-polar
dimethyl polysiloxane stationary phase. In most cases, compounds will elute from this column
primarily in order of increasing boiling point. As a result, compounds with lower boiling
points are not well resolved and are instead passed on to a separate PLOT column for

separation via a Dean’s switch.

The Deans switch, is a fluidic valve located at the exit of the BP-1 column. It is not a
complicated device in principle, but it can be difficult to assemble and re-assemble without the
proper knowledge. It uses a switching pressure supplied by the carrier gas and a second
pressure regulator to send the eluent from the BP-1 column to the FID directly or to the PLOT

column.
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This second regulator pressure is termed the "mid-point" pressure supply. At a certain time
during the analysis, known as the “heart cut time”, the Dean’s switch is activated and the
higher boiling point compounds which are well resolved on the BP-1 column are sent directly
to FID 1 for detection. The lower boiling point compounds are sent to the PLOT column for
complete separation and then to FID 2 for detection. PLOT chromatography is accomplished
through the gas/solid interactions between the solutes and the solid adsorbent coated on the

column tubing wall.

The “heart cut time” is set by manually observing the time at which Hexane and Hexene elute
from the columns. The “heart cut time” should be set between these two times. Incorrect
setting of the “heart cut time” will result in some of the heavier, higher boiling point HC
compounds being transferred to the PLOT column. These compounds can be very hard to

remove from this column resulting in poor resolution and possible “ghost peaks”.

Due to the large difference in boiling points for the compounds being analyzed, a gradient
temperature profile must be applied in the GC oven, to ensure optimum separation. The
temperature is programmed to gradually increase from 45°C to 200°C over the 48 minute
analysis time. The higher temperature of 200°C should never be exceeded as irreversible
damage can be done to the PLOT column above this higher temperature (see appendix B for
temperature profile specifications). This gradient program ensures satisfactory resolution and

speedy analysis of samples.

3.6.6 Flame Ionisation Detection

Following the sample’s passage through either the BP-1 or PLOT columns, the eluent from
each is directed to either FID1 or FID2. The FID detector employs hydrogen as a combustion
gas which is mixed with the column eluent and burnt at a small jet situated inside a cylindrical
electrode. A potential of a few hundred volts is applied between the jet and the electrode and
when a carbon containing solute is burnt in the jet, the electron/ion pairs that are formed are
collected at the jet and cylindrical electrode. The resulting current is amplified and fed to the
900 series A/D converter and then to the PC acquisition system with incorporated Turbochrom
software for concentration quantification. A diagram of the basic FID is shown in Figure 3.11.

During the process of oxidation, oxidized or partially oxidized fragments of the solute are
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formed in the flame which are thought to generate electrons by thermionic emission (Scott,

1997).

The background current (ions and electrons from the hydrogen flame alone) is very small (1-2
x 10 amperes) and consequently, the noise level is also commensurably small (about 107
amperes). Although the column eluent is mixed with the hydrogen prior to entering the
detector, because the measurement is mass sensitive rather than concentration sensitive, the

diluting effect has no impact on sensitivity.

The FID detects virtually all carbon containing solutes and its response is proportional to the
carbon content of the solute (Willet, 1997), with the exception of a small number of small
molecular compounds such as carbon disulfide and carbon monoxide. In fact, due to its diverse

and comprehensive response, it is considered a universal detector (Scott, 1997).
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Figure 3.11 Inner workings of a flame ionisation detector (Scott, 1997)
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3.6.7 Data processing using Turbochrom software

Turbochrom is a hardware and software system developed by Perkin Elmer to perfrom the

following tasks:

e Control supported chromatographs through serial communications.

e Acquire analog or digital chromatography data from chromatographs.

e Analyze the raw data and report results.

s Control the acquisition and analysis of data from large batches of samples.

e Work interactively with instruments to change instrument of interface setting before,
during or after a run.

e Store the raw data and calculated results.

e (Create methods that define acquisition and analysis parameters.

e Optimise analysis parameters graphically and use the improved parameters to reprocess
raw data.

e Compare chromatograms; subtract, add, and calculate the ratio of chromatograms; and
manipulate calibration curves.

e Communicate with other software applications.

Turbochrom software processes the digital signal received from the 900 series interface, and
chromatograms are prepared as soon as the GC has completed the sample analysis (48 minutes
analysis time). These chromatograms are prepared in accordance with specifications outlined
in the pre-programmed software method. As a result, operator involvement is not required

once a sequence has been downloaded to the series 900 interface.

The “real-time” FID response for both columns can be observed with the aid of the real time
plot icon from the Turbochrom menu on the PC. This enables the operator to observe how the
FIDs are responding and if the system is behaving as expected. The processed results from
each run are located in separate .RST result files, whose name and hard drive locations are
defined in the Turbochrom sequence. A summary results file can also be created, the
specifications of which are operator defined. Sample chromatograms for both columns are
shown in Figures 3.12 and 3.13.The slightly noisier plot seen in Figure 3.13 for Channel B is

characteristic of this column.
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Figure 3.12 Sample Chromatogram for Channel A
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Figure 3.13 Sample Chromatogram for Channel B
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3.7 ANALYTICAL METHODS

For the operation of the Perkin-Elmer online system as standard, only dedicated methods for
the ATD400, GC and Turbochrom software are required. Each of these methods controls a
number of parameters, which will affect the outcome of the sampling and analysis. The GC
instrument method, for example controls the temperature gradient profile and the detector
temperature. The ATD method controls such parameters as desorb time and temperature,
sampling time and cold trap temperature. The Turbochrom software controls operations such
as, how the data is analysed, reported, or whether a calibration or ambient sample is taken. The
individual instrument methods are specific to that instrument, but act in unison due to
communication between the three components. Individual method specifications can be seen

in Appendix A.

3.8 WRITING A SEQUENCE

A sampling sequence is written using the Turbochrom software. Each row in a sequence
relates to an individual sampling and analysis procedure, the addition of all rows makes up a
run. The most important columns of the sequence define separate controlling “methods” for

the sampling and analysis of each row.

These four columns relate to Instrument, Processing, Calibration and Report methods. The
Instrument method defines the analytical methods to be used by the ATD and GC. It controls
such parameters as whether calibrant or ambient air is passed through the air sampler on the

ATD and the analysis time on the GC.

The Processing method controls how data received from the GC via the 900 series interface is
to be analysed. It controls such parameters as how many times to scan for information per

second or the lower peak area limit, values lower than which the system does not report.

The Calibration method relates to the calibration procedure. Parameters such as the
concentration of species in the calibrant mix are entered into this method. These responses
obtained from certified known concentrations of relevant species are later used to quantify the
concentrations of relevant species in ambient samples by a direct comparison of peak areas for

the relevant compounds.
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The Report method dictates the format of the final result report and controls such parameters
as what units concentrations are to be reported in. An example sequence can be seen below in
Figure 3.14. The first 6 columns are in the main cosmetic, with the majority of the most
relevant information contained in columns 7 to 11. The 11" column relating to “data”, controls

the naming of each row’s file and its hard drive storage location on the PC.

k" Sequence Editor - C:\TCAAEXAMPLES\SYSTEST.SEQ
fie Edt Buld Change Actions Heip
;'11 Sequence Information - Channel A [ X]
Options  Choices Help
Sample Type
' |
Row T Study | Name Samp # [Vial| Inst i ~ Teve
mS50 |sample 1 1|C:\TC4\E[C: \TCA\E|C: \TCA\E|C: \TC4\E[sys_001 &
2 |Sample mS0 |sample 2 2|C:\TC4\E|C: \TCA\E[C: \TC4\E|C: \TC4\E[sys_002
3 |Sanple mS0 |sanple 3 3|C:\TC4\E[C: \TCA\E|C : \TC4\E[C: \TC4\E|sys_003
4 [Sample nS0 |sanple 4 4|C:\TCA\E|[C: \TC4\E|C: \TC4\E[C: \TC4\E|sys_004
S [Sample mS0 sanple 5 S|C:\TCA\E[C: \TCA\E[C: \TC4\E[C: \TC4\E|sys_005
'6 [Sample mS0 sanple 6 6[C:\TC4\E|C: \TCA\E|C: \TC4\E[C: \TC4\E|sys_006
7 [Sanple mS0 lsample 7 7|C:\TCA\E|C: \TCA\E|C: \TC4\E|C: \TC4\E|sys_007
8 |Sample m50 samnple 8 8|C: \TCA\E[C:\TCA\E|C: \TC4\E[C:\TC4\E|sys_008 |
9 |Sample 50 sample 9 9|C: \TC4\E[C: \TCA\E[C: \TC4\E[C: \TC4\E[sys_009 |
10 [Sample S50 lsanple 10 10[C:\TC4\E|C: \TC4\E|C:\TCA\E|C: \TC4\E|sys_010
11 |Sample S50 |[sample 11 11|C:\TCANE|C: \TC4\E|C: \TC4\E|C: \TC4\E|sys_011
~ 12 |Sample mS0 [sample 12 12|C: \TCA\E|C: \TC4\E|C: \TC4\E|C: \TC4\E[sys_012
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Figure 3.14 Screen-shot of Turbochrom sequence

3.9 QUALITY CONTROL

It is necessary to carry out certain control procedures in order to assure the validity of the data

and subsequent results acquired.

3.9.1 Initial procedures before acquiring data

Periods of “operational down time” for the online-system will occur, whether due to a pre-
planned break in the research being undertaken, or due to equipment malfunction. After such
periods of online-system inactivity, it is not possible to simply switch on the system and

acquire valid data. Prior to any quantitation or quantification of data, the system must first be
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conditioned. To remove any stubborn contaminants which may be residing on the stationary
phases of the analytical columns, the GC oven should be heated to 190°C for 24-48 hours,
with the helium carrier gas passing through the columns (as normal). This procedure has the
added benefit of rejuvenating the PLOT column, especially if this column is relatively old.
Following this, the columns are conditioned with a multi-cycle temperature programme
starting at 50°C and increasing by 5°C/minute up to the maximum PLOT column temperature
(200°C). If an analysis is carried out on the eluent from this procedure, it will be noted that the
initially large peaks obtained will decrease with time (after several days). When satisfactory
chromatography has been obtained after the conditioning procedure, the systems response

must be calibrated.

3.9.2 Calibration
Calibration was carried out using a 30 component HC calibration mixture, at the trace
concentrations, anticipated to be encountered during ambient sampling. This certified,

traceable, calibration gas mix was obtained from the National Physical Laboratory (NPL).

Traceability is the ‘property of the result of a measurement or the value of a standard whereby
it can be related with a stated uncertainty, to stated references, usually national or international

standards (i.e. through an unbroken chain of comparisons)’ (ISO / IEC, 1992).

A one-point calibration was carried out for each compound in the mix approximately every 14
— 20 days. The calibration mix was passed through the system for 10 consecutive analyses.
The first 3 analyses carried out were not used to calibrate the system but were intended to
flush any contaminants in the calibration line through the system. The remaining 7 analyses

was used to calibrate the system.

The average retention times for each compound were obtained from these 7 replicate analyses
and the average peak area response for each compound was used to calibrate the detector
response. Response factors for each compound were calculated (average peak area /
concentration) which are used to calculate the concentrations of the relevant HC compounds in

ambient samples (effectively, by simple cross multiplication). Response factors will differ for
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each compound, as the detector response and hence peak area (for FIDs) is proportional to

carbon number.

The above procedure also gives an indication as to how effectively the complete online system
is operating. The average peak area response obtained for each compound should not be
significantly different (£10%) to the average peak area response obtained for the last
calibration procedure carried out. If a significant reduction is seen in average peak area
response (for the same flow rate), there is a problem with the system, possibly associated with

leaks in the calibrant line or a decrease in adsobant efficiency of the cold trap.

The calibration chromatographs should also be visually examined for any obvious signs of
column degradation such as excessive peak tailing. Excessive noise noticed in these
examinations is probably an indication of either column degradation or inefficient working of

the FID (one for each column).
To avoid problems such as those outlined above, and to ensure accurate and reliable results,

continued maintenance should be carried out on the system. Appendix B contains details of

maintenance procedures employed in this research and are included as a guide for future users.
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Figure 3.15 Sample intake and concentration
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4. MOBILE SAMPLING METHOD

This chapter describes, the development of a versatile sampling method, for use in conjunction
with the hydrocarbon measurement techniques outlined in Chapter 3. This new sampling

method was applied in a number of measurement campaigns, as described in later chapters.

4.1 METHOD DEVELOPMENT

The Perkin-Elmer ozone precursor system, run as standard, is an excellent system for
sampling and analysing air quality at one particular location over a relatively long period of
time. It is generally situated in a single location for a specific sampling requirement, i.e, to
obtain general background levels at a background site, or roadside monitoring in the vicinity
of a heavily trafficked motorway. Due to logistical problems associated with power supply and
security, once a suitable location has been found for the intended sampling purpose, the
online-system is generally not moved for a relatively long period of time. Although the
temporal resolution of sampling is not a serious problem with the online system, as hourly
measurements can be obtained, investigation of the spatial variation of concentrations is not
possible. As a result, if for example, a monitoring study was being carried out in the vicinity of
a suburban motorway, only concentrations on one side of the road can be determined using the
online-system. Hence, no background concentrations are available, making it difficult to

establish the source effect from the motorway.

To remedy this lack of spatial resolution and the limited temporal resolution, it was decided to
develop an alternate mobile sampling method whose samples could be analysed by the
existing P-E precursor system. The aim was to develop a sampling method that could provide
the ability to sample in a wide variety of sampling environments, from background ambient

sampling to indoor sampling.

The potential use of sorbent tubes as sample tools was first investigated. However, the online
system run as standard would have to be significantly adapted to facilitate the analysis of
these. In addition, several different tubes may have to be employed to sample the desired
range of hydrocarbon compounds, thus making the procedure very labour intensive. Also,
sorbents with sufficient retention of C, compounds at room temperature, namely ethane,

ethene, and acetylene, are not yet available (Wang et al., 2003). Ethene and acetylene are
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known markers for road traffic emissions (Borbon et al., 2002) and their omission from the

sampling method would vastly reduce the usefulness of the method.

A second option for sampling concerned the use of stainless steel or aluminium canisters as
sampling vessels. This approach is outlined in detail in EPA methods TO-14A (USEPA,
1999b) and TO-15 (USEPA, 1999c), where sampled canisters are attached to pre-
concentration systems and analysed using GC. The main restriction in applying this procedure
is the cost of the canisters, which are relatively expensive. As several canisters would be
required to carry out any meaningful spatial studies over a relatively short period of time, the
purchase cost of these proved prohibitive for the current research project. Instead, the
approach outlined in EPA methods TO-14 and TO-15 was amended, using an alternate form

of sampling vessel, namely Tedlar bags.

Tedlar® polyvinyl fluoride (PVF) is a polymer developed by DuPont in 1961. Initially
developed for residential use, its use has expanded into many markets, including aircraft
interiors, motorway sound barriers, air supported structures and wall coverings. The Tedlar
bags used for gas sampling are produced by heat sealing non-adherable “S” surface film, type
TST20SG4, to itself. Unlike other sample bag materials, Tedlar film resists gas permeation,
both into and out of the bag. This is essential for sample integrity, for all applications. Due to
Tedlar’s fluorocarbon nature, it is both tough and flexible. As Tedlar contains no plasticizers
the film retains its tensile strength and toughness allowing for reuse and a long service life for
many applications. Tedlar is rated for continuous use from -98 to 225 F. This wide range of
operation facilitates use in very cold or very hot environments including stacks, vents, and
flues. Tedlar film is also inert to a wide range of chemicals. Since it will not react with or alter
the composition of collected chemicals, sample integrity is not affected. Tedlar bags are
widely used in various sampling applications as diverse as ground water sampling to gas grab
and stack sampling. They are usually used in conjunction with a pump, to fill the bag with the
required sample. For air sampling, the usual approach is to connect a bag of requisite size to
the exhaust of the sampling pump and to collect the sample gas after it passes through the
pump. However, this approach is unacceptable for the type of quantitative analysis required in
this project, as potential contamination may arise due to compounds adhering to the interior of

the pump. Instead, a sampling technique where the gas is sampled directly into the Tedlar
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vessel is required. Such an approach is possible with the use of an SKC Vac-U-Chamber™.
The Vac-U-Chamber consists of a rigid case and connecting fittings, which allows the direct
filling of a gas sample vessel using negative pressure. Utilizing the change in pressure drop
inside the chamber when connected to a vacuum source (pump), gas will be pulled into the
sample bag directly, eliminating the possibility of sample contamination from components

inside the pump. The sampling set up is illustrated in Figures 4.1 and 4.2.

1 litre Tedlar bag

Tedlar bag
valve

Vacuum port Sample port

Low flow
controller

/

Purge port

Decompression
valve

SKC universal
<4— standard pump

Figure 4.1 Mobile sampling setup with Vac-U-Chamber

Three ports are located on the outside of the chamber. The pump is attached to the vacuum
port which is used to inflate the Tedlar vessel. The purge port is used to clean the Tedlar
vessel. The sample is drawn into the Tedlar bag through the sample port. All interior tubing

which is in contact with the sample is composed of inert, non-stick teflon. Industry standard
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SKC 1 litre Tedlar bags were used in the Vac-U-Chamber. These sample bags utilise a
lightweight, patented single fitting of inert polypropylene that combines the hose/valve and the
septum holder into one compact fitting (Appendix D, Figure D.1). The pump used was an
SKC universal standard pump, type 224-44EX. The pump with an additional low flow
controller allowed sample flow rates of between 5 and 5000 cm’/min, more than adequate for
most sampling applications. Most importantly the pump was a certified constant flow pump,
which ensured homogenous sampling over the desired sampling time. Specifications can be
seen in Appendix C, Table C.1. A pump diagram can be seen in Appendix C, Figure C.1. The
low flow controller (Appendix D, Figure D.3) which was necessary to ensure constant flow at
low flow rates (5-500cm’/min), was attached via % inch tygon tubing between the pump and

the vacuum port.

Figure 4.2 Mobile sampling setup
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4.1.1 Mobile sampling procedure

To obtain an air sample the following steps are carried out in sequence.

° The 1 litre tedlar vessel was connected to the 3/16 inch internal tubing of the Vac-U-
Chamber.
® The pump and low flow controller are attached to the vacuum port via “quick

disconnect” tygon tubing supplied with the Vac—U-Chamber. The vacuum port is only

operational when the “quick disconnect” connection is inserted in to the port.

° The tedlar sample bag is opened by turning the valve one turn (max) anti-clockwise.

The Vac-U-Chamber was closed securely using both latches.

° The decompression valve located below the handle is closed and the pump turned on.
A “trial” sample is used to set the flow to the required rate, i.e, sufficient flow so as to
approximately % fill the Tedlar bag in the required sampling time. The flow is adjusted

using the screw located on the side of the low flow adapter (Appendix D, Figure D.3).

@ Once the required flow rate is established, the pump is turned off and the

decompression valve opened.

) The Vac-U-Chamber is then opened and the valve on the Tedlar bag closed.

° This bag is then replaced with a clean sample bag for quantitative analysis. The above

procedure is repeated, sampling at the established flow rate for the required time.

- The Tedlar vessel is removed upon sample completion and is ready for analysis using

the P-E ozone precursor system.
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4.1.2 Mobile sample analysis

Sample analysis utilised the P—E ozone precursor system’s ability to pre-concentrate
samples with a relatively low sample volume (<1 litre). The connection of the Tedlar

vessels to the P-E system is shown in Figure 4.3.

The connections used to attach the bags to the P-E system were checked daily to
ensure that no leaks were present. This was done by attaching an evacuated, empty
Tedlar bag to the system as shown in Figure 3.3, and ensuring that the flow meter on

the system read and remained at Oml/min.

The P-E ozone pre-cursor system was run as normal (Chapter 3 describes the online
system operation), but instead of ambient air being sampled through the sample
manifold as in Appendix E, Figure E.1, air was sampled from the attached Tedlar

vessel.
After attaching the Tedlar vessel to the P-E system, the valve on the vessel is opened

for 3-4 minutes prior to the system drawing air through the cold trap. This is done to

ensure a homogenous sample through the sample lines prior to sampling.
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Figure 4.3 Connections to P-E system for Tedlar vessel sampling
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4.1.3 Cleaning procedure required for quantitative analysis
Prior to any sampling method validation or subsequent mobile sampling applications, it was
essential to ensure that the Tedlar vessels could be cleaned consistently to an acceptably low
level of contamination. The degree to which the vessels could be cleaned would dictate the

accuracy, precision and method detection limits of the mobile sampling method.

Air was sampled using the mobile method outlined in section 4.1.1 above, in the vicinity of
very slow moving traffic to ensure that high concentrations of hydrocarbons were sampled in
the Tedlar vessel. Four Tedlar vessels taken at random were filled at this location. The
samples were left to equilibrate for several hours before an investigation into cleaning

requirements was carried out.

After several hours the sample vessels were emptied by attaching the sample valves of the
Tedlar bags to the inlet on the sampling pump and drawing the sample out of the vessel. The
bags were then flushed through with high purity zero air by attaching the vessels to a zero air
cylinder and filling the bags approximately half full. Zero air was flushed through each bag on

a different number of occasions for each vessel, ranging from 5 to 20 times.

After each bag was cleaned the requisite number of times, a blank sample was taken, by filling
the bag with zero-air. This was analysed using the P-E system, as in section 4.1.2. The
subsequent chromatograms were visually examined for peaks relating to bag contamination.
This allowed the required number of times a Tedlar vessel must be flushed with zero air to

obtain a desired low level of contamination to be established.

The results are shown in Table 4.1. It can be seen that no practical level of cleaning could
completely remove the mono-substituted aromatics (toluene,o-xylene, m+p xylene and
ethylbenzene) from the Tedlar vessels. This is probably due to these compounds “sticking” to
the walls of the Tedlar due their substituent nature, making their removal very difficult, and
the extent to which it can be achieved very unpredictable. As the level of contamination
varies, even with increasing flushes, it is not possible to apply a correction factor for

contamination of these compounds in the vessels.
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Therefore, as only qualitative assessments can be carried out they are not included in the
validation study. Due to the limited additional information which could be gathered from
sampling the cis and trans isomers of pentene and butene, over and above that given from
ethene, propene and 1,3 butadiene, these compounds were not included in the validation study.
For all other hydrocarbons investigated, after visual inspection of the chromatograms, no
evidence for the presence of any of the compounds in the blank analysis could be detected

after at least 10 flushes of zero air.

To ensure reproducible cleaning using zero air flushes, it was decided to flush 15 times after
each bag use. To validate this cleaning procedure further, 10 ambient samples were taken
using the mobile sampling method, the bags were evacuated and each vessel then flushed 15
times using zero air. Zero air blanks were then taken and the chromatograms visually
inspected for peaks. On no occasion were peaks relating to the compounds of interest present,
thus verifying the effectiveness of this cleaning procedure. Example blank chromatograph’s

for both channel A and B are shown in Figures 4.4 and 4.5.

Conc after flushing | Conc after flushing | Conc after flushing | Conc after flushing
5 times (ppbv) 10 times (ppbv) 15 times (ppbv) 20 times (ppbv)
ethane ND ND ND ND
propane 0.1 ND ND ND
n-butane 0.1 ND ND ND
i-butane 0.1 ND ND ND
n-pentane ND ND ND ND
i-pentane 0.1 ND ND ND
ethene 0.1 ND ND ND
propene 0.2 ND ND ND
1-butene 0.1 ND ND ND
1,3 butadiene | 0.1 ND ND ND
acetylene 0.2 ND ND ND
benzene 0.1 ND ND ND
toluene 0.8 1.0 0.2 0.9
o-xylene 0.4 0.2 0.2 0.3
m+p xylene | 0.3 0.4 0.2 0.3
ethylbenzene | 0.2 0.2 0.1 0.1

ND = not detected

Table 4.1 Compounds investigated for bag contamination and number of flushes required to
clean tedlar vessels
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Figure 4.4 Blank chromatogram (Channel A) after 10 flushes

2808306.RAW

mV

IITIIIIIFIIII|IIIIIIIIIIIIIIIIIIIIII[IIIIIII

20 40
min min

Figure 4.5 Blank Chromatogram (Channel B) after 10 flushes

The peaks observed in Figure 4.4 do not effect the quantification or quantitation of the
compounds of interest eluting from this column. In Figure 4.5, no peaks are observed in the
vicinity of benzene, which elutes at approximately 11 minutes. The baseline rise observed in
Figure 4.5 is due to the pre-programmed temperature gradient in the GC method to ensure

adequate separation of compounds.
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4.2 VALIDATION OF MOBILE SAMPLING METHOD

4.2.1 Objectives

The aim of this study, was to demonstrate that the mobile sampling procedure outlined in
section 4.1.1 and 4.1.2 above, would provide accurate and precise results for those
hydrocarbon compounds which showed no evidence of Tedlar bag contamination after the
cleaning procedure outlined in section 4.1.3 had been applied. Sampling method performance
was to be ascertained over a wide concentration range, thus facilitating the application of the

mobile sampling method to wide and varied sampling environments.

4.2.2 Introduction
Method validation is the process to confirm that the analytical procedure employed for a
specific test is suitable for its intended purpose. ISO defines validation as “confirmation by

examination and provision of objective evidence that the particular requirements for a

specified intended use are fulfilled” (ISO 8402, 1994).

An implication of this definition is that a method must generate results that have demonstrable
“fitness for purpose”. For an analytical method to be fit for its intended purpose it must be
sufficiently reliable for any decision based upon it to be taken with confidence. To
demonstrate this it is necessary to evaluate the method’s performance capabilities in terms of

key method parameters.

These parameters for method validation have been defined in different working groups of
national and international committees and are described in literature (Eurachem, 1998; FDA,
2000; FDA, 1994; ICH, 1995). Unfortunately some of the definitions differ between different

organizations.

An attempt at harmonization was made for pharmaceutical applications through the
International Conference on Harmonization (ICH, 1995) where representatives from the
industry and regulatory agencies from USA, Europe and Japan defined parameters,

requirements and, to some extent, also methodologies for analytical method validation.

103



MOBILE SAMPLING METHOD

The parameters used in our validation study as defined by the ICH and by other organizations

and authors are summarized below.

- Specificity

- Linearity

- Limits of detection
- Accuracy

- Precision

- Robustness

- Range

It is usually left to the analyst’s discretion to decide which performance criteria are to be met
in relation to method validation parameters (Eurachem, 1998). These are normally dictated by
the intended application of the method of interest. The application of our intended method
shall take place in a research environment where a wide variety of sampling projects are

anticipated.

Technically, as this method is a modification of a standard method (the P-E ozone pre-cursor
system for online HC measurements) the only parameters which are necessary to ascertain are
limits of detection, accuracy and precision (Wood, 99). However, as complete a validation as
practical has been carried out. Performance criteria for each parameter shall be discussed in

the following sections.

In regard to estimating validation parameters, often a particular set of experiments will yield
information on several areas of performance. Consequently, the data obtained to investigate
the method performance in one area can, with planning be applied to several areas (i.e,

calibration data can be used to determine method detection limits).
4.2.3 Specificity / Selectivity

It is necessary to establish that the signal produced at the measurement stage, or other

measured property, which has been attributed to the analyte, is only due to the analyte and not
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the presence of something chemically or physically similar, or simply arising as a coincidence.

This is confirmation of identity (Eurachem, 1998).

Selectivity can be defined as ‘The ability of a method to determine accurately and specifically
the analyte of interest in the presence of other components in a sample matrix under the stated

conditions of the test.” (NATA, 1998).

Specificity is described as ‘The ability of a method to measure only what it is intended to

measure.’ (AOAC — PVMC, 1993).

The two terms are often used interchangeably. However, Huber (1998), refers to a detailed
discussion on the topic by Vessman, where different definitions were employed by different
organisations, i.e [UPAC, WELAC and ICH. Huber outlines that the term specific generally
refers to a method that produces a response for a single analyte only while the term selective
refers to a method which provides responses for a number of chemical entities that may or

may not be distinguished from each other.

Specificity is generally thought of as being 100% selective but again agreement is not
universal (Eurachem, 1998). In practical terms, there are very few specific methods and the
identification of hydrocarbons with GC / FID is most certainly not amongst them, hence the

term selective is deemed the more apt description for this study.

Whether or not other compounds interfere with the measurement of the analyte will depend on
the effectiveness of the isolation stage and the selectivity of the measurement stage. As these
stages are not changed with the addition of the Tedlar sampling vessel to the Perkin-Elmer
precursor system run as standard, a comparison of the selectivity of the online system and that

of the bag sampling method should provide sufficient information.

To do this, the relative retention times of the online-system run as standard and the system run
with a sampled Tedlar vessel attached, were compared for 10 ambient sample and calibration
analyses. This data used was taken from sections 4.2.4 and 4.2.5 dealing with method linearity

and accuracy.
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Slight differences were observed between the ambient sample and calibration retention times
due to a difference in relative humidity between both sets of samples. Accordingly, relative
retention times were used to compensate for the proportional shift in elution rates that
occurred. That is, the retention times of all compounds eluting from a particular column are

ascertained relative to one or more other compounds eluting from that column.

Put simply, the relative retention time is the retention time of the HC of interest divided by the
retention time of a set HC in the calibration mix. The values obtained can be less than or
greater than unity, depending on whether the HC’s of interest elute before or after the set HC

to which they are being compared.

Although in section 4.1.3 we saw that toluene could not be accurately quantified due to the
difficulty in removing trace amounts from the Tedlar bags, this compound is still very useful
for providing a reference retention time for column BP1 (USEPA, 1999d). This is due to its
prevalence in environmental samples, relatively good peak resolution and its lack of co-elution

with other compounds.

For the PLOT column n-butane is used for similar reasons. Compounds on the PLOT column
are more affected by changes in humidity, as a result a reference compound is far more

necessary (USEPA, 1999d).

Table 4.2 presents the relative retention times obtained (for both calibration and ambient
sample analysis) for the online system run as standard and the mobile bag sampling method.
For the calibration samples, the bags were filled with the same NIST traceable standard mix

used to calibrate the online system run as standard.

For the ambient samples, the online system was run as standard and the mobile sampling
method was used to concurrently sample ambient concentrations at the same location (i.e,
beside the air sampling inlet on the roof of the trailer housing the pre-cursor system), for the
same time period. The specifics of the sampling procedures are discussed in more detail in

sections 4.2.4 and 4.2.6.
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Average relative Average relative Relative retention Rsd % for ambient

retention times for | retention times for | times for average and calibration

calibration ambient samples | ambient and samples (n = 20)

samples (n=10) (n=10) calibration samples

(n=20)

online | mobile | online | mobile | online mobile online mobile
ethane 0.34 0.34 0.34 0.34 0.34 0.34 2% 2%
propane 0.46 0.46 0.46 0.45 0.46 0.46 1% 2%
n-butane 1.00 1.00 1.00 1.00 1.00 1.00 - -
iso-butane 0.93 0.93 0.92 0.93 0.93 0.93 1% 1%
n-pentane 1.49 1.49 1.49 1.49 1.49 1.49 1% 1%
iso-pentane 1.44 1.44 1.44 1.44 1.44 1.44 1% 1%
ethene 0.37 0.37 0.37 0.37 0.37 0.37 2% 2%
propene 0.81 0.81 0.82 0.81 0.82 0.81 1% 1%
1-butene 1.36 1.36 1.36 1.36 1.36 1.36 1% 1%
1,3 butadiene 1.60 1.60 1.60 1.60 1.60 1.60 1% 1%
benzene 0.58 0.58 0:57 0.58 0.58 0.58 1% 1%
acetylene 1.14 1.13 1.13 1.14 1.14 1.14 1% 1%

Table 4.2 Comparison of relative retention times for the online system operated as standard
and the mobile sampling method, using ambient and calibration samples

In Table 4.2, the differences in the relative retention times for both methods are small for all
compounds, showing that the addition of Tedlar bag sampling vessels to the standard online
method does not significantly affect selectivity. Ideally selectivity should be verified by the
application of a separate analytical technique, a confirmatory mass spectrometer scan for

example, however, economic constraints make this approach impractical.

4.2.4 Linearity and calibration curve
Linearity can be defined as the “ability of the method to obtain test results proportional to the

concentration of analyte”.

Note: The Linear Range is by inference the range of analyte concentrations over which the
method gives test results proportional to the concentration of the analyte. ° (AOAC — PVMC,
1993)

Linearity should be determined using dilutions of the compounds of interest over a defined

concentration range. It is envisaged that the mobile sampling method will be applied to a wide
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variety of sampling situations and environments, hence linearity should be verified over as

wide a concentration range as practical.

Due to cost constraints, the upper concentration limit was determined by the concentrations in
the NIST traceable standard (Table 3.1). As linearity at higher concentrations is not
anticipated to be a problem (USEPA, 1998c), the emphasis was placed on determining
linearity over a concentration range from very low concentrations up to the limit of estimation.
If system linearity could be established at very low concentrations, potential applications of

the sampling method could encompass background ambient air sampling.

For estimating linearity and the necessary calibration procedure, four separate investigations

were carried out and compared. These included:

(1) a four point calibration procedure, utilising Tedlar sampling vessels and varying the
weight of each hydrocarbon deposited on the cold trap.

(i1) a two point calibration procedure, using Tedlar sampling vessels to manually dilute
the NIST certified calibration gas mix.

(iii)  a one point calibration, utilising the online system operated as standard.

(iv) a one point calibration, using Tedlar sampling vessels.

In addition, an investigation was carried out into the number of compounds required in the

calibration mix to fully calibrate the system.

Four point calibration

As direct dilution of the NIST traceable standard mix was not routinely practical, an alternate
approach was employed. Tedlar sample vessels were filled with calibrant gas using the normal
sampling procedure outlined in section 4.1.1. The sample inlet on the mobile sampler was

connected directly to the calibrant gas cylinder with the aid of 0.5m teflon tubing (3/16 inch).

The flow on the calibrant gas was set to a very low flow (0.5-1.5psi), and the calibrant gas was

sampled into the Tedlar vessel over a 5-10 minute period. The resulting sampled calibrant gas
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was attached to the P-E system and analysed as per section 4.1.2. As no effective dilution had

been carried out on this sample, it yielded the upper limit on our linearity estimate.

The sampling procedure was then repeated, with the sampled Tedlar bag being attached and
the P-E system run as standard. This time, however, the valve on the tedlar bag was closed
after 20 minutes, effectively diluting the upper limit sample by a factor of two. As the sample
flow is always kept constant by the mass flow controller on the P-E system, the weight of each
compound being deposited on the cold trap is halved using this technique. This effectively
allows us to estimate the system response to approximately half the original stimulus and

allows us to estimate linearity over the desired concentration range.

As the desired range was not simply from 0.5 to 1.0 times the NIST standard concentrations,
the above procedure was repeated for 10 minutes and 5 minutes “open valve time”. This
effectively gave system responses for serial dilutions of approximately 0.5, 0.25 and 0.125 of
the original upper limit (represented by the NIST standard run with a valve open time of 40
minutes). Standards at each concentration level should be analysed a minimum of three times

(Green, 1996), but in this case six analyses were performed at each level.

To calculate the exact dilution factor for each concentration level, the time taken for the flow
through the system to drop to 0 ml / min after the valve on the Tedlar bag was closed was
required. The decrease in flow after the Tedlar bag valves were closed, versus time is

illustrated in Figure 4.6.

This average flow reduction was estimated by observing the change in flow rate with time
after the valve was closed for all dilutions carried out above. The rate of change in flow rate
was observed to be consistent for all dilutions carried out. Consequently, this excess sampled

volume could be accounted for when estimating diluted concentrations.
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Figure 4.6 Average decrease in flow with time after tedlar bag valve has been closed

Figure 4.6 shows the trend is not linear, with no change in flow observed for 20 seconds
followed by a slight decrease for 30 seconds and concluding with a period of sharp flow
decrease for 70 seconds, after which time the flow stops. The trend observed was
approximately linearised by dividing the graph into similar sections of flow rate decrease. The

sum of the areas under each section was than calculated.

This value is proportional to the additional volume of gas sampled after the Tedlar bag valve is
closed. At a flow of 10ml/min (the flow at which the samples were run), this extra volume
corresponds to 80 seconds equivalent additional time sampled. This value is then added to all
“valve open times” to obtain the concentrations for each dilution level. Table 4.3 presents the

average peak area responses for each concentration level, for all compounds of interest.
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Level 1 (n=6) Level 2 (n=6) Level 3 (n=6) Level 4 (n=6)

5 minutes valve open | 10 minutes valve 20 minutes valve 40 minutes valve

time (+ 1.3 minutes open time (+ 1.3 open time (+ 1.3 open time ( 0 minutes

additional) minutes additional) minutes additional) additional)

Conc Response Conc Response Conc Response Conc Response

(ppbv) | (peak area) | (ppbv) | (peak area) | (ppbv) | (peak area) | (ppbv) | (peak area)
ethane 0.92 3934.50 1.64 7004.20 3.10 13695.20 5.82 25122.00
propane 0.41 2535.00 0.73 4459.50 1.38 8797.17 2.59 16240.00
n-butane 0.21 2102.83 0.38 3464.80 0.72 7486.60 1135 14068.00
i-butane 0.14 1162.17 0.24 2061.17 0.46 4227.67 0.86 7949.00
n-pent 0.12 1381.33 0.22 2312.33 0.42 4614.00 0.79 8586.00
i-pent 0.16 1783.67 0.28 3029.60 0.53 6114.50 0.99 12376.00
ethene 0.48 1919.33 0.86 3426.00 1.62 6626.67 3.04 11875.00
propene 0.46 2879.00 0.82 5091.33 1.53 9646.33 2.91 18129.00
1-butene 0.45 4789.33 0.81 7736.50 1.52 14006.00 2.85 21097.00
1,3 but 0.61 4511.17 1.09 8096.00 2.06 15778.17 3.87 29620.00
benzene 0.60 3999.17 1.08 6719.33 2.04 13686.17 3.83 25890.00
acet 1.01 3026.83 1.82 5463.60 3.43 10374.83 6.44 19780.00

Table 4.3 Average peak area response for each concentration level, for
HC compounds of interest

The linearity of data is reflected in the correlation co-efficient of the linear regression line in a
response versus concentration plot. A correlation coefficient of >0.999 can be considered as
evidence of an acceptable fit of the data to the regression line (Green, 1996), and the y-
intercept should not be significantly different from 0 (Huber, 1998). An example calibration

plot demonstrating the linearity of propene is shown in Figure 4.7.

An R? value of 0.9999 (rounded to 1) is shown with a y-intercept close to 0. Table 4.4
summarises the results obtained for all compounds considered, using these linearity criteria.
Calibration plots for all compounds are shown in Appendix F, Figures F.1 to F.12. The only
compound which shows an R* value <0.999 is 1-butene, whose corresponding y-intercept is

also significantly greater than 0.

Compounds which exhibit a y-intercept significantly different from 0 can only be investigated
if it can be shown that the intercept value does not affect the accuracy of results (Huber,1998).
This is unlikely to be the case with this method as it is intended to be employed in

environments with low concentrations, e.g, background sampling.
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Regression equations

4 point calibration” 2 point calibration” 1 point 1 point
(R*value) calibration® calibration®
(online) (tedlar vessels)

ethane Y =4333X + 3.8 (0.999) Y =4306X + 60 Y =4285X Y =4294X
propane Y =6301X —48.8 (0.999) Y =6275X -19 Y =6410X Y =6339X
n-butane Y =10679X —328 (0.999) | Y =10485X 87 Y =9757X Y =10230X
i-butane Y =9435X — 151 (0.999) Y =9382X - 120 Y =9215X Y =9360X
n-pentane Y=10916X-29(0.999) | Y=10960X-72.5 | Y=10671X Y =10853X
i-pentane Y =12829X —437 (0.999) | Y =12667X — 165 Y =11345X Y =11759X
ethene Y =3890X + 129 (0.999) Y =3916X — 33 Y =3919X Y =3930X
propene Y =6228X-1.19 (1) Y =6319X -260 Y =6215X Y = 6366X
1-butene Y =6729X +2402 (0.98) | Y=6661X+2112 Y =7418X Y = 7424X
1,3 butadiene Y =7721X - 234 (0.999) Y =7680X — 103 Y =7599X Y =7606X
benzene Y =6852X — 368 (0.999) Y =6740X + 73 Y =6757X Y = 6827X
acetylene Y =3090X — 151 (1) Y =3073X - 8 Y =3072X Y =3087X

1 estimated using “valve open time”
2 estimated using 5 fold manual dilution of NIST standard

3 estimated from 1 point calibration of online system as standard
4 estimated from 1-point calibration using tedlar sampling vessels

Table 4.4 Summary of regression equations and correlation coefficients ( R* for 4 point
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Figure 4.7 Calibration plot for propene demonstrating linearity of system response with

increase in analyte concentration
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Although the correlation co-efficients offer a very practical way of evaluating linearity data,
they are not true measures of linearity (Green, 1996). These parameters, taken by themselves
can be misleading and should be used in conjunction with separate techniques verifying
linearity. One such approach is to examine the deviation of response factors over the

concentration range. Response factors are determined by dividing the peak area by the

concentration.

Two separate criteria were examined, the first as stated by Green (1996), that response factors

calculated at each concentration level shall not differ from the average response factor by

more than 10%.

The second criteria is given by EPA method 602 (USEPA,1984) , that response factors should
be constant over the working range, if an rsd<10% is achieved then linearity can be assumed.

The relative standard deviation is the standard deviation of the series divided by the mean of

the series, expressed as a percent.

L Q
25|22 28|82 (2|2 |2%|8 |%
© a & e I R © a. u 2 2 2
Lev 1 (% diff. 0.7 1504 1106 1"3:4 | 2:6°| 1.3%[M0.2.4]50:8%] 156 157 (.87 |31
from mean Rf)
Lev 2 (% diff. 124 T2 |87 4S|4 2N W6 167 [0 R 0I6 4| R4 .1 157! 56 | 0.6
from mean Rf)
Lev 3 (% diff. 23223 01046511039 & 13RO ARS8 0T 0.1 157 2.0 |10.1
from mean Rf)
Lev 4 (% diff. 0.1 105 [ 4.7 a0 04 [T 7824 [0 1958 il 2,8 |17
from mean Rf)
% rsd for Rf 15619 [F6 3 R4T6 530S SISO SR 0160 ] 487 1.9 e )
values over entire
range (epa 602)

Rf = response factor (peak area / concentration)

Table 4.5 Difference from mean response factors (%) for each concentration level and relative
standard deviation for response factors obtained over entire range
(EPA method 602)
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Table 4.5 summarizes the differences for both criteria and approaches. In rows 2-5 only
average response factors for 1-butene deviated from the mean response factor by more than
10%. Row 6 verifies this deviation from linearity, as the relative standard deviation for

response factors aver the entire investigated range deviated by more than 10%.

The analysis above shows that only 1-butene does not exhibit the required linearity, an R*
value of 0.98, a relatively large y-intercept and significant deviations in response factors all

confirm this.

Two point calibration

To verify the “open valve time” method used to demonstrate linearity, a five fold manual
dilution of the traceable standard gas mix was carried out, using the procedure and setup
outlined in appendix G. Using the mobile sampling method, seven, 1 litre Tedlar vessels were
filled with this diluted standard mix by attaching the sample inlet of the mobile method to one
of the stainless steel sample inlets on the 5 litre Tedlar bag, the standard gas contained in the 5

litre vessel was then sampled for between 5 and 10 minutes using the mobile method.

These seven samples were then analysed on the P-E system, with a normal “valve open” time
of 40 minutes (i.e the time an ambient sample would be run for). The results of the first six
analyses together with those obtained for the highest calibration level, where valve open time
was also 40 minutes (no effective dilution), were evaluated and the regression equations
presented in Table 4.4 were obtained. Both approaches gave very similar results for all

compounds.

The average response factors for each compound at the 5 fold manual dilution concentration
were also calculated. These were compared to the average response factor obtained from the 4

point calibration in Table 4.6.

The percentage difference between the response factors is minimal for all compounds except
1-butene, for which the difference of 12% is once again greater than the criterion outlined by
Green (1996). Hence, the linearity of response to analyte concentrations is confirmed for both

approaches, for all compounds, except 1-butene.
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Average response factor' : 4 point | Average response factor': manually | % difference®
calibration® diluted concentration®
ethane 4321 4358 1%
propane 6239 6251 1%
n-butane 9952 10163 2%
i-butane 8885 8686 2%
n-pentane 10825 10536 3%
i-pentane 11593 11835 2%
ethene 3999 3864 3%
propene 6232 5873 6%
1-butene 9228 10368 12%
1,3 butadiene 7529 7547 1%
benzene 6578 6836 4%
acetylene 3021 3067 2%
1 calculated from chromatogram peak area divided by concentration
2 based on six replicants at each concentration level
3 based on six replicants at the 5 fold diluted concentration
4 percent difference between S fold dilution response factor and average 4 point calibration response factor (Green,

1996: criterion, <10%)

Table 4.6 Comparison of average response factors obtained with 4 point calibration and
manual dilution

Both approaches are seen to compare very well, however the time consuming and tedious
nature of the manual dilution method makes the “valve open time” approach more practical.
Limited expertise is required to perform the dilutions and the method of doing so is not
associated with the kind of difficulties and errors associated with the manual dilution

procedure outlined in Appendix G.

Ideally, a second traceable standard mix at a lower concentration could be used in conjunction
with the current mix to obtain multi-point calibrations without the need for dilution. However,
due to the expense of purchasing such standards it was not possible to do so during this

research project.
Comparison with 1-point calibrations.
In EPA methods TO-14A and TO-15, multi-point calibration is optional, hence it is useful to

investigate if a 1 point calibration of the mobile sampling method would suffice.

To this end, the regression equations from the 4 point and 2 point calibrations using Tedlar

vessels were compared to those obtained from:
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(1) calibration of the online system run as standard, using a 1 point calibration of the
undiluted NIST standard, sampled from the calibrant cylinder through the dedicated

stainless steel calibration line for the online system, and

(ii)  al point calibration using the undiluted calibrant gas sampled into a tedlar vessel using
the mobile method and sampled as per section 4.1.2 (valve open time of 40
minutes). The average response of six replicate analysis were used to asses linearity.

The relevant regression equations are shown in Table 4.4.

For 1 point calibrations the regression line is assumed to pass through the origin, hence the
intercept value of 0. For nearly all compounds considered, the 1,2 and 4 point calibrations with
Tedlar vessels, and the 1 point calibration from the online system calibrated as standard gave
similar regression equations. The exception is 1-butene, which displays large Y-intercepts in

the 2 and 4 point calibrations.

Table 4.7 compares the average response factors obtained for the standard 1 point calibration
of the online system with those obtained for the 1, 2 and 4 point calibrations using Tedlar
vessels. All average response factors compare very well with the 4 calibration procedures, the
exception being 1-butene, with a large variation in linearity calling into question its ability to
be quantified accurately and precisely over the required concentration range using the mobile

sampling method.

From the procedures carried out we can see that as in EPA method TO-14A and TO-15, it is
not routinely necessary to carry out a multi-point calibration as all average response factors
and regression equations are similar for 1 (undiluted),2(manual dilution) and 4( “valve open”

time) point calibrations.

A multi point calibration should be carried out if analytical problems are encountered with the

P-E system (i,e change of equipment or analytical method conditions).
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Average response factors'
4 point 2 point calibration’ | 1 point calibration® | 1 point calibration’
calibration® (online system) (Tedlar vessels)

ethane 4322 4337 4270 4294

ropane 6239 6261 6411 6339
n-butane 9952 10292 9757 10230
i-butane 8885 8965 9215 9360
n-pentane 10825 10702 10761 10853
i-pentane 11593 12168 11345 11759
ethene 3999 3885 3919 3930
propene 6232 6051 6215 6366
1-butene 9228 8885 7419 7425
1,3 butadiene 7529 7600 7599 7606
benzene 6578 6798 6757 6828
acetylene 3021 3069 3073 3087

calculated from chromatogram peak area divided by concentration
calculated from 4 point calibration using “valve open time”
calculated from manual dilution calibration

calculated from 1 point calibration using online system as standard
calculated from 1 point calibration using tedlar vessels

AW -

Table 4.7 Average response factors forl, 2 and 4 point calibrations using tedlar vessels and 1
point using online system run as standard

Number of compounds required in the calibration mix

The data acquired for linearity studies was used to investigate the number of compounds
required in a standard mix in order to calibrate the system. Multi-component standards
(possibly with as many components as measured) are necessary as primary standards. They
allow the carbon responses of individual hydrocarbons to be checked for a particular FID
under particular conditions. Depending on the type of FID and working conditions, carbon

responses can vary significantly among individual hydrocarbons.

A certified multi-component standard can be used to determine whether measured
hydrocarbons can be quantified using a one mean carbon response or carbon responses for
hydrocarbon groups (e.g. alkanes, alkenes, alkynes and aromatics), or if individual carbon

responses are required.

As FID response is dictated in the main by the number of carbon atoms in a molecule, it might

be anticipated that at least a three compound mix is necessary: one compound for each
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column, i.e propane and benzene as recommended by USEPA (1998c), and an individual

response for acetylene.

Figure 4.8 shows a plot of concentration versus (peak area response / carbon number), for all
compounds on the PLOT column (excluding 1-butene due to the limited linearity seen). It is
clear that more than one standardised compound is required to calibrate all compounds on this

column.

The responses of the pentanes and acetylene is not based solely on a per carbon basis hence
these compounds must be calibrated separately (Figures 4.9 and 4.10), and any standard mix
used to calibrate the system must incorporate either iso-pentane or n-pentane and acetylene.
When these 3 compounds are removed, the linear graph shown in Figure 4.11 is obtained, with

an R value of 0.99 and a y-intercept not significantly different to 0.

Hence, any one of these compounds could be used to calibrate the others, as their responses
are seen to be solely dependant on their carbon number. As benzene is analysed on the
separate BP1 column, a standardised concentration of this compound is necessary in any
standard gas mix. This implies that a 4 compound standard mix is the minimum required to

calibrate the system.

This will make future purchases of NIST traceable standardised gas mixes cheaper, allowing

additional funds to be allocated to other areas of interest within the particular project.
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Figure 4.8 Peak area response on a per carbon basis for all calibration levels for PLOT column
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Figure 4.9 Peak area response on a per carbon basis for acetylene for all calibration level
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Figure 4.10 Peak area response on a per carbon basis for iso-pentane and n-pentane for all
calibration levels
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Figure 4.11 Peak area response on a per carbon basis for ethane, propane, n-butane, iso-
butane, ethene, propene and 1,3 butadiene for all calibration levels
(4 point calibration data)
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4.2.5 Method detection limits
The detection limit of a method can be defined as ‘The lowest content that can be measured

with reasonable statistical certainty.” (AOAC — PVMC, 1993).

According to the USEPA method for detection limit determination (40CFR part 136 Appendix
B), the method detection limit (MDL) is defined as the minimum concentration of a substance
that can be measured and reported with 99% confidence that the analyte concentration is
greater than zero and is determined from analysis of a sample in a given matrix containing the

analyte.

The approach outlined in this USEPA guide was used to estimate the method detection limit
for our sampling method. The MDL procedure was designed to be applicable to a broad

variety of physical and chemical methods, so is device and instrument independent.

To ascertain the detection limits, seven replicant analysis were carried out on low
concentration calibration samples. The results obtained in the 5 fold manual dilution case
(section 4.2.4) were employed. For each compound, the standard deviation of the results of

these seven analyses were used to calculate the MDL according to equation (4.1):

MDL = to,n1  (S.D), (40 CFR 136, Appendix B) 4.1)

Where t is the student’s t-value at a given confidence (o) for n-1 degrees of freedom. A

confidence level of 99% is required, at 6 degrees of freedom, giving a t-value value of 3.1.

S.D is the standard deviation of the concentrations determined in the seven replicate analyses

for the hydrocarbon of interest.

The MDL values obtained for each hydrocarbon are presented in Table 4.8.
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According to Appendix B of 40 CFR 136, the low concentration standard used, should be
between approximately 5 and 10 times the MDL. We can see that the majority of MDL’s are
approximately 5 times the lower standard used and all MDL’s are less than 10 times the

standard used to quantify the limits.

Excellent method detection limits were obtained for all compounds other than 1-butene for
which a relatively high value of 0.42ppbv was observed. All other compounds showed method
detection limits of 0.2 ppbv or less. This gives added confidence that the method can be
applied to a wide variety of sampling situations, where very low hydrocarbon concentrations

are anticipated.

Although specific quantitative concentrations are presented for method detection limits, the
limits should be thought of more as a guide, where measured concentrations at or near these

values should be reported with care.

The only compound whose MDL approaches the concentrations expected to be encountered in
everyday ambient sampling, is 1,3 butadiene. This is not so much an indictment on the
sampling method, but more a comment on the generally very low levels of 1,3 butadiene

observed in ambient Dublin samples (Chapters 5,6,7 and 8).

Replicate analysis concentrations Mean | Standard MDL
(ppbv) (ppbv) | deviation | (ppbv)

1 2 3 4 5 6 7 (ppbv)
T Lo sk i o] dle 0.04 0.12
_propane 050 - 0:53510:52, [10:52.|20:51 11:0:555[ 10:50 0.52 0.02 0.06
n-butane 0.25 | 0.28 | 0.26 | 0.28 | 0.26 | 0.32 | 0.25 0.27 0.02 0.07
iso.bhtane 0.150.19]0.17 [ 0.18 [ 0.17 | 0.19 [ 0.15 | 0.17 0.02 0.05
n-pentane 0.13 ] 0.17 | 0.16 [ 0.16 | 0.18 | 0.16 | 0.14 | 0.16 0.02 0.05
iso-pentane 0.18 | 0.21 | 0.20 | 0.20 | 0.19 | 0.22 | 0.19 0.20 0.02 0.05
ethene 0.55 | 0.63 | 0.62 | 0.62 | 0.60 | 0.64 | 0.59 | 0.61 0.03 0.09
propene 0.54 | 0.61 | 0.59 | 0.60 | 0.56 | 0.62 | 0.55 0.58 0.03 0.09
T bitens 0.48 | 0.64 | 0.56 | 0.58 | 0.54 | 0.81 | 0.38 | 0.57 0.13 0.41
1,3 butadiene | 0.74 | 0.79 | 0.78 | 0.78 | 0.77 | 0.81 | 075 | 0.77 0.02 0.07
benzene 0.74 | 0.78 | 0.76 | 0.76 | 0.75 | 0.82 | 0.75 | 0.77 0.03 0.09
acetylene 1| taa| g 10|15 17 (15| 1238 0.06 0.19

Table 4.8 Method detection limits for mobile sampling method
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4.2.6 Accuracy
Accuracy is defined by IUPAC as the ‘Ability of a measuring instrument to give responses

close to a true value’ (Inczedy, et al., 1998).

ISO defines accuracy and bias as ‘The difference between the expectation of the test results
and an accepted reference value. Note: Bias is the total systematic error as contrasted to
random error. There may be one or more systematic error components contributing to the bias.
A larger systematic difference from the accepted reference value is reflected by a larger bias

value.” (ISO 3534-1, 1993).

The accuracy of an analytical method is the extent to which test results generated by the
method and the true value agree. The true value for accuracy assessment can be obtained in
several ways, one alternative being to compare results with those obtained from an established
reference method (Huber, 1998). A second common approach is to analyse results obtained

using a traceable calibration standard.

In this study, a comparison with an established reference method was made. This approach
ensured that any effects due to compounds not present in the NIST calibration mix but present
in ambient samples would be reflected in the assessment of accuracy. This provides a better

measure of the accuracy of the mobile sampling method in “real world” sampling conditions.

The established reference method used for determining the accuracy of the mobile sampling
method was the P-E online system run as standard, (i.e sampling ambient air through the
sampling manifold from the inlet on the trailer roof, Appendix E, Figure E.1). The comparison
was made by locating the mobile sampler in the vicinity of the online sampling inlet, and
sampling into Tedlar vessels for the same period of time (40 minutes) as the online system.
The sampled air in the Tedlar bag was analysed as in section 4.1.2, following the sample

carried out by the online system run as standard.
Although it is only necessary to analyse and compare 10 samples (Eurachem, 1998), this

procedure was repeated approximately 40 times to compare accuracy data over as wide a

concentration range as possible. To facilitate this, samples were taken during peak time traffic
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flow periods (07:00-10:00 and 17:00-20:00) on days with low wind speeds, and during oft-
peak times (23:00-01:00) with relatively turbulent atmospheric conditions. A comparison of
the results obtained for both methods gives a measure of accuracy of the bag sampling method

relative to that of the online system run as standard.

Initial investigations into accuracy were conducted using an approach outlined in EPA method
TO-14A, which compares the “true value” to the experimental value and expresses the
difference as a percentage. The criterion, as outlined in this method is an accuracy of +10%.

The relative accuracy is determined according to equation (4.2).

Relative Accuracy (%) = True value — experimental value X 100 4.2)
True value

In the EPA method, the true value is a traceable known standard concentration, in our
comparison the true value is that obtained for the P-E system run as standard. The results are

presented in Table 4.9.

The compound which most frequently displayed a relative accuracy (%) greater than +10%
(on 78% of occasions), was 1-butene for which the highest deviation observed between the
two methods had an associated relative accuracy of -96%. For all other compounds, the
frequency with which the 10 % relative accuracy criterion as laid down by EPA Method TO-
14A was exceeded, varied between 2 and 12 %. The highest percent accuracy observed for

each compound and the Pearson correlation co-efficients are also shown in Table 4.9.

It is clear that the criterion outlined in method EPA method TO-14A are too restrictive for the
mobile sampling method as all compounds other than 1-butene displayed maximum relative
accuracies between 11 and 20%. However, the relative accuracy for all compounds would
likely improve if only 10 sample comparisons had been analysed as per Eurachem (1998). The
Pearson’s correlation coefficients obtained also provide evidence of the relative accuracy of

the mobile method, with an r value of 0.99 obtained for all compounds except 1-butene.
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Compound and % of times relative | Highest % Pearsons Average relative
concentration range (true accuracy exceeded | relative co-efficient (r) | accuracy %
value in ppbv) EPA method to-14a | accuracy

criterion (£ 10%) observed
ethane (0.2 - 7.0 ppbv) 3% -13% 0.99 2%
propane (0.2 — 3.9 ppbv) 10% -19% 0.99 -1%
n-butane (0.2 - 6.1 ppbv) 10% -19% 0.99 -1%
i-butane (0.1 - 4.6 ppbv) 12% -20% 0.99 -1%
n-pentane (0.1 —2.0 ppbv) 10% -20% 0.99 4%
i-pentane (0.2 —5.7 ppbv) 5% 20% 0.99 1%
ethene (0.5 - 9.4 ppbv) 3% -17% 0.99 -1%
propene (0.1 3.5 ppbv) 8% -19% 0.99 -1%
I-butene (0.2-1.7 ppbv ) 78% -96% 0.91 -19%
1,3 but (0.1 -0.7 ppbv) 8% 20% 0.99 2%
benzene (0.1 - 2.6 ppbv) 3% -11% 0.99 1%
acetylene (0.3 —9.5 ppbv) 5% -18% 0.99 2%

Table 4.9 Summary of accuracy data for mobile method relative to standard online method

The fact that all the largest relative accuracy values were negative is an indication that the
difference between the two methods on these occasions was possibly due to contamination in
the Tedlar bags, as the experimental values obtained on these occasions were greater than the

“true value”.

However, the occasions on which the criterion set out in EPA Method TO-14a was exceeded,
were, in general associated with the lower concentrations. To illustrate this, Figures 4.14 and
4.15 present the relative accuracies for propene and benzene against peak area (concentration)
obtained for the online system (true value). The trend observed for both compounds is similar,
where an increase in the amount of scatter is observed as concentration (peak area) decreases.
For all compounds, the relative accuracy is poorer at the very low concentrations examined,

but the criterion established for the mobile method (£20%) are not exceeded.

Only for 1-butene, is the criterion exceeded over a very wide concentration range (Figure
4.17). For all other compounds, the average relative accuracy (for all values, Table 4.9) is very
close to zero. This indicates that over a large number of measurements (n = 40), very little
additional systematic error is observed, relative to the online system run as standard.

Graphically in Figures 4.12 and 4.15, we can observe the % relative accuracy for benzene
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against both measurement number and peak area (concentration), and see there is no obvious
systematic trend, with relative accuracies distributed randomly both positively and negatively,

suggesting random error is the main cause of the differences in the results.

This is quite probable when the method of determining accuracy is considered. Measurements
were taken on the roof of the trailer where small random variations due to turbulence, in the
micro-environment between the mobile sampler and the sample inlet of the online-system are

likely to affect the results obtained, resulting in the random spread observed.

For comparison purposes, the percent relative accuracy was calculated and plotted for toluene
(Figures 4.13 and 4.16), a compound with known systematic bias in the mobile sampling
method due to tedlar bag contamination (section 4.1.3). The effects of this systematic bias are
clear, as nearly all values in Figure 4.13 are negative due to contamination in the Tedlar
vessels (not random distribution). An average relative accuracy of -46% is observed for

toluene, as opposed to —1% for benzene.

Figure 4.16 shows how the relative accuracy deviates systematically with concentration,
where Tedlar bag contamination has a much greater effect at low concentrations, but its
impact lessens with increasing concentration. The relative accuracy is seen to be negligible
above a peak area of 40000 (approximately 4.5ppbv), due to the high concentrations observed

relative to the contamination concentration of toluene in the vessels.

In addition, the poor relative accuracy observed for 1-butene is outlined in Figure 4.17, where
large differences are observed between the two methods over the entire concentration range
investigated. The scatter plots shown in Figures 4.18 and 4.19 for benzene and 1-butene
illustrate the difference in relative accuracies of the two compounds. For benzene, both
methods agree very well, with a slope of almost 1, and y intercept not significantly different to
0. In contrast, 1-butene has a slope of 1.27, a significantly different y intercept to 0, allied to a

relatively poor R? value.
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4.2.7 Precision

Precision can be defined as ‘A measure for the reproducibility of measurements within a set,
that is, of the scatter or dispersion of a set about its central value.” (McNaught and Wilkinson,
1997).

Precision can therefore be thought of as the degree of scatter between a series of
measurements obtained from multiple samples of the same homogeneous sample under
prescribed conditions. The most common precision measurement is repeatability, which
should be determined over both short (daily) and long term (weekly) intervals. Short term
repeatability analyses a method’s precision and will give the smallest expected precision. It
will give an idea of the sort of variability to be expected when a method is performed by a
single analyst on one piece of equipment over a short time-scale, i.e. the sort of variability to
be expected between results when a sample is analyzed in duplicate (Eurachem, 1998). Long
term or intermediate precision takes into account intra-laboratory variations such as different

days and different reagants (although the latter is not as relevant for our study).

Precision is usually expressed in terms of standard deviation or relative standard deviation.
Both short term and long term repeatability are generally dependent on analyte concentration,
and so should be determined at a number of concentrations and if relevant, the relationship
between precision and analyte concentration should be established. Relative standard
deviation may be more useful in this case as it should remain largely constant over a

reasonable range of interest (Eurachem, 1998).

According to Handley and Adlard (2001), both long and short term precision should be
estimated using a minimum of nine determinations over the prescribed range ; for example
using three replicates at three concentration levels. For short term precision analysis of the
mobile sampling method, 3 replicant standards at four concentration levels were analysed (12
samples). The procedure for linearity and calibration curve determinations (4 point calibration)

described in section 4.2.4 was followed.

For long term precision, 3 replicant standards were examined at each concentration level on 2

separate days, 3 weeks apart. For environmental analysis a wide range of acceptability criteria
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applies, where relative standard deviations of anywhere between 2% and 20% are observed.
EPA Method TO-15, measures replicate precision and calculates it as the absolute value of the
difference between replicate measurements of a sample divided by the average value and
expressed as a percentage. This approach was altered to accommodate the 3 replicant samples
at each of the 4 calibration levels considered in this study, by applying the EPA approach to

the 2 values which differed by the greatest amount.

For long term estimates, the largest difference at each calibration level between the 2 separate
days of analysis was employed. The results obtained are summarized in Tables 4.10 and 4.11,
along with the relative standard deviation observed in each set of three measurements at each

concentration level.

The short-term intra day precision results in Table 4.10, show that all compounds meet the
criterion set out in EPA Method TO-15. The results shown represent a conservative measure
of precision, as the smallest and largest values obtained in each set were used in its
determination. The relative standard deviation (RSD) observed for all 3 analyses at each
concentration level is probably a more representative measure of the scatter of results and
hence, precision. The vast majority of the RSD values presented in Table 4.10 are less than 5
% at all concentration levels, the exception being iso-pentane, whose RSD is always less than
10%. These values indicate excellent intra day, short term precision over all concentration

levels.

As expected, relative measures of precision increase over a longer time period. The results for
inter-day precision in Table 4.11 summarize the trend observed. Only 1-butene exceeded the
EPA TO-15 criterion of 25%, with a replicate precision of 32.5 % observed at the lowest
concentration level. The relative standard deviations observed over the longer time period, are

all less than 10%, except those for 1-butene.

These data suggest the mobile method displays adequate short and long term precision.
Additional analysis to confirm this findings and to ascertain replicate precision over a wider
concentration range was carried out. For this, a 5 litre Tedlar bag was employed as a larger

sample reservoir, housing the air to be analysed. Air was sampled into the 5 litre vessel using
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the universal pump’s exhaust port, at various times of the day to ensure a wide concentration
range. This air was subsequently sampled from the 5 litre vessel using the mobile sampler,
which was attached using teflon and tygon tubing as shown in Figure H.1, Appendix H.
Duplicate samples were obtained at 5 different concentration levels (Five seperate 5 litre
samples taken at different times of the day and diluted with zero air if necessary, to obtain a
wide concentration range). The use of the 5 litre bag allowed the duplicate samples to be taken
from a homogenous ambient air sample, on which replicate precision analysis could be
performed over a wide concentration range. Replicate precision results calculated as per EPA

method TO-15 are presented in Table 4.12.

Figures 4.20 to 4.25 illustrate graphically the increase in replicate precision with decreasing
concentration but even the lowest concentrations investigated (near the detection limits) do not
exceed the 25% criteria. The requisite replicate precision of less than 25% is achieved over a
wide concentration range for all compounds except 1-butene, where the replicate precision is

greater than 25% over the entire concentration range investigated.

These results verify the precision of the mobile sampling method over a wide concentration

range, encompassing the concentrations likely to be encountered in ambient sampling

applications.
Std level 1 Std level 2 Std level 3 Std level 4

O] (i) ® (i) (O] (i) ® (i)
% rep. % rsd % rep. % rsd % rep. % rsd % rep. % rsd
prec. (n=2) | (n=3) | prec. (n=2) | (n=3) | prec.(n=2) | (n=3) | prec.(n=2) | (n=3)
ethane 0.5% 1.0% 1.5% 0.8% 0.5% 1.0% 1.7% 0.9%
propane 3.3% 1.8% 1.0% 0.2% 0.5% 1.0% 5.8% 2.9%
n-butane 6.5% 3.3% 2.6% 1.4% 3.7% 2.0% 2.6% 1.3%
i-butane 5.0% 2.8% 1.0% 0.2% 9.2% 4.9% 9.3% 4.9%
n-pent 5.9% 2.9% 4.3% 2.2% 3.9% 1.9% 5.5% 3.0%
i-pent 10.5% 5.4% 19.1% 9.6% 5.5% 2.8% 3.6% 2.0%
ethene 5.7% 3.0% 4.1% 2.1% 3.6% 1.8% 6.7% 3.8%
propene 3.4% 1.7% 3.1% 1.6% 3.5% 1.8% 4.6% 2.4%
1-butene 6.4% 3.2% 6.4% 3.7% 3.1% 1.7% 3.2% 1.7%
1,3 but 2.8% 1.5% 4.9% 2.7% 2.2% 1.2% 1.0% 0.5%
benzene 1.7% 1.0% 9.6% 5.3% 6.9% 3.5% 5.5% 2.8%
acetylene 6.4% 3.2% 1.6% 0.8% 1.1% 0.6% 4.5% 2.3%

Table 4.10 Short term, intra day precision results for : (i) amended EPA method to-15 and (ii)

relative standard deviation for all 3 replicants at each calibration level
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Std level 1 Std level 2 Std level 3 Std level 4
% rep. % rsd % rep. % rsd % rep. % rsd % rep. % rsd
prec. (n=2) n=6 prec. (n=2) n=6 prec. (n=2) n=6 prec. (n=2) n=6
(epa to-15) (epa to-15) (epa to-15) (epa to-15)
ethane 2.2% 0.9% 6.0% 3.0% 1.4% 0.5% 6.3% 2.4%
propane 8.8% 3.2% 4.8% 2.1% 3.2% 1.4% 6.4% 2.5%
n-butane 14.9% 5.4% 7.3% 3.2% 11.7% 5.8% 17.8% 6.7%
i-butane 14.8% 5.7% 24.2% 10.0% 16.2% 5.3% 18.6% 7.9%
n-pent 9.0% 3.4% 9.2% 4.3% 7.0% 2.8% 13.6% 5.6%
i-pent 15.0% 5.3% 24.9% 9.5% 13.6% 5.2% 10.5% 3.8%
ethene 9.8% 3.2% 7.4% 3.1% 9.9% 3.4% 9.9% 4.0%
propene 8.3% 3.1% 3.7% 1.9% 6.2% 2.5% 8.3% 3.5%
1-butene 32.5% 14.0% 24.7% 12.8% 15.0% 6.9% 5.6% 2.2%
1,3 but 6.5% 2.1% 6.8% 3.1% 3.6% 1.2% 4.9% 1.8%
benzene 5.5% 2.0% 12.2% 5.5% 10.5% 3.5% 9.2% 3.6%
acetylene 11.2% 4.0% 7.4% 3.3% 4.2% 1.7% 9.0% 3.2%

Table 4.11 Long term, inter day precision showing results obtained for the altered approach
outlined in epa method to-15 and also the relative standard deviation for all 6 replicants at
each calibration level

Compound and mean %rep prec | %rep prec | %rep prec for | % rep prec for | % rep prec for
concentration range (n=2 | for lowest for 2" middle conc 2" highest highest conc
for each conc level) conc level | lowest conc level conc level level

(ppbv) level
Ethane (0.2 - 4.1) 14% 3% 1% 1% 1%
Propane (0.1 - 1.8) 25% 3% 1% 1% 1%
n-butane (0.2 — 7.3) 1% 3% 1% 1% 1%
i-butane (0.9 - 4.6) 24% 1% 1% 9% 1%
n-pentane (0.1 - 2.8) 8% 5% 2% 4% 1%
i-pentane (0.2 - 7.7) 2% 3% 2% 6% 1%
Ethene (0.4 —9.6) 2% 4% 1% 5% 5%
Propene (0.3 - 3.2) 13% 2% 9% 1% 1%
1-butene (0.2-2.6) 29% 19% 17% 46% 30%
1,3 butadiene (0.1 —0.6) | 18% 8% 1% 4% 2%
Benzene (0.2 - 2.6) 7% 6% 1% 4% 1%
Acetylene (0.2 - 4.9) 14% 5% 5% 5% 3%
AVERAGE % rep prec | 13% 5% 4% 7% 4%

Table 4.12 Replicate precision analysis of ambient samples over a wide
concentration range
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4.2.8 Robustness
According to the ICH ‘The robustness of an analytical procedure is a measure of its capacity
to remain unaffected by small, but deliberate variations in method parameters and provides an

indication of its reliability during normal usage.” (ICH , 1995).

A measure of an effective method is how well its performance stands up to less than

perfect implementation (Eurachem, 1998). Within any method there are likely to be certain
stages which, if not carried out with enough care, will have a severe effect on method
performance. These stages should be identified, and if possible, their influence on method
performance evaluated using ‘robustness tests’. This process demonstrates that operator error
will not effect results to a significant degree. This involves making deliberate variations to the
method, and investigating the subsequent effect on performance. Robustness tests are

normally applied to investigate the effect on either precision or accuracy (Eurachem, 1998).

For the mobile sampling method, the factors which were most likely to affect our method
performance were anticipated to revolve around the sampling stage, in particular the extent to
which the sampling vessel was filled and the length of time over which the sample was taken
(flow rate). The effect of changes in these parameters on relative accuracy were ascertained,
through comparison of equivalent results obtained with the P-E online system. For a
comparison of sample flow rate, it was important to confirm that a change in this parameter
had no significant effect on the accuracy of results obtained. For this, a technique was required
which allowed the P-E system run as standard (sampling for the normal 40 minutes) to be
directly compared with mobile samples, both taken from the same homogenous sample
reservoir, over time periods between 5 minutes and 40 minutes for the mobile method. To this
end, a dual stainless steel port 5 litre Tedlar bag was employed. This enabled simultaneous
sampling from the 5 litre vessel to both the online system (sampling for 40 minutes) and the
mobile sampling method (sampling for various times by employing different flow rates). This
sampling setup is shown in Appendix I, Figure I.1. The 5 litre vessel was filled with ambient
air prior to sampling by connecting one sample inlet to the exhaust on the SKC universal
pump. This was carried out at different times of the day to obtain as wide a concentration
range as practical. This air was then sampled from the 5 litre vessel using the mobile method

as per section 4.1.1. This sample was analyzed immediately proceeding the online
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measurement by disconnecting the 5 litre vessel from the online system and attaching the

sampled 1 litre vessel, as per section 4.1.2.

In addition to changes in sampling time for the mobile method, the effect of sample volume on
accuracy was also examined. It was anticipated that once sufficient sample volume was
present in the 1 litre sample vessel (approx 400cm’, P-E system samples for 40 minutes at 10

mls / min), no further increase in this volume would affect the relative accuracy of the results.

This assumption was investigated by ensuring that sample volumes in the above investigations
were (approximately), 500mls, 750mls or 900 mls. This was achieved by setting the flow rate
to the approximate values outlined in Table 4.13. The flow from the sampling pump exhaust

was measured using a digital flow meter.

Five analysis were carried out at the two extreme sample times (5 and 40 minutes), with three
samples analyzed for each of the two intermediary sampling periods (10 and 20 minutes,
Table 4.13 ). The sample volume was also varied more for the 2 extreme sampling times.
Table 4.14 presents the Pearson’s correlation coefficients between the results of the mobile

sampling and online method’s for each sampling time period.

These values suggest that only the relative accuracy of 1-butene is affected by changes in flow
rate and sample volume. As it is envisaged that a large proportion of ambient sampling with
the mobile method will be carried out over sampling times between 5 and 10 minutes, this

unacceptable feature makes sampling of this compound ill-advised.

Using the same approach, as in section 4.2.6 to evaluate the relative accuracy (EPA method
TO-14a) for each sampling time, we obtain similar relative accuracies as those obtained in
section 4.2.6, where only 1-butene exceeds the criteria established in section 4.2.6 of £20%.

The highest observed relative accuracy noted for 1-butene was —59%.
Scatter plots comparing the benzene and 1,3 butadiene peak area response for the P-E system

run as standard against that for the mobile sampling method are presented in Figures 4.26 and

4.27 respectively. The data shown cover all the sample times and volumes investigated. The
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slopes of almost 1, allied to the excellent correlations and y-intercepts not significantly
different from 0, verify the limited effect changes in flow rate and sampled volume have on

relative accuracies obtained.

Flow rate (mls / min) Sample time (minutes) volume (cm®)
180 5 900
150 5 750
100 5 500
150 5 750
180 S 900
90 10 900
50 10 500
90 10 900
45 20 900
25 20 500
45 20 900
23 40 900
19 40 750
13 40 500
19 40 750
23 40 900

Table 4.13 Changes in flow rate, sample time and volume applied to mobile sampling method
to investigate method robustness

,g) O ) o o g o
o= [5Y [} Q = Q =
25 e PECLE BB ol e B 1
Eg | & e | 5 £ & B b S 2 2 | § g
1= © o = i = T k5 a —_ ) 2 3

5 | 099 | 099 099 | 099 | 099 |099] 099 | 0.99 | 0.68 | 099 | 099 | 0.99
10 1 0.99 1 0.99 0.99 1 0.99 1 0.78 | | 1

20 | 099 099 099 | 098 | 099 |099] 099 | 099 | 099 | 1 | 099 | 0.99
40 | 099 [099] 099 | 099 | 099 |099] 099 | 099 | 0.96 | 0.99 | 0.99 | 0.99

Table 4.14 Pearson’s correlation coefficients for peak area response between both methods for
differing mobile method sampling times (flow rate) and sample volume
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4.2.9 Range

The range of an analytical method is the interval between the upper and lower levels
(including these levels) that have been demonstrated to be determined with precision, accuracy
and linearity using the method as written (Huber, 1998). The range is normally expressed in
the same units as the test results (e.g. percentage, parts per million) obtained by the analytical

method. In this study, parts per billion volume is used.

Linearity

Table 4.3 outlines the concentration range over which linearity has been demonstrated for all
compounds. However, for the seven compounds which showed a response based solely on
carbon number (ethane, propane, n-butane, iso-butane, ethene, propene and 1,3 butadiene),

this range can be extended significantly.

As shown in Figure 4.11, the responses of these seven compounds vary in direct proportion to
one another, hence any one of these compounds could be used to calibrate the other six. This
behaviour can be used to extend the demonstrated linear range for each of the seven
compounds by relating the lowest per carbon number peak area response and the highest per

carbon number peak area response for all seven compounds to each of the seven individually.

For example, from the level 1 calibration concentrations, we can see that iso-butane has the
lowest per carbon number peak area response of 291 (1162 divided by 4 carbons). This value,
multiplied by the carbon number of each compound and divided by the average response
factor for each compound (from the 4 point calibration procedure, Table 4.6) gives the lowest

concentration in the range for each of the seven compounds.

This procedure was also applied to the highest per carbon response obtained (ethane in
calibration level 4, 25112 divided by 2), to obtain upper values on the linear concentration
range for each of the seven compounds. The extended linear ranges for these seven
compounds, along with the linear ranges for the other 5 compounds are presented in Table
4.15.
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Lowest concentration (ppbv) | Highest concentration (ppbv)
ethane* 0.13 5.81
propane* 0.14 6.04
n-butane* 0.12 5.05
iso-butane* 0.13 5.66
n-pentane 0.12 0.79
i-pentane 0.16 0.99
ethene* 0.15 6.28
propene* 0.14 6.05
1-butene 0.45 2.85
1,3 butadiene* | 0.15 6.67
benzene 0.60 3.83
acetylene 1.01 6.44

* compounds whose response was based on a purely per carbon basis

Table 4.15 Concentration ranges over which linearity is demonstrated

It has been shown in section 4.2.5 that the linearity of 1-butene is relatively unacceptable and

the associated range for this compound is only shown for comparison purposes.

Benzene is the only compound for which the lowest concentration at which linearity has been
determined may be too high. It is anticipated that background levels will in the main be less

than 0.6 ppbv, the lowest concentration on the linearity curve.

However, the linearity of response over a very wide concentration range for the P-E online
system run as standard has been well documented for the compounds being investigated
(benzene included), using thousands of hours of sampled data from online systems (USEPA,
1999d) taking part in the AIRS program. As the precision and relative accuracy of the mobile
method are both very low for this compound at low concentrations, it is unlikely that its
response deviates from linearity at the low concentrations anticipated during ambient

sampling.

For all other compounds, the linear range demonstrated is anticipated to encompass those
levels anticipated during normal ambient sampling. The concentrations in the NIST traceable
standard calibration gas mix, did not allow the system to be calibrated at the high
concentration levels which may be encountered during episodes of elevated concentrations

associated with highly stable atmospheric conditions.
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In an attempt to verify the linearity at these very high concentrations, an additional experiment

was carried out using the 5 litre Tedlar bag as a sample reservoir.

Air was sampled into the 5 litre Tedlar vessel using the exhaust of the universal pump at a
roadside where very slow moving traffic was observed, a location where elevated HC
concentrations were anticipated to be encountered. This air was then sampled in duplicate

using the mobile sampling method as in section 4.2.7 (precision).

The first sample was then attached and analyzed on the P-E system as per section 4.1.2
(sample procedure), the data pertaining to this analysis was examined and the amount of
dilution of the sample required to reduce all HC concentrations to within the pre-determined

linear range was determined.

The duplicate sample taken from the 5 litre reservoir was diluted using the “valve open time”
procedure (section 4.2.5). A valve open time of 5 minutes was used, which equates to a
dilution factor of 6.35 when the excess sample volume analysed was taken into account, (i.e,
1.3 minutes equivalent excess sampling time at a flow of 10mls/min, added to 5 minutes open

valve time, gives 6.3 minutes, which divided by 40 minutes implies a dilution factor of 6.35).

If the response remains linear at the higher concentrations, then the results of the analysis of
the first sample (with no dilution) should be similar to those obtained by multiplying the
duplicate (diluted) sample results by the dilution factor of 6.35. The results obtained are
presented in Table 4.16. The small percentage differences shown in the last column suggest

that linearity was preserved in the undiluted sample.

This shows that the detector response is linear above the highest concentration for which the
range of linearity was established using formal procedures. As the sample investigated had
exceptionally high HC concentrations, it is not anticipated that samples will be encountered on

a regular basis where response deviates from the determined linearity.
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Undiluted sample Diluted sample % difference
peak area conc peak area Corrected Corrected between
response (ppbv) response’ peak area conc (ppbv) undiluted

response’ and diluted
samples

ethane 30364 7.0 4615 29305 6.8 -4%
propane 22246 3.6 3415 21683 3.9 -3%
n-butane 61046 6.1 10121 64268 0.5 5%
iso-butane 31770 3.6 5355 34004 3.8 7%
n-pentane 20370 1.9 3363 21357 2.0 5%
i-pentane 65830 1l 10818 68696 5.9 4%
ethene 36070 9.0 5503 34943 8.7 -3%
propene 17576 2.8 2819 17903 2.9 2%
1-butene 8502 0.9 1594 10123 I 1 16%
1,3 butadiene 3860 0.5 634 4026 0.5 4%
benzene 14153 2.2 2333 14940 2.3 5%
acetylene 28836 8.5 4367 27728 9.2 -4%

1 “valve open time” of 5 mins

2 Diluted peak area response multiplied by dilution factor of 6.35

Table 4.16 Comparison of diluted and undiluted ambient sample for undiluted concentrations
outside the linear calibration range

Accuracy and precision

Accuracy and precision were determined over the wide concentration range summarized in
Table 4.17. The fact that the majority of these estimations were carried out using ambient
samples, where the sample matrix is unknown, adds to confidence in the mobile method’s

performance with regard to accuracy and precision when sampling “real world” samples.

The response for the mobile method does not deviate from linearity over the anticipated

required concentration range within which both accurate and precise results are anticipated.
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Concentration range for which accuracy Concentration range for which precision
has been determined (ppbv) has been determined (ppbv)
ethane 0.2 — 7.0 ppbv 0.2 -4.1 ppbv
propane 0.2 - 3.9 ppbv 0.1 — 1.8 ppbv
n-butane 0.2 -6.1 ppbv 0.2 — 7.3 ppbv
Iso-butane 0.1 — 4.6 ppbv 0.9 — 4.6 ppbv
n-pentane 0.1 —2.0 ppbv 0.1-2.8 ppbv
i-pentane 0.2 — 5.7 ppbv 0.2 - 7.7 ppbv
ethene 0.5 — 9.4 ppbv 0.4 — 9.6 ppbv
propene 0.1 —3.5 ppbv 0.3 —3.2 ppbv
1-butene 0.2 — 1.7 ppbv 0.2 —2.6 ppbv
1,3 butadiene 0.1-0.7 ppbv 0.1 -0.6 ppbv
benzene 0.1 — 2.6 ppbv 0.2 — 2.6 ppbv
acetylene 0.3 - 9.5 ppbv 0.2 —4.9 ppbv

Table 4.17 Concentration ranges for which accuracy and precision have been determined for
the mobile sampling method

4.3 SAMPLE STABILITY

When using Tedlar sampling bags, it is generally advised that samples be analyzed within 48
hours (SKC, 2004). However, Shikiya et al., (1984) showed that benzene samples stored in
Tedlar bags at relatively low concentrations (10-50ppbv), only degraded by 1 % after 72

hours.

In this study it was intended to analyze all samples on the day of sampling, hence validation of
sample stability within the Tedlar vessel over a 24 hour period was required. To do this, the

sampling procedure used for accuracy determination in section 4.2.6 was employed.

For the stability examination, five online and mobile samples were analysed. The analysis of
the mobile samples was delayed for 24 hours and compared to the P-E online samples
analyzed the previous day. The relative accuracies of the results should remain within + 20%

if the storage of samples for 24 hours does not have an adverse affect on Tedlar samples.

The results presented in table 4.18 for the five sample analysis carried out, show that with the
exception of 1-butene, all compounds have relative accuracies of less than +20%. The relative
accuracy results in Table 4.18 show a significant improvement on those presented in section

4.2.6 (accuracy), as only 5 analysis were determined for stability. This illustrates how the
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section 4.2.6 presents a conservative estimation of accuracy for the mobile method, due to the

relatively large number of sample comparisons made (approximately 40).

Analysis 1 Analysis 2 Analysis 3 Analysis 4 Analysis 5

(% relative (% relative (% relative (% relative (% relative

accuracy) accuracy) accuracy) accuracy) accuracy)
ethane 10 -2 4 8 I
propane -7 -4 -3 3 3
n-butane 9 -1 1 3 6
iso-butane -4 -7 -5 5 4
n-pentane 1 7 -6 4 4
i-pentane 10 2 2 6 9
ethene 2 3 1 3 9
propene -9 -2 -3 2 1
1-butene -25 -36 -32 -15 -21
1,3 butadiene -8 -4 1 -4 -3
benzene -4 1 -3 2 -+
acetylene 1 4 -6 8 6

Table 4.18 Relative accuracies obtained after a delay in analysis of mobile samples for 24
hours (stability analysis for Tedlar vessels)

4.4 SUMMARY

A summary of the validated method parameters are shown in Table 4.19.

Linear range | Method Accuracy range | Precision range
(ppbv) detection limits | (ppbv) (ppbv)
(ppbv)

Ethane 0.13 -5.81 .12 02-7.0 0.2-4.1
Propane 0.14 -6.04 0.06 0.2-3.9 0.1-1.8
n-butane 0.12-5.05 0.07 0.2-6.1 02-173
Iso-butane 0.13 -5.66 0.05 0.1 -4.6 0.9-4.6
n-pentane 0.12-0.79 0.05 0.1-2.0 0.1-2.8
i-pentane 0.16 - 0.99 0.05 0.2-5.7 02-7.7
Ethene 0.15-6.28 0.09 0.5-9.4 0.4-9.6
Propene 0.14 - 6.05 0.09 0.1-3.5 03-3.2
1-butene 0.45-2.85 0.41 02-1.7 0.2-2.6
1,3 butadiene | 0.15 — 6.67 0.07 0.1-0.7 0.1-0.6
Benzene 0.60 —3.83 0.09 0.1-2.6 0.2-2.6
Acetylene 1.01 — 6.44 0.19 0.3-9.5 0.2-4.9

Table 4.19 summary of validated method parameters
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In addition, the mobile method sampling method was seen to be selective relative to the P-E
online system run as standard, and the sampling method was shown to be robust to minor
deviations in the mobile sampling procedure anticipated when sampling “real world” samples.
Appendix J outlines the Quality Control procedures which should be followed to ensure the
mobile sampling procedure and online system are both operating as expected, thus ensuring

accurate and precise results.

143



MOBILE SAMPLING METHOD

4.5 PILOT MOBILE SAMPLING STUDY

4.5.1 Objectives

The primary objective of this pilot study was to examine the practicality of the newly
validated sampling method and note any physical impediments associated with its use.
Bearing this in mind, a sampling study was undertaken which required frequent changes of
tedlar bag sampling vessels and was associated with non-stationary sampling, potentially the
most ambitious application of the method. This pilot study was undertaken as an
undergraduate final year project, with additional assistance received from Laurence Gill, of the
Dept. Civil, Structural and Environmental Engineering, TCD, in regard to sampling and
project planning. As no previous research has been undertaken in Dublin city into comparing
exposure of commuters to hydrocarbon concentrations for various modes of transport, a
secondary objective was to quantify the average HC concentrations experienced by bicycle

and bus commuters travelling on the same route at similar times.

4.5.2 Route map and sampling details
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Figure 4.28 Map of bus and bicycle route
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In all 14 bus and 14 bicycle samples were taken over a 2 week period. For both modes of
transport, seven samples were taken in each direction, either to or from Dublin city.
For convenience of sampling, the bus route taken by the 11b from Palmerstown Road to

Nassau Street was investigated (Figure 4.28).

The cycling route followed this bus route to enable a direct comparison of the concentrations
obtained. The average bus journey took 20 minutes as opposed to 14 minutes for the cyclist

and the total distance for each journey was approximately 3.5kms.

For bus sampling, seating location was taken at random in an attempt to simulate average
exposure experienced by commuters on this mode of transport. The sample inlet of the mobile
sampler was located at head height, and the air was sampled from the start to the end of the

bus journey.

For cycle sampling, an adapted carrier bag was used to house the sampling case while
travelling. Approximately 30cm of teflon tubing was connected to the sample chamber and the

resultant extended sampling inlet was placed as near as possible to the cyclists head.

Due to the pilot nature of the study and the relatively minimal sampling pool obtained, only
limited analysis has been carried out on values obtained. The important results have been

extracted and are presented and discussed in the following sections.

4.5.3 Results

Average values

Table 4.20 shows that with the exception of ethane, the average concentrations experienced by
the bus commuter are higher than those experienced by the cyclist. For ethane and propane,
the concentration difference between both modes is very small probably due to their weak

association with road traffic emissions.

For the other nine hydrocarbons monitored, the bus concentrations are on average 1.47 times
those obtained for cycling. The effects of these higher concentrations will be compounded by

the fact that the bus journey is on average 6 minutes longer than the cycling trip.
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The most important observation to be noted from Table 4.20, is the relatively high levels of
1,3 butadiene and benzene sampled for both modes of transport. In section 4.6.7, these are

discussed in terms of air quality standards and comparisons with similar studies.

Mean (ppbv) st. deviation | rel. st. dev (%) Median 98" percentile
(ppbv) (ppbv) (ppbv)

cycle | bus cycle bus cycle bus cycle bus cycle bus

Ethane 858 [.7.85 4.51 4.25 53% 54% 6.86 6.29 18.00 1779

Propane | 5.16 | 5.89 4.30 3.1 83% 87% 3.68 4.65 14.73 18.32

n-but 5.45 7.87 2.60 4.93 48% 63% 4.60 7.84 10.62 16.75
i-but 2.53 3.71 1.19 2.30 47% 62% 222 334 | 491 7.76
n-pent 1.45 2.01 0.64 1.21 44% 60% 121 1.58 |2.40 4.26

i-pent 329 [4.73 1:35 2.76 41% 58% 2.98 438 | 538 9.63

Ethene Tl 11:92 3.98 6.92 51% 58% 6.00 10.41 | 14.02 2513

Propene | 2.48 | 3.99 1.28 2.02 52% 51% 2.02 329 |4.50 8.45

1,3 but 047 |0.78 0.19 0.34 40% 44% 0.45 0.74 | 0.80 1.46

Benzene | 1.62 | 2.21 0.75 1.36 46% 61% 1.60 1.88 | 2.81 4.93

Acet 5:60. ] 7:92 2.50 4.77 45% 60% 4.85 1.25 9.87 18.03

n-but = n-butane, i-but = iso-butane, n-pent = n-pentane, i-pent = iso-pentane, 1,3 but = 1,3 butadiene, acet = acetylene, st.
deviation = standard deviation, rel. st. dev = relative standard deviation.

Table 4.20 Average bicycle and bus concentrations obtained over 2 week study for
hydrocarbons validated in section 4.2

Correlation matrices

Correlation matrices of individual compound concentrations for both modes of transport are
presented in Tables 4.21 and 4.22. In general, the compounds can be segregated into 3 main
groups, the first comprising, ethane and propane, the second comprising, iso-butane and n-
butane and the third comprising the remaining 7 compounds. Ethane and propane are seen to
correlate reasonably well with only the butanes, while the butanes correlate quite well with the
remaining 7 HC compounds. The highest correlations are seen between these 7 compounds
(iso-pentane, n-pentane, ethene, propene, 1,3-butadiene, acetylene and benzene), two of
which, ethene and acetylene are known markers for road traffic emissions. For both bicycle
and bus journeys the high correlations seen between these 7 compounds leads us to conclude
that road traffic emissions are the major source for HC compounds being monitored. This is to
be expected for the cyclist but the similar correlations observed for the interior of the bus
suggest that external sources (in the form of road traffic) are also the main cause of the high

concentrations observed in the bus.
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eth | prop | n-but | i-but | n-pent | i-pent | ethene | prope | 1,3bu | benz | acet

ethane 1.00 | 0.50 0.68 0.71 0.63 0.60 0.71 0.68 0.59 0.72 0.54
propane 0.50 | 1.00 0.82 0.80 0.58 0.50 0.51 0.42 0.54 0.43 0.75
n-butane 0.68 | 0.82 1.00 1.00 0.90 0.86 0.83 0.77 0.83 0.77 0.95
i-butane 0.71 | 0.80 1.00 1.00 0.91 0.87 0.85 0.80 0.86 0.80 0.95
n-pentane | 0.63 | 0.58 0.90 | 0.91 1.00 0.99 0.96 0.94 0.94 0.91 0.92
i-pentane | 0.60 | 0.50 0.86 0.87 0.99 1.00 0.96 0.96 0.94 0.92 0.89
ethene 0.71 | 051 0.83 0.85 0.96 0.96 1.00 0.99 0.94 0.97 0.85
propene 0.68 | 0.42 0.77 0.80 0.94 0.96 0.99 1.00 0.95 0.98 0.80
1,3 butad | 0.59 | 0.54 0.83 0.86 0.94 0.94 0.94 0.95 1.00 0.91 0.87
benzene 0.72 | 0.43 0.77 0.80 0.91 0.92 0.97 0.98 0.91 1.00 0.83
acetyl. 0.54 | 0.75 0.95 0.95 0.92 0.89 0.85 0.80 0.87 0.83 1.00
1,3 bu = 1,3 butadiene, acetyl = acetylene

Table 4.21 Correlation matrix for bicycle journeys

eth | prop | n-but | i-but | n-pent | i-pent | ethene | prope 1,3bu | benz acet

ethane 1.00 | 0.59 0.60 | 0.61 0.65 0.67 0.69 0.67 0.68 0.68 0.74
propane 0.59 | 1.00 0.77 | 0.72 | 0.42 0.44 0.47 0.42 0.50 0.36 0.40
n-butane | 0.60 | 0.77 1.00 | 0.99 | 0.82 0.84 0.78 0.75 079 0.75 0.70
i-butane 0.61 | 0.72 0.99 1.00 | 0.84 0.87 0.78 0.74 0.79 0.74 0.72
n-pentane | 0.65 | 0.42 0.82 | 0.84 1.00 0.98 0.92 0.91 0.91 0.91 0.93
i-pentane | 0.67 | 0.44 0.84 | 0.87 | 0.98 1.00 0.90 0.88 0.88 0.91 0.88
ethene 0.69 | 0.47 0.78 | 0.78 0.92 0.90 1.00 0.98 0.98 0.95 0.93
propene 0.67 | 0.42 0.75 1 0.74 | 091 0.88 0.98 1.00 0.98 0.97 0.89
1,3 butad | 0.68 | 0.50 0.79 | 0.79 | 0.91 0.88 0.98 0.98 1.00 0.92 0.92
benzene 0.68 | 0.36 0.75 | 0.74 [ 0.91 0.91 0.95 0.97 0.92 1.00 0.82
acetyl 0.74 | 0.40 070 100.72. 1. 10.93 0.88 0.93 0.89 0.92 0.82 1.00
1,3 butad = 1,3 butadiene, acetyl = acetylene

Table 4.22 Correlation matrix for bus journeys

4.5.4 Meteorological effects

Regional hourly wind speed and temperature covering the period of study was obtained from
the synoptic meteorological station situated at Dublin airport and maintained by Met Eireann.
The effects of wind speed on the ethene concentrations obtained for both modes of transport

are shown in Figures 4.29 and 4.30.

As discussed in greater detail in proceeding chapters, wind speed is an indicator of
atmospheric dilution and dispersion. With all other variables effecting ambient levels constant,
higher wind speeds lead to proportionally lower ambient concentrations. This is clearly seen in

Figure 4.29 for the concentrations experienced by the cyclist but Figure 4.30 suggests that
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wind speed has a lesser impact on concentrations experienced within the vehicle. This is in

agreement with the findings of Duffy and Nelson (1997).

For this study, due to the limited sampling pool, wind speed cannot be considered in isolation,
as periods with low wind speeds were on several occasions also associated with very low
temperatures. This would have a significant effect on the proportion of catalytic converters

working to their optimum due to cold starts (Heeb ez al., 2003).

However, it is not possible to directly ascertain the effects of temperature in this study, as all
the sampling periods of colder weather occurred during morning peak time traffic flow. The
effects of low wind speed, low temperature and a resulting increase in cold starts are clear
from Table 4.23, which shows the concentrations obtained during morning peak traffic time

for both modes of transport on the 14/02/03.

Both samples were taken between 08:00 and 09:00 when the temperature was —0.5°C and the
regional wind speed was less than 2 m/s. Concentrations for all hydrocarbons are significantly
higher on the bus, except for ethane and propane. The bus concentrations for benzene and 1,3
butadiene and the cyclist concentrations for benzene are above the air quality standards of 1.5

and 1.0 ppbv respectively.

bicycle concentrations sampled between bus concentrations sampled between 08:00-
08:00-09:00 on 14/02/03 (ppbv) 09:00 on 14/02/03 (ppbv)

ethane 19.1 9.7
propane 1.3 6.1
n-butane 9.3 1551
i-butane 4.2 7.5
n-pentane 24 4.2
i-pentane 53 10.0
ethene 14.3 18.3

ropene 4.3 5.9
1,3 butad 0.6 1.03
benzene 2.9 4.0
acetylene 8.7 12.0

Table 4.23 Concentrations for both modes of transport obtained on 14/02/03
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Figure 4.29 Scatter plot of ethene concentration against wind speed for the bicycle commuter
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Figure 4.30 Scatter plot of ethene concentration against wind speed for the bus commuter

149



MOBILE SAMPLING METHOD
4.5.5 Temporal trends for both modes of transport
Figure 4.31 shows the average daily trends of 1,3 butadiene exposure for both modes of
transport. A similar number of journeys in and out of the city were made for both modes
within each time period shown. The trend observed for bicycle concentrations is similar to that
observed with roadside monitors (Chapters 5 and 7), where a morning peak is followed by a

mid-day trough and a subsequent evening peak.

The trend observed for bus concentrations is markedly different, where a much higher
morning peak is followed by successive decreases in average hourly concentrations. This may
be due to the slower average speeds during the morning trips: the average morning trip took 25

minutes as opposed to 19 minutes in the evening rush hour.
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Figure 4.31 Average daily trend of 1,3 butadiene for both modes of transport

4.5.6 Comparisons with other studies
As no air quality standards exist for the short term exposure of any hydrocarbon compounds
monitored, it is difficult to assess the impact of the concentrations observed for both modes of

transport.
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If long term, yearly average air quality limits are used as a guide, average benzene
concentrations in Table 4.20 for both modes of transport are above the EU 2010 limit value of
1.5ppbv. Neither mode of transport exceeds the recommended UK air quality standard of
1.0ppbv for 1,3 butadiene.

The average results observed for benzene bus concentrations compare well with those found
by Batterman et al. (2002), where benzene levels of 1.5ppbv were observed. The bus
concentrations observed during this Detroit study were cited as being very similar to other US
and Canadian studies but much lower than European and Asian studies, as illustrated by
concentrations observed by Lee and Jo (2002), where average benzene levels of 6.7ppb were
observed during urban Korean bus commutes and Kim et al. (2001) observed concentrations
of 6.1ppb in Birmingham. Results for Dublin bus concentrations were also significantly lower
than those observed in a similar study by Nelson and Dufty (1997), where benzene and 1,3
butadiene concentrations were evaluated at different times of the day in buses with and
without air-conditioning. In general, the concentration trends cited in other studies, comparing
bus and bicycle transport modes are similar to those observed in Dublin, where exposure
levels are higher for bus than bicycle commuting (Taylor and Ferguson,1999). The ratio of
bicycle to bus concentrations observed in Dublin, for the 7 compounds strongly related to
traffic emissions compares very well to those reported by Taylor and Ferguson (1999), where
a Dublin average ratio of 1.5 relates well to the overall average ratio of between 1 and 2 for a

number of studies examined by Taylor and Ferguson.

4.5.7 Summing up

Both the primary and secondary objectives of the pilot study were completed. Namely, the
recently validated sampling method was applied to a real world sampling application and no
insurmountable obstacles were encountered. The method’s ease of use was noticeable, and
mobile sampling was carried out with relative ease. The secondary objective of quantifying the
hydrocarbon exposure of different commuters in Dublin City was made relatively
uncomplicated due to the practicality of the sampling method employed. Following this
successful pilot study, the sampling method was employed in more varied and rigorous

sampling and analysis studies. These are discussed in Chapters 6 and 8.
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S. ONLINE HC MONITORING AT A SUBURBAN MOTORWAY SITE

5.1 OBJECTIVES AND MONITORING DETAILS

The primary objective of this monitoring campaign was to ascertain the extent of road traffic
emissions associated with a sub-urban Motorway (M4). Different analysis techniques are

employed in an attempt to isolate the Motorway source effect.

5.1.1 Site description and map
: Leixlip village ' , /

A : -‘/,’,:IJ"'ZN; l[N . 1 |
iy - o (ol ( ‘
— — ; ‘

Receptor

Lucan area

M4 motorway

o

®© Mapflow 1 > 4 | > )
# by LocationAgent < Sy, o

Figure 5.1 Site map of Leixlip monitoring location

152



ONLINE HC MONITORING AT A SUBURBAN MOTORWAY SITE
The Leixlip monitoring site (Figure 5.1) is a free flowing motorway site (M4) located 10 miles
west of Dublin, on the main Dublin to Galway (west of Ireland) route, at an altitude of 50
metres. The motorway consists of two lanes running in approximately east —west directions.

The receptor is located 20 metres North of the nearest kerbside.

5.1.2 Monitoring period and breakdowns

The on-line system was first put into use for this project on the 22" of November 2001.
Various teething and initialisation problems were encountered over the initial 2 months,
central to which were carrier gas helium leaks and a lack of calibration gas, making the

quantification of compounds impossible.

Smaller problems such as the GC intermittently shutting itself on and off (due to overheating)
were also encountered, all of which had to be remedied before the monitoring programme

could start in earnest.

The monitoring period ranged from 8" February 2002 to the 23™ September 2002. Various
problems were encountered during this 8 month period which resulted in 3096 hours out of a
possible 5450 being sampled (57%). Examples of some of the problems overcome are

illustrated below.

Methods associated with the Turbochrom software required re-writing. Problems were
encountered with analytical column switching on the GC (deans switch), resulting in heavier
HC compounds being sent to the PLOT column, a scenario highly undesirable due to the

difficulties associated with removing these compounds from this analytical column.

The ATD400 sporadically gave “bus errors”, the solution to which involved obtaining new
internal processor boards for the instrument ( this particular complication resulted in no data

being obtained for July and the first half of August).
Additional problems were encountered with the zero air generator, which developed several

leaks with continued use. Finally, difficulties associated with the mass flow controler had to be

resolved, to ensure a reproducible volume of air was being sampled.
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5.2 METEOROLOGICAL DATA

5.2.1 Local wind direction and windspeed

Meteorological data is only analysed for those hours in which hydrocarbon data was obtained.
The frequency of occurrence of average hourly local wind direction for each 15° sector is
plotted in Figure 5.2. The sectors with the highest rate of occurrence in Figure 5.1 relate to
wind directions approximately parallel (105-180°) and perpendicular (180-240°) to the M4

motorway.

Of these the wind directions near parallel to the M4 in an easterly direction have the highest
frequency. The wind direction of 90-165° also relates to the greater Lucan area which has a
population of 41,330 (CSO,1996), and surrounding heavily trafficked roads in the distance
(approximately 2 miles). The sector 0-90° shows by far the lowest levels of incidence in the

main due to the shielding effect of a nearby building.

The local hourly wind speed data obtained during the monitoring period is shown in Figure
5.3. The main trend which can be observed in Figure 5.3 is the overall decrease in hourly wind
speeds from the Winter/Spring to Summer months. Average hourly wind speeds for each 15°
wind sector can be seen in Figure 5.4. From this we can see the wind direction sector 15-90°

has by far the lowest average wind speeds.

The highest average speeds are seen approximately perpendicular (180°) to the M4 and
parallel in a Westerly direction (285°). Comparing the frequency of wind direction (Figure
5.2) to average wind speeds for different wind directions (Figure 5.4), we can see easterly
wind direction (105°), parallel to the M4 has both the highest frequency of occurrence and

lower average wind speed relative to the perpendicular or westerly wind directions.

The extreme difference in average wind speeds for the sector 15-90° is again most probably

down to the shielding effect of the nearby building.
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Figure 5.2 Wind direction frequency rose for all data

Figure 5.3 Local hourly wind speed over entire monitoring period
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Figure 5.4 Average wind speed rose (m/s)

5.2.2 Temperature.
The variation in hourly local temperature over the duration of the monitoring period is shown
in Figure 5.5. As expected the trend is a positive one (red line), with hourly temperature rising

from Winter to Summer.
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Figure 5.5 Hourly local temperature over the entire monitoring period
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5.2.3 Regional stability data
Hourly regional stability class was obtained from Met Eireann for the nearby Casement
Aerodrome (approximately 1Km South). This data was used to see the relative occurrence of
stable (stability class A to D) and unstable (stability class E to G) atmospheric conditions
within each 15° wind sector. The frequency rose in Figure 5.6 shows that the incidence for
unstable air class (A to D) in each 15° sector is very similar to that obtained for all stability

classes (A to G).
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Figure 5.6 Rose plot of unstable atmospheric conditions (stabilities A-D) and all atmospheric
conditions (stabilities A-G)
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Figure 5.7 Rose plot of frequency of incidence of stable air (stabilities E,F,G)
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Figure 5.7 shows the frequency of stable air (stabilities E-G) within each 15° wind direction
sector. By far the highest incidence of stable air was seen to emanate from the 105° wind

direction sector.

The effect of stability classes on measured hydrocarbon concentrations is examined in detail in
later sections. In addition to obtaining regional stability class data from Met Eireann,
additional regional wind direction and wind speed data for the nearby Casement aerodrome

was acquired.

As the casement regional meteorological station is relatively nearby, correlation’s between the
two sets of data can be used to validate the local measurements obtained from the onboard

local meteorological station.

5.2.4 Regional versus local wind direction

It was anticipated that the nearby building would have an effect on correlations obtained for
regional versus local wind directions. In an attempt to quantify this effect we grouped the
regional wind direction data was grouped into two wind direction sectors, 0°-80° anticipated
to be affected by the building, and 90-360°, not expected to be affected by building shielding
and funnelling.

Wind directions 0-80° When a scatter plot of local versus regional wind directions is plotted
for this regional wind direction sector (0-80°), the buildings effect on locally obtained wind

directions becomes apparent. (Figure 5.8)

Whenever the regional wind direction emanated from the 0-80° sector, a local wind direction
within one of two well-defined bands was obtained (Figure 5.8). These local wind direction
bands occurred in the main between 100-160° and 320-350°. This phenomena is due to air
masses travelling in a direction between 0°- 80°, coming into contact with the nearby building
and being funnelled around the obstacle giving an impression of a local wind direction
associated with either 100-160° or 320-350°. As a result of this, regional wind directions
between 0°and 80° might appear to be near-parallel to the M4 motorway, and thus contribute

to a less accurate quantification of a source effect from the motorway at the receptor.
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As the local and regional 0-80° wind directions do not correlate well, the validity of any

results associated with a local wind direction between 0° and 80° is questionable.

As a result, hourly hydrocarbon concentrations associated with local or regional wind
directions in the sector 0-80° are omitted in later analysis. This reduced our data set by less
than 5%, and does not compromise the primary objective of the monitoring programme,
namely to estimate the source effect from the M4 motorway, expected to be associated with

wind directions 105-285° relative to the receptor.
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Figure 5.8 Scatter plot of local versus regional wind direction for regional 0-80°

Wind direction 90-360° The correlation between local and regional wind directions for the
remaining wind direction sectors were seen to correlate reasonably well, with an R? value of
0.77 obtained (Figure 5.9). This correlation suggests that, a high degree of confidence should

be associated with local wind directions from this wind direction sector.
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Figure 5.9 Scatter plot of local versus regional wind direction, for wind directions 90-360°

5.2.5 Regional versus local wind speed

The local and regional wind speeds were seen to correlate very well (Figure 5.10), with the
regional wind speeds at casement aerodrome consistently higher due to the difference in
height between the regional and local anemometers. The wind speed at Casement is measured

at 10 metres as opposed to 3 metres at the receptor.

The slope of the regression line in Figure 5.10 is 0.21, indicating that the wind speed measured
at 10metres in casement aerodrome is almost 5 times that measured for a height of 3 metres at

the receptor.

Using the power law described in section 2.6.4, which outlines the logarithmic increase in
wind speed with height due to limited surface drag, we obtain an exponent value (p) of 1.29.
An expected value of between 0.1 and 0.4 is expected depending on the atmospheric stability,

surface roughness and depth of the mixing height (Boubel et al., 1994).

The large difference between the observed and theoretical exponents is possibly due to
difference in topography between the two sites, the aerodrome is located 94 metres

(www.meteireann.ie) above sea level as opposed to 50 metres for the receptor.
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In addition, it should be noted that the power law wind profiles do not necessarily represent

the data well, the behaviour of which is site dependant (Irwin, 1979).

local wind speed (m/s)

regional wind speed (m/s)

Figure 5.10 Scatter plot of local versus regional wind speed
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5.3 TRAFFIC DATA

Traffic flow on the M4 motorway was constantly monitored during the sampling period.
Induction loops located between interchanges to the East and West of the air monitoring site
were used for this purpose. The loops were installed and maintained by the National Roads

Authority, who made the data available for this project.

The total flow of vehicles per hour was used to correlate traffic activity with the hydrocarbon
concentrations obtained. Similar to the meteorological data, hourly traffic flow data was only
used where corresponding hydrocarbon data was obtained. As a relatively limited amount of
weekend hydrocarbon data was obtained (140 hours of data over 7 weekends), due to the
inability of the online system to run unattended for more than 24 hours, only weekday traffic

was considered.

A plot of average weekday diurnal traffic flow is shown in Figure 5.11. The morning peak can
be seen from 07:00-10:00, with a peak traffic volume of 2000 vehicles per hour. The later
evening peak is seen to extend over a longer period of 16:00 to 20:00, with a higher average

| peak volume of 2700 vehicles per hour.
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Figure 5.11 Average diurnal weekday traffic flow on the M4 Motorway
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5.4 MEASURED HYDROCARBON CONCENTRATIONS

Summarised statistical data for the M4 monitoring period are presented in Table 5.1 below.

Max Mean Std Relative Std | 98" percentile 50™ percentile
(ppbv) (ppbv) deviation dev. (%) (ppbv) (ppbv)
(ppbv)

ethane 6.98 1.43 0.86 60.50 3.72 1.44
propane 8.59 0.72 0.68 94.76 2.65 0.56
n-butane 4.41 0.46 0.53 114.89 2.09 0.28
isobutane 3.12 0.28 0.33 119.48 1.29 0.17
isopentane 3.35 0.28 0.34 120.41 1.42 0.16
ethene 7.25 0.78 0.85 109.14 3.43 0.49
propene 1:59 0.22 0.21 91.80 0.92 0.15
1-butene 0.53 0.12 0.06 5193 0.34 0.11
1,3 butadiene 0.71 0.24 0.13 53.51 0.54 0.21
trans-2-but 0.31 0.10 0.05 46.79 0.21 0.09
cis-2 butene 0.20 0.05 0.02 45.93 0.12 0.05
trans-2 pent 0.29 0.06 0.04 68.77 0.17 0.05
cis-2 pentene 0.13 0.04 0.02 58.21 0.10 0.04
toluene 6.83 0.31 0.45 145.47 1.67 0.16
o-xylene 1.58 0.11 0.12 113,17 0.48 0.07
m-+p xylene 4.35 0.21 0.28 134.31 1.04 0.12
benzene 2.09 0.16 0.15 89.63 0.65 0.12
ethylbenzene 1155 0.09 0.09 98.54 0.38 0.07
Lacetylene 4.01 0.52 0.43 82.08 1.98 0.41

Table 5.1 Summary statistics for hydrocarbons monitored

The compound with by far the highest mean was seen to be ethane, which can most probably
be primarily related to natural gas leakage (Derwent ef al., 2000). The second highest average
is seen from ethene, a compound synonymous with road traffic emissions (Wadden et al.,
1986; Lewis et al., 1993; Tanaka ef al., 2001). While the mean and median (50" percentile)
concentrations of ethane are very similar, the mean ethene concentration is much greater than
the median for that compound. In Table 5.1 the mean and median values of all other

compounds are seen to behave in a manner similar to either ethane or ethene. It is possible that
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compounds with a much higher mean than median value are associated with a relatively
greater local source effect, raising the mean relative to the median. Also associated with these
compounds is a higher relative standard deviation (%) due to a larger relative concentration
range. In contrast, if background hydrocarbon concentrations are monitored (far away from
any local source contributions), the mean and median values would be anticipated to be very

similar, for all compounds.

The evidence as to which compounds show a definite local source effect, specifically the M4

motorway, is examined in greater detail in sections 5.6 to 5.8.

Table 5.2 presents a Pearson correlation matrix for the concentrations of all compounds
monitored. This is a useful tool in estimating which compounds possibly emanate from a
common or similar source. However, caution must be exercised as correlation must not be

interpreted as causation (mac Bertheoux and Brown, 1994).

A correlation co-efficient close to 1 indicates a very strong correlation, while a value close to
0 is indicative of a weak one. In the main the compounds which showed the greatest difference
between mean and median values showed the strongest correlation between their hourly

concentrations, again suggesting contributions from a similar local source.

As ethene and acetylene correlate well with most of these compounds and both are known
markers for road traffic tail-pipe emissions (Barletta e al., 2002), it suggests that road traffic
emissions are possibly the single most significant local source monitored at the receptor. This

is examined in more detail in sections 5.6 to 5.8.
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