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Abstract

Coal tars are complex mixtures of inorganic and organic compounds, which are
dominated by PAHs and were produced as-aroguct of the former manufactured
gas industry. Forensic analysisoofal tar samples was carried out using-two
dimensional gas chromatography coupled with tofilight mass spectrometry
(GCxGGTOFMS).

This thesis first presents the application of existing multivariate statistical models
developed using UK tar samplestar samples from the USA as well as identifying
947 individual compounds present within the tars. This has important implications
as this study demonstrated that statistical methods developed using UK tar samples
can be successfully applied to ROK tars. The thesis then presents the application

of post extraction derivitisation to a creosote samples allowing for the detection of
255 compounds, the majority of which would not be detected without derivitisation.
The analysis also detected 1505 indibdcompounds within the Creosote and
provides the most comprehensive list of compounds detected within Creosote that
has been produced. The analysis was also able to suggest the production process for
the tar from which the Creosote was distilled. Theafdboth derivitisation and

GCxGC were vital in providing this forensic information.

The thesis then presents the analysis of 16 tar samples using GCxGC and post
extraction derivitisation and the production of a database of 2373 individual
compounds detged within the tar samples. The study showed that 163 individual
compounds were present within all tar samples regardless of the production process
used. This has important implications as environmental assessment usually focuses
on a limited number afompounds, which could be expanded using the database
presented within this thesis. Finally the thesis presented a study that analysed a
sample of Pintsch Gas tar, which has never previously been analysed using a mass
spectrometer and produced a uniquesiett
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Research Aims and Objectives

Theaim of this researcproject wado refine and fuher develop existing methods
for the chemical fingerprinting of coal tars using GCxGOFMS and produce a
comprehensiveatabase of compounds detected wittoal tars. The project aims to

achieve the following research objectives:

1. To apply existing coal tatCxGCanalysis methods, including multivariate
statistical analysis, to samples produced by production processes that have
not been previously analysed.

2. The apply existing coal t&aCxGCanalysis methods developed using British
based coal tars, including multivariate statistical analysis, to tar samples
produced fronoutside of the UKo expand the scope of the methods

3. The development of a post extractierivatization method to increase the
number of compounds, particularly hydroxyla&Hs, whichcan be
detected within coal tar.

4. The development of a databasecompounds present within coal tars and the
evaluation of the differences produced by diffengroduction processes.

5. The &pansion of the existing coal tar database for the multivariate statistical
analysis of coal tar and tlassessment of thefluence of additional samples

on data interpretation.

v
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1.2 Thesis Outline

This thesis provides detaifor therefinement of existing analytical methods for the
analysis of coal tar as well as the development of new methods for increasing the
potential number of compounds that can be detected with the aim of producing a
comprehensiveatabase containing anany compounds as possible.

Chapter 2 providean in depth looks at the literature surrounding coal tar, and the
compounds detected within them. The literature review provides information on the
different production processes that produced coal tarekhss the compositions of

the tas that arg@oroduced. The review also provides information about GGxGC
TOFMS as well as an in depth review of the potential organic compounds of interest

that may be found within coal tars.

Chapter 3 provids informatio on all themethods usetb produce the data
presentedvithin this PhD thesis as well as providing information on the samples and
standards used.

Chapter 4 presents a study of the application of multivariate stdtestialysis of
coal tar samples obtad from the USA using statistical methods developed using
UK based tars. The chapter also presents the results of altering the principle

component analysis matrix used to produce the results.

Chapter Soresents a study of the applications of post etitmaderivatization on an
extract of coal tar in order to increase the number of compounds of interest that can
be detected. The chapter also presents an in depth analysis of Creosote, a coal tar
distillate, as well as providing information on the pot@ntontamination of the
creosote, and other samples, with carbureted water gas tar.

Chapter Gresents a series tifreepapers detailing a database of compounds
detected within coal tars produced by varying production proce$sesfirst paper
providesa full database of the compounds detected within 16 coal tar samples

&
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produced by 5 different production processes. The second paper provides in depth
analysis of the aliphatic and aromatic content of the tars samples and the third paper
provides in deptlanalysis of the heterocyclic and hydroxylated PAH content of the

tar samples. The chapter also providetils of the analysis an Inclined Chamber
Plant tar, which is a tar type that has never previously been analysed.

Chapter 7Hresents a study afPintsch Oil Gas tar, a type tdr thathas never been
previously analysed, obtained from the Netherlarfdsin depth analysis of a

Pintsch Gas tar has tar has never been published and no papers have been previously
published using GBS, or GCxGCEMS to analyse a Pintsch gas tafhe chapter

also includes the multivariate statistical analysis of several other samples.

Chapter 8 summarizes the major findings of the PhD projects and suggests

recommendations for future work.
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2.1. Introduction

2.1 Introduction

2.1.1 Environmental Forensics and Coal Tar

Environmental forensics is the study of the source, release, distribution in the
subsurface and fate of contaminants within the environment (Morrison,. 2008je

are two separate motivations for environmental forensic study the first of which is
from a purely academic research perspective and the second of which is to determine
liability in a variety of contexts (Murphy and Morrison, 2007). Within Eertie
Environmental Liability Directive 2004/35/EC was created around the concept of the
polluter pays principle, which means that the polluter is both liable for the prevention
and remediation of environmental damage. The directive defines environmental
damage as damage to any natural habitat, protected species, water or soil. In 1980
the US enacted CERCLA (Comprehensive Environmental, Compensation, and
Liability Act (Superfund) with the aim to clean up sites contaminated with hazardous
substances (Taend McMichael, 2015). This law was also based on the polluter
pays principle and set up a superfund to pay for the remediation of sites where no
responsible party could be identified.

Coal tar waste is a byroduct of former manufactured gas plants (?®) and coal

tar contamination is a common occurrence at FMGP diesl tars are a complex
mixture of organic and inorganic compounds, of which many can be toxic or
carcinogenic and pose a complex challenge for remediation. China is currently
considenng coal tar as a potential energy alternative because of dwindling supplies
of petroleum(Shi et al, 2012) Potential contamination from the ongoing
international coking industry as well as proposed underground coal gasification
(UCG) projects are potential modern sources of coal tar and so contamination with
coal tar is stl an important modern day as well as a historical environmental
problem. Environmental forensic analysis of coal tar can be purely academic in

focus or can also be to establish legal liability for remediation.
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2.1.2 History of Coal Tar production

Manufectured gas is a process by which solid or liquid fuels, such as coal and oil, are
converted into gas. In the US several thousand manufactured gas plants existed
between the early 18000s to the 19500s (U.S. EPA, 1993). Estimates of the specific
number ofUS FMGP sites vary widely from 1500 to 50,000 depending on the
function of the type of facilities considered (U.S. EPA, 2004). The first EPA survey
identified 1500 sites, which mostly included facilities that were members of gas
associations (Eng, 1985Migher estimates are obtained by considering the wide
variety of facilities that used coal or coal tar (U.S. EPA, 2004) and it is estimated that
substantial amounts of coal tar residuals are expected to be encountered at between
33,010 and 50,308 sitestime US (Hatheway, 2012). It is estimated that 11.5 billion
gallons of tar were produced in the U.S. from 1820 to 1950 (Eng, 1985).

Manufactured gas plants were extensively used in the early part of'ticer2@ry to
produce gas from coal or oiln L812 the first commercial gas works was established
in London to provide street lighting (Birak and Miller, 2009). In the US the first
commercial gas works was established in Baltimore in 1816 (Birak and Miller,

2009). The gas industry gradually expaddcross the entire continental USA,

initially using coal as a feedstock but as indigenous oil feedstock and the appropriate
technology became more widely available, some regional variations developed
(Thomas, 2014). Within the USA FMGP sites exist wioetg CWG processes

existed, this became the trend within North Eastern USA. On the West Coast of the
USA, a group of technologies called the OPacific Coast Oil Gas ProcessesO were used
to manufacture gas from oil (Thomas, 2014). After World War Il gein

increased availability of American natural gas through the development of national
gas transmission pipelines led to a decline in manufactured gas and by the 19600s

manufactured gas was essentially obsolete in the U.S (Birak and Miller, 2009).

Manufactured gas was produced in the UK from 1792 until 1981, when the last

gasworks in the UK closed, leaving the only current source of tar within the UK as
tar produced by the coking industry (Thomas, 2014). The size of gasworks in the
UK varied greatly fom the hundreds of small country house gasworks to the many
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large town and city gasworks found in most large towns or cities (Thomas, 2014).
By the mid 18 century every town in the UK with a population over 10,000 was lit
by gas and many villages alsad their own gasworks (Thomas, 2014). For this
reason it is estimated that there are more than 36Q@0@®) former manufactured
gas plant sites, with the upper limit likely to be 5000, within the UK (Thomas and
Lester, 1994).

The most widely used dgretorts were horizontal retorts and were originally

circular and made from cast iron, although this was eventually superseded by fireclay
and later silica due to the low durability of cast iron (Thomas, 2014) as well as their
inability to resist high t@peratures and prohibitive costs of replacement (Butterfield,
1904). Early low temperature horizontal retorts (LTHR) were directly heated by a
shallow beds of coke lit beneath the furnace. The direct heat radiating from the
furnace and the hot waste gagroduced were used to heat the retort. These early
LTHR only heated the coal within the retort to temperature of arourfC600

(Harkins et al, 1988) and as a result the amount of gas produced by LTHR was fairly
low and only limited decomposition of onga compounds took place within the tar.
This leads to tar being produced during the LTHR process that is similar in nature to
the parent coal from which it was produced (Soule, 1922). Later horizontal retort
designs (HR) allowed for higher operatior&hperatures capable of exceeding

1000°C (Butterfield, 1904) and so greater decomposition of the organic compounds
within the tar. The larger surface area present within horizontal retorts allowed for a
greater opportunity for contact of the gases withhiated retort sides and so

allowed for a greater degree of thermal cracking (Young, 1922). Horizontal retorts
were primarily Dshaped vessels around 6.7m long, 0.55m wide and 0.45m high in
which the coal was heated for a period of between 8 and 12 [itunsas, 2014).

An example of a Horizontal Retort is shown in figure 2.1.
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Retorts

Combustion
Chamber

Secondary Air

Primary Air

Figure 2.1DCross section of a gdsed Horizontal Retort (Copied from Thomas,
2014)

Vertical retorts (VR) were later developed, which were first patented in 1902
(Thomas, 201y and rotated the retort by 9énd allowed for the continuous

production of gas as coal could be continuously fed into the retort (Thomas, 2014).
Vertical retorts generally operated as a high temperature process similar to, but still
lower than, horizotal retorts however because of the design of the retort

significantly different tars were produced. In a continuous VR the coal was fed
down, by gravity, through the retort vessel by gravity and as the coal pass down the
retort it was gradually carbonizeahtil it was removed as coke at the base of the

retort (Thomas, 2014). The tarry fog generated during the process could also escape
vertically up through the coal without carbonizing on the hot surface of the retort and
so secondary degradation may béueed. As the VR process generally operates at

a lower temperature than the HR anutke over{CO) processes and had lower

contact time with the retort VR tars contain more paraffins (10%) and tar acids
(25%) than CO and HR tars which generally contaig &% paraffins and no

more than 10% tar acids (McNeill, 1952). An example of a Vertical Retort is shown

in figure 2.2.
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Figure 2.2DCross section of a Glov&¥est vertical retort (Copied from Thomas,
2014)

While coke ovens were of limited immpgance on gasworks in the UK (Thomas,

2014) they still produced significant amounts of tar. In 1900 the total amount of tar
produced in the UK was estimated at 927,000 tons with 692,000 tons in the form of
gastar and 85,000 in the form of cokeen tar(Lunge, 1909). In 1901 the total
amount of tar produced increased to 965,000 tons with 742,000 tons of gas tar and
95,000 tons of cokeven tar (Lunge, 1909). Finally in 1902 the total amount of tar
produced was 1,033,900 tons with 755,000 tons otayand 122,000 tons of coke
oven tar (Lunge, 1909). This trend was reversed in Germany with 480,000 tons of
tar produced in 1900 with only 180,000 tons of-taasand 300,000 tons of coke

oven tar (Lunge, 1909). Estimates of coke oven tar productioe id$wary

greatly from an estimated 75,000 tons in 1903, 125,000 tons in 1904 and 131,117
tones in 1905 (Lunge, 1909). Another estimate found in Lunge, 1909 provided by a
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Dr Kohler is that 300,000 tons of coke oven tar were produced from 2286 United
Ottoovens and 1320 Sem8blvay ovens although the year for this production is not
stated it is significantly higher than the other estimates, but must be from prior to
1909, the year in which Lunge published his book.

Coke ovens were mainly found owirand steel works and are the only remaining
example of coal carbonization within the UK (Thomas, 2014). The temperature of
the coke oven has a great influence on the tar produced by coking ovens with coke
ovens operating over a wide range of temperathu roughly falling into two

classes. Low temperature coke ovens, €Z0Produced tars containing phenolic
andheterocyclic nitrogesompounds similar to LTHR tars (Hamper, 2006). High
temperature coking ovens operated at temperatures exceedi@an@Oproduced

tars with high PAH content and the conversion of PANHs into ammonia, hydrogen
cyanide, pyridine bases and nitrogen (Hamper, 2006). This suggests that the
presence of pyridine compounds may be related to the temperature of the coking
oven andare a possible forensic marker. As the tar escapes from a coke oven is it
forced onto the hot vertical walls and so will have a higher degree of thermal
degradatione.g. crackingthan a HR or VR tar. Metallurgical coke is ideally
produced within the taperature range of 900 to 10@5(Lankford et al, 1985)

Other manufactured gas processes were also developed which either used oil as a
sole feedstock or added oil into the process to increase gas prodUdt®water

gas process involved passing steamar a carbon source (usually heated coke) in

order to produce gg¥homas, 2014). The reaction was extremely endothermic
therefore water gas was generally produced by astef cyclic process referred to

as the run and blow cycle (Harkins, 1988). iDgrthe blow stage coke was heated to
incandescence by a stream of air and during the run stage steam was injected into the
coke. During the run process the fuel would gradually cool due to the endothermic
nature of the reaction hence the need for acyebcess. To improve the calorific
and/or illumination value of gas produced by water gas, a spray of oil was introduced
to the hot gas steam hence the name Carbureted Water Gas (CWG) (Murphy et al,
2005). The CWG production process can use a variedgliof carbon feedstocks

%.
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such as coke, anthracite or bituminous coal and initially was carbureted with tar light
oils generated at coal gas planthe normal operational temperature of CWG was
between 65 and 708C (Hamper, 2006) making it a relativébw temperature

process.

The tars produced by CWG plants were largely determined by the feedstock oil used
within the production process as water gas without carburation did not produce
significant amounts of tar (Hamper, 2008he primary difference lheeen UK and

US CWG plants was the feedstock oils used WikhCWG plants consumed mainly

light oils for carburation (Butterfield, 1904), whereas the US tended to use heavier or
crude oils, beginning about 1910 because of the increased use of automobiles
(Hatheway, 2012). This was especially true in the US after World War |, when light
oils such as gasoline were in high demand (Harkins et al, 1988). While coke was
generally used as the solid feedstock bituminous coal could also be used. However,
the gagproducing capacity when using bituminous coal was lower than coke due to
uneven heating of the feedstock (Hamper, 2006). Mixing 20% coke into the
bituminous coal resulted in gas making capacity equivalent to using coke alone
(Furnas, 1942) so it was pdsi& to obtain equivalent gas making capacity with
bituminous coal assuming a source of coke was also available. The use of
bituminous coal over coke was most likely determined by the economic costs and

availability of supply.

Oil gas processes wereggaroduction processes that solely involved the use of oil as
a feedstock such as the Pintsch gas process. Pintsch gas was a fogasyfvatilich
produced distilled aphtha from petroleum or shale oil, and was used extensively in
the lighting of railwaycoached (Egloff and Twomey, 1915) in the lat& 48d early

20" century. The overall composition of Pintsch gas varied depending on the
temperature of the process and the feedstock oil used to produce the gas with
increasing temperatures réswg in higher percentages of benzene aviddéne

present within th@aphtha (Egloff and Twomey, 1915). The process itself operated
using a double retort with oil fed continuously in a thin stream into the lower retort
falling onto an iron tray (Butterfield, 1904)'he oil was vaporized within the lower
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retort and the vapour passed through the neck of the lower retort into the upper retort
and subjected to the high temperatures radiating from the sides of the retort at
temperatures up to 100D (Butterfield, 1904) The use of a double retort meant that

the highest possible temperature acted upon every portion of the vaporized oll,
without undue exposure to the heated surface of the retort.

The Hasche (sometime called Koppkiasche) process was a gas refogrpnocess
developed by Dr. Rudolph Leonard Hasche in the 1950s and was another example of
an oil gas process. It provided a synthetic gas manufacturing process, which was
very low in investment cost and simplistic in operation. The process converted
hydracarbon gases or vapours (ranging from propane to light naphtha) within a
regenerative partial combustion process of high thermal efficiency into a synthetic
gas with an energy content similar to natural gas. The process operated at
temperatures of betwe®&70%.C and 1455¥4C. The Hasche process was particularly
popular in Florida (Frink, 1955). As the process use gaseous hydrocarbon as a
feedstock it is unlikely that the Hasche process produced significant amounts of tar.

Due to past handling and storagagdices it is believed that there is coal tar
contamination at most former sites (Brown et al, 2006). The US EPA estimates that
release of coal tar or other wastes to the environment is likely to have occurred in
over 90% of sites (U.S. EPA, 2004). Theans that the forensic analysis of FMGP
and other coal tar contaminated sites is important from both a legal and
environmental standpoint. The main concern of coal tar contamination is its impact
on ground water quality. The equilibrium of the aquemrgentrations of

individual PAHs, and other compounds of interest, can be calculated using RaoultOs
law. This can help give an idea of the possible ground water contamination risks at
FMGP sites. However, Birak and Miller, 2009 found that both datarenatling

indicate that subsurface tars at FMGPs have aged little. Compositional data also
seems to contradict the understanding of aging described by Raoult@hikaw.
specifically applies toaphthalene, the most abundant and most soluble PAH in un
weathered samples, as it is still the most abundant compound in some of the most
weathered samples reported in the literature (Birak and Miller, 2009). Birak and
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Miller, 2009 suggests the apparent discrepancy may be due to diffusional limitations
within the DNAPL phase associated with increasing viscosity.

WhenDNAPL is spilled into the sub surface it will migrate through the vadose zone
and migrate below the water table and can form a deep plume that is a persistent
long-term sources of contaminatio Although the rate at which contaminant mass
transfer in the flowing groundwater takes place is slow the contamination may still
pose a risk to human health or the environment (DOAffonseca et al, 2008).
DOAffonseca et al. 2008 modeled the long termmadatjon of coal tar contamination

and found that even after 1000 years source depletion of phenanthrene was low with
89% of the original mass still being available. The moderately and sparingly soluble
composite constituents were also predicted to h@%e &d 98% of the original

mass available. These values highlight a key contamination issues of FMGP sites as
the coal tar will take an extremely long time to degrade in the environment and can

form a long term persistent hazard to human health and vir@emement.

Coal tar has been used as a feedstock for the chemical industry, such as production of
dyes or creosote for wood treatment (McGregor et al, 2012). This adds an additional
complication factor when considering coal tar contamination,isgdssible to find

coal tar contamination in sites other than FMGPs. By the late 18000s, coal tar was
used in the synthesis of a wide array of materials including: dyes, perfumes,
explosives, pharmaceuticals and many more (Harkins et al, 1988). latgrgas

tars were used mostly for fuel and road constructions whereas heawwgastand

oil-gas tars were more difficult to use for these applications due to their variable
chemical composition and higher viscosity (Birak and Miller, 2009). Tars #ra w

not sold to refiners were either landfilled or disposed of in open pits (Murphy et al,
2005). This means that there is potential for coal tar contamination at many former
landfill sites. From a modern perspective in China coal tar has been consislered
possible energy alternative because of dwindling supplies of petroleum (Shi et al,
2012).

%I



Chapter 2 Literature Review

2.1.3 Brief overview of composition

Coal tars are a complex mixture of organic and inorganic compounds, of which many
can be toxic or carcinogenic and paseomplex challenge for remediatidrhe

organic compounds found on FMGP sites can be divided into three classes that
indicate their mechanism of formation and potential sources (Saber et al, 2006): 1)
those derived from higtemperature processes suclpasdial combustion and/or
pyrolysis (pyrogenic sources); 2) those derived directly from petroleum, petroleum
distillates, or coal (petrogenic sources); and 3) those derived from recent biological
transformation of natural organic matter (diagenic sourc&s)rogenic compounds

are the organic compounds produced from oxydgieted, higiiemperature

processes such as incomplete combustion or pyrolysis and are primary composed of
monocyclic aromatic hydrocarbons (MAHSs) and polycyclic aromatic hydrocarbons
(PAHS). Petrogenic compounds originate from petroleum, including fuels, lubricants,
and the derivatives of those materials and example of petrogenic compounds include
alkanes, isoprenoid hydrocarbons and alkylated PAHs. Diagenic substances include
hydrocabons from recent biological transformations of natural organic matter.
Diagenic sources are unlikely to contribute measurably to the levels of PAHs near a
FMGP (Saber et al, 2006).

Coal tar composition varies depending on the raw materials and operating
temperature of the manufactured gas process used as well as several other factors. A
lower operating temperature results in tars containing relatively more acids and
heterocyclic compounds (Birak and Miller, 2009). Higher operating temperatures
resulted m tars containing more esubstituted aromatic compounds. In Germany

and other parts of Europe large quantities of brown coal were available. This type of
coal was generally carbonized by low temperature methods not used in the US and
produced relativelyow-density coal tars with mogghenolic compoundand bases
(Rhodes, 1966). Tar was produced from the carbonization process and on average
was produced equivalent to 5 per cent of the weight of coal carbonized (McNeill,
1952).

The main factors affeetg the composition of tar produced during the various
production processes are: The temperature of carbonization; The length of
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carbonization process and the free space within the retort (Forsdike, 1952). Other
factors that affect the composition of taoguced include the feedstock used, as well
as the quality of any coal/oil used, and the retort type used during the production
process. As a general rule the higher the temperature and the greater amount of time
that the tar was in contact with the hotfaces of the retort the greater the degree of
aromaticity of the tar (Forsdike, 1952). The influence of free space within the retort
results in light oils being found in HR tars to a far greater degree than other
production processes, most likely dughe greater amount of cracking and the
greater proportion of free space within the retort (Forsdike, 1952). The amount of
free space within a HR changed over time as technologies improved leading to
decreases in free space and increases in the pdedik@meg content of tars

(Forsdike, 1952). This suggests that HR tars may be expected to contain more
alkanes than LTHR tars as LTHR tars were likely produced within retorts with a
higher degree of free space, although this would be dependent on whéyntbeact

higher temperature HR tar was produced.

The various different production processes used produced tars with different
chemical signatures. For example, the naphtha fraction of VR tars contained
relatively more paraffinOs than HR tars and sigmiflyg more than CO tars

(Forsdike, 1952). This general rule also applies to paraffinOs present within the oi
fraction that boil above theaphtha range with this oil fraction of VR tars typically
containing 12% of its composition as paraffinOs while ktRcake oven tars contain
0.9% and 0.3% respectively (Forsdike, 1952). The tar gglemolic)composition

of VR tar also varied greatly from other tars with VR tars containiigithes more

tar acids than CO tars anéd3imes more tar acids than HRegForsdike, 1952).

The compounds present within the tar acids were also very different with HR and CO
tarscontaining significantly more phenol ancesols than VR tars, with phenol
making up 25% of HR tar acids and 18% of CO tar acids (Forsdike, 1982bars

adds on the other hand contain only 6% phenol, wigsals only making up a small
proportion, with high boiling tar acids dominating (Forsdike, 1952). This is further
reinforced by the compounds present within creosote, which is a distitateqgb of

coal tar, with VR tar produced creosotes being noted for their high tar acid content
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and the relative abundance of high boiling tar acids (McNeil, 1952). The main
distinction between coke coal tars and other samples is the high parent PAH conten
(McGregor et al, 2012).

2.1.4 Brief overview of GCxGC

Traditional GC analysis allows for the separation of organic compounds in a single
dimension. This often causes difficulties when analyzing coal tars as the complex
mixture of organics found in cbtars leads to large numbers of compounds co
eluting and generally poor chromatography making fingerprinting difficaExGG
TOFMS runs the sample on the same primary column as traditional GC with the
addition of a secondary column of a different ptyatfie primary column and this
allows for an extra degree of vertical separation, which provides for a much wider

range of compounds to be separated and identified.

Different column setups allow for the separation of different compounds of interest.
Normal phase column sets are the most commonly used setup for analysis of
environmental samples (McGregor et al, 2011); this involves galam primary
column combined with a migdolarity secondary column. Reversed polarity sets
however give better resdian when analyzing coal tars and allow for the elution of
higher molecular weight compounds present in the DNAPL while remaining within
the temperature limits of the columns (McGregor et al, 20Ah)example of a
reversed phase GCxGC chromatograph asvshin figure 2.3. The figure clearly
shows the separation of aliphatic from aromatic compounds with the aliphatic
compounds having relatively higher secondary separation times. This is due to the
aliphatic compounds being more attracted to the secoptiase than the aromatic,
and heterocyclic compounds. An example of a 3D chromatograph of the same tar
sample is shown in figure 2.4. The 3D view allows not only for the separation
between aliphatic and aromatic compounds to be seen but also morestieary

the difference in peak heights, and therefore peak areas, for the individual

compounds.
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Figure 2.3 Example GCxGC chromatograph
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Figure 2.4 Example GCxGC chromatograph 3D view.

There are many factors that can affect the quality of the sepavathin the

primary and secondary phase and column sets are chosen to give the best possible
separations and resolution. The length of the secondary phase in GCxGC will affect
the retention time within the second dimension however it can also afect th
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retention times within the primary dimension. With increasing length of the
secondary column, while holding the same flow rate and temperature gradient, the
primary retention time will increase. This could be related to the linear velocity of
the carrer gas in the first dimension (Adam et al, 2007). This difference in behavior
in the first dimension with increasing secondary column length will also have a
further knock on affect on the separations within the second dimension. This is due
to the facthat the increase in retention time within the primary column will mean
that the secondary column temperature may be different for a given analyte as it
elutes later in the temperature program (Adam et al, 2007).

GCxGC separation has the advantage traglitional GC analysis that is it able to
resolve previously unresolved complex mixtures (UCM), often referred to as a big
OhumpO in GC (Tran et al, 2010). Because UCMs are believed to consist of many
thousands of compounds tradition S does not prade sufficient resolution

leaving most UCM hydrocarbons unidentified. GCxGC allows for the separation of
these thousands of compounds and can dramatically increase the number of
compounds that can be identified.

The timeof-flight mass spectrometefQFMS) gives structural information and
provides clean spectra even within partiallyatoting peaks through mass spectral
de-convolution. The high quality of spectra achieved by TOFMS is due to the high
acquisition rate of the detector, which can gdaip00 spectra/s. When using the

Leco TORMS there are several important considerations when interpreting the
spectra obtained. The similarity number given by the software of above 800 usually
indicates that an acquired mass spectrum shows a goodwititche library search

(Lu et at, 2003). A probability value of above 9000 means that the mass spectrum is
unique and the identification based on mass spectra is logical. It is important to
remember that isomers have similar mass spectra and thie@atlgpmportant

when considering such as complex mixture of organics as coal tar. For large
molecular weight compounds, and longer chain compounds, that have low intensity
(or non detectable) molecular ions the wrong structural information will be,given

according to the peak table, even if the similarity value is high (Lu X. et al, 2003).
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The sensitivity of a detector to different mass ranges also influences the analysis for
example Leco systems gives poorer quality spectral data for heavier ibres wit

sharp decrease in ion intensity (Jover et al, 2005). This decrease is likely down to
the tuning of the mass spec as the Leco system was initially designed for analysis of
low molecular weight volatile compounds and this could inaccurate compound
identfication since heavier ions are usually more selective and allow for the
identification of the molecular ion (Jover et al, 2005). Jover et al. 2005 gives the
example of cholesterol with the m/z of 368 being three times lower than expected
(compared to ta NIST library) and m/z 458 (molecular mass) four times lower. The
Leco model used by Jover et al. 2005 waslderPegasus Il whereas the setup used
by McGregor et al. 2011, and for the data present in this PhD thesisgugea

Pegasus 4D. This magltess of an issue on the 4D system, however it is still an
important factor to note.

2.2 Compounds of interest

There are many different potential groups of compounds of interest found within coal
tar. Since coal tar is such a complex mix of organetiaarganic compounds they

can often consist of tens of thousands of different organic compounds from different
chemical classes. Several of these classes are of interest from both a remediation and
a toxicological viewpoint. There is also the possiitift organic molecules from

biological activity within the coal tar as it is slowly weathever time.

2.2.1 Polycyclic Aromatic Hydrocarbons(PAHS)

N ooon

Pyrene Benzo[a]pyrene Naphthalene Fluorene

Polycyclic aomatic hydrocarbons (PAHs) form an important group of compounds

that have been exisively studied as they persist within the environment and can
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form a threat to human health and the environment. PAH consist of fused aromatic
rings with biochemical persistence arising from dense cloubsetg#ctrons on both
sides of the ring structu(® ang et al, 2012). The toxicity of PAHs can vary greatly
with the number of fused rings. For example, the 4 andgpPAHS have a strong
tendency to be carcinogenic and/or mutagenic, while PAHOs composed of 6 or more
rings have substantial mutagenyah human cells (Yu et al, 1998A carcinogenic

compound is a compound that has the potential to cause cancer, whereas a mutagenic

compound is a compound that induces or increases the frequency of mutation of an
organism, usually through DNA damagghe EPA specifies 16 priority parent

PAHSs to be of concern and these are usually the main focus of research into PAHS,
although there are many more different possible PAHs of interest the EPA 16 is
considered to be the dominant list of PAHs of interest. @wm PAHOs have been
added to the list from the EU REACH regulations (EC 1272/2013) that do not appear
on the original EPAIst, benzo[j]flouranthene and benzo[gipne, to create a list of
18 parent PAHOs of interest. The US agency for toxic substantdsease
registry combines the EPA priority list and the EU REACH lists to create the 18
PAHOs list often cited within the literature.

The PAH composition of coal tars can vary greatly depending on the production
process used to produce the tar, ab agevarious other factors previoysl

mentioned. For example, thaphthalene content of VR tars is very low making up
between 0 and 3% of the total tar (Forsdike, 1952). This haatase in HR or CO
tars were aphthalene can be found to represéatahd 5% respectively of the total
composition of the tar (Forsdike, 1952). The yields of other PAHSs such as
anthracene and phenanthrene also follow the same general trend (Forsdike, 1952).

PAHs can come from either pyrolytic, petrogenic or biogeniccas. PAHSs are
introduced into the environment through contamination by crude oils, coal and coal
tar or various refinery products. They can also occur naturally and are derived from
biogenic precursors like terpenes, pigments and steroids (Budziadkie7).

The distribution of PAHs found in sediments can give information on the precursor
sources and a multitude of diagnostic ratios relatngAHs exist. The ratios of
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phenanthrene to anthracene and flouranthengrémp can be used to distingh

between sawces of PAH contamination. Adipnanthrene is the most thermally

stable triaromatic isomer it is much harder to break down at high temperature. This
means that a P/A ratio of >10 mainly comes from petrogenic sources whereas a P/A
ratio d <10 is predominantly pyrolytic in nature (Budzinski et al, 1997). Borderline
values can be less precise in determining source and lower ratios of P/A <15 are
related to incomplete combustion of organic matter like coals, fuel or crude oils
(Budzinski @ al, 1997). A flourantheneffene ratios of >1 shows that PAHs are
pyrolytic in origin, namely from the combustion of coal although this only applies to
European and American coals as Australian coals have bemhttmtavour the
production of grene (Fuo/Pyr between 0.3 and 0.7). rBge can also predominate
over fouranthene in urban atmospheric aerosols (Budzinski et al, 1997).

Several other PAH ratios can be used to differentiate pyrogenic anderatr
contamination including anthracene/(antaae + phenanthrene),
fluoranthene/(fluoranthene + pyrene) and benzo[a]anthracene/(benzo[a]anthracene +
chrysene) (McGregor et &2011). The ratio of flouranthene tgrpne (Flt/Pyr) in
pyrogenic substances correlates to the temperature of formaticer € atb, 2006).

FMGP operating the relatively lotemperature carbureted water gas process have a
FIt/Pyr ratio that typically range from about 0.6 to 0.8. In contrast this ranges from
about 1.0 to 1.4 or higher in coke oven tars and other pyrogeteciahgenerated at
relatively high temperature (Saber et al, 2006).

2.2.2 Alkylated Poly Aromatic Hydrocarbons (Alkyl-PAHOS)

CH, ‘ ‘
CH

CH, ) CH,

Methyl Naphthalene Dimethyl Naphthalene Methyl Pyrene

Alkylated PAHs form an important group of compounds that are often ignored in
environmental analysis due tdfdiulties in accurate measurement. The EPA has
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created a list of 16 groups of prominent C1 to C4 alkyl PAHs derivatives and
combined that with the 18 parent PAHOs to create tballsd 34 EPA PAHs (Arp

et al, 2011). Alkylated PAHs can serve as useflicators for petroleum, coal tar

and creosote weathering in the environment. Investigators can use alkyl PAHs to
study PAH transport and migration pathways as well as the rate the pollutants
degrade (Zeigler and Robbat, 2012). The ratio of alky2d@aly and 3ring PAHsS

to 4-ring and 5ring PAHs can be used to suggest the extent source materials have
weathered in the environment and whether it is likely the remaining compounds will
evaporate, dissolve, or degrade due to the environmental cond#igker and

Robbat, 2012). Parent PAHOs degrade faster in the environment than their alkylated
homologues therefore weather pyrogenic samples will generally have a characteristic
PAH pattern of CO <C1 <C2 <C3, while parent PAHOs are dominant in fresh
pyrogenic samples (McGregor et al, 2012).

Alkyl PAHs have a large number of possible isomers with alkyl naphthalenes having
the lowest possible number of isomers compared to the higher molecular weight
PAHs. One important point of note is that due todtxelution of the alkyl PAHSs in

GC the EPA34 PAH method actually represents several hundred individual alkylated
PAH compounds (Hawthrone et al, 2006). The use of GCxGC allows for the
separation of alkylated PAHs with McGregor et al. 2011 reportingegbaration of

12 C2 alkyl naphthalenes into 10 peaks and only 2 pairs of alkyl naphthalenes still
co-eluting. The type of column setup used in the GCxGC method is important with
normal phase column setups only sepiaged out of a possible 34 @&phthalee

isomers and4 of the 112 possible Gdaphthalene isomers, while reserved phase
columns setups separate 141@&Hhthalene and 20 @¥phthalene peaks within the
same DNAPL (McGregor et al, 2011).

Alkylated PAHs have been shown to contribute substaptalthe toxicity of PAH
mixtures, in some cases accounting for 80% of the toxic burden (Zeigler and Robbat,
2012). In crude oil parent PAHOs only make up roughly 1% of the total toxic burden
with alkyl PAHs making up 99% (Hawthorne et al, 2006). In Bientrganisms

affected by crude oil contamination only 1.4% of the TU (Toxic units available to

&8



Chapter 2 Literature Review

benthic organism) is made up of the parent PAHs and the remaining 98.6% is made
up by alkyl PAHs (Hawthorne et al, 2006). Historical studies, and many modern
studies, focus only on the 18 (or 16) parent PAHOs and this means that the risks
associated with crude oil contaminated sites may be been greatly underestimated. In
diesel fuel contaminated sites the parent PAHs account for 2.2% of the composition
and 2.7%of the TU. In contrast the PAHs in pyrogenic FMGP samples account for
35 to 42% of the total PAH concentrations and TU (Hawthorne et al, 2006), although
this will vary depending on the type of coal tar and the processes that produced it.

Hawthrone etl. 2006 give an example of FMGP site contaminated with PAHOs.
Using the EPA priority PAH method the estimate would be fairly reasonable and
would estimate 350mg/kg of PAHs versus the true value of 1000mg/kg. However in
a site contaminated with the safaeel of oil or diesel the reported value would be

10 to 20mg/kg rather than the true value of 1000mg/kg. These results support the
idea that using only the parent PAHs in petrolazontaminated underestimates the
ecological risks due to the reliance oAHPdata based only on the US EPA 16

priority pollutants PAHs (Barron and Holder, 2003). It also suggests that the risk
from FMGP sites has also been underestimated in the past although not to the same
degree that crude oil contaminated sites have. Taysapply to a greater degree in
CWG and oHgas tar contaminated sites as the tar produced by these processes
comes from the petroleum feedstock used rather than coal.

2.2.3 Heterocyclic compounds

A heterocyclic compound is a compound that has at teasdifferent elements as
members of its ringed structure. Of particular interest in samples of coal tar, or coal
tar contaminad soils, are those containing oxygen (PAOH), sulphur (PASH) and
nitrogen (PANH). The O, S and N heterocycles in tar are géneletermined by

the sulphur, oxygen and nitrogen content of the coal carbonized (McNeil, 1952)
although with some temperatutlependent alteration (Gaucheltimdsay et al,

2012).
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Historically these compounds were considered major components ofntperature

coal tars, like those produced in Germany (Birak and Miller, 2009). However, these
compounds have also been detected in US coal tars andgaattars, although at
concentrations one to two orders of magnitude lower than naphthalene (Birak and
Miller, 2009). Heterocyclic compounds are difficult to determine analytically
(Johansen et al, 1996) however there is much published literature attempting to
refine identification and quantification of heterocyclic compounds. Heterocyclic
compounds carehch into water and contaminate both groundwater and drinking
water (Zamfirescu and Grathwohl, 2001). Unlike MAHOs and PAHOs heterocyclic
compounds do not appear to have any trends in concentration related to the degree of
weathering (Birak and Miller, ZI¥). Heterocyclic compounds with more than a
single norcarbon element within the aromatic ring have previously been reported in
coal tar derived materials. For example thiencf@ridine has been previously
reported in anthracene oil (Burchill et 4§82) and azadibenzothiophenes have been
previously reported in anthracene oil (Burchill et al, 1982) and solvent refined coal
heavy distillate SRCII (Nishioka et al, 1985)

2.2.3.1 Oxygen containing PAH$PAOH)

o o

/ PSS

benzofuran Dibenzofuran
Phenolics (see OIRAHSs) form the major group of oxygen containing compounds in
coal tar and brown coal derived liquids, of which the alkyl phenols are dominant (Shi
et al, 2010). Other oxygen containing compounds have been found including
tetralinol, indanol, hexahydroflourenol, flourenbl/droxybiphenyl and
dihydroxybenzene (Shi et &010). Benzofuran andlsenzofuran are two important
oxygen containing PAHSs that are derived from coal tar and are important biomarkers
for coal tar contamination. Oxygen containing compounds can he toxtagenic
and carcinogenic and are more mobile within the environment than their parent
PAHSs due to their increases solubility in water. This makes them of special concern
in ground water as they can leach out for coal tar plumes and contaminategdrinki

water.
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In terms of the composition of the oxygen containing compounds in coal tars 45% of
oxygen in brown coal tars and 80% in bituminous coal tars occurs as reactive groups,
such as carboxyl groups (Surgala and Sliwka, 1994). This sudgasibsdwn coal

derived coal tars are like to have more heterocyclic oxygen containing PAH (Oxy
PAHS) than bituminous coal tars. Carbureted water gas tars are generally low in
oxygencontaining compounds (Saber et al, 2006). The ratio of dibenzofuran to
fluorene (D/F) in carbureted water gas residue ranges from less than 0.1 to 0.4, while
the ratio in coal tars ranges from about 0.4 to more than 1.0 (Saber et al, 2006).

2.2.3.2 Poly aromatic Sulphur hydrocarbons(PASHSs)

ARV

Benzothiophene Dibenzothiophene
The sulphur content whin coal is present either as inorganic compounds, such as
pyrite and sulphides or org@& sulphur compounds, such as poly aromatic sulphur
hydrocarbons (PASHs). The organic Sulphur content (OSC) of coal is determined
by the original organic matter thairined the coal deposits and takes the form of
aliphatic and aromatic thiols, sulphides, disulphides and heterocyclic combinations
of thiophenes and dibenzothiophenes (Diez et al, 1994). Due to the low
concentration of organic Sulphur compounds and thetiey ceelute with PAHs
the identification usually requires either a fractionation or isolation step (Andersson
and Schmid, 1995). The use of GCxGC can overcome the need for a fractionation

step as the PASHs and PAHs will separate in thdithension.

The occurrence of PASHSs (also known as thiaarenes) in environmental samples and
fossil fuels as well as their mutagenic and carcinogenic potential has been reported
(MSssner et al, 1999). PASHSs exist in an even greater variety of structures compared
to PAHs due to the presence ofghur therefore the number of isomers and

alkylated isomers can be extremely high and quantitation and identification of
individual PASHs isomers in environmental samples can be difficult (MSssner et al,
1999). In general these of DB17MS 50% phenyl methypolysiloxane phase gives
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better separations for PASH isomers than a 5%bDE (MSssner et al, 1999) this
suggests that reversed phase column setups may provide better horizontal separation
of PASHSs over normal phase setusidzikur et al(2012 studied the mutagenic
properties of two aryl thiophenes on Salmonella. Out of the compounds tested only
2,4-diphenylthiophene showed little mutagenic effect with 3,6
dimetoxyphenanthro[9, 16]thiophene showing no mutagenic potency.

Many thiaarenes have been shown to be mutagenic and the level of mutagenicity
varies between different compounds. Among thign@ containing thiaarenes only
naphtha[l,2b]thiophene has been shown to be mutagenic (Jacob, 1990) and-methyl
substitutionin the inactive dibenzothiophenes does not alter their mutagenic activity.
Among the 4ring containing thiaarenes various actively mutagenic compounds have
been found with the most mutagenic being phenanthraffBidophene. The

isomeric phenanthro[4-B8]thiophene exhibits only a low activity in TA 100

indicating that the position of the Sulphur plays a key role in the biological effect
(Jacob, 1990). Benzo[2,3]phenanthrofdcil]thiophene has been shown to be an
extremely powerful mutagen, which is evatronger than that of benzo[a]pyrene to
which it is the homocylic isoster (Jacob, 1990). As well as being mutagenic many
thiaarenes also have carcinogenic properties.

Williams. (2013 studied thecomparison of the metabolism of highly mutagenic
phenanthro[3,4]thiophene (P[3,4]T) and its weakly mutagenic carbon analogue,
benzo[c]phenanthrene (B[c]P). Metabolism studies were conducted using liver
microsomes from induced rats,-induced rats, as well as lung microsomes from
smokers and neamokes. While all of the microsomes metabolized B[c]P to ring
oxidation products (predominantly-kegion B[c]P 5,&diol), P[3,4b]T is

metabolized to both ring oxidation products (predominantly beimzpP[3,4b]T
8,9-diol) and Soxidation products (predomindy P[3,4b]T sulfone). P[3,4]T is a
more potent mutagen than its homocyclic analog B[c]P. Previous studies have shown
that, like many carcinogenic PAHs, BJ[c]P is metabolically activated to B[c}P 3,4
diol to produce mutagenic and carcinogenic effectseRt studies with P[3M]T,
have shown that, in contrast to PR 8,9-diol, a corresponding sulfur analog of
B[c]P 3,4diol, P[3,4b]T-sulfone exhibited significantly higher mutagenic activity

&*
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compared to P[3;8]T. This earlier finding along with ghpresent study, lends

support to the hypothesis that unlike B[c]P, P{B]& exhibits its mutagenic and
possibly carcinogenic activity predominantly via sulfoxidation pathway. This means
that the study of the metabolic products of PASH metabolism arenapeortant

compounds of interest from both an environmental and human health viewpoint.

2.2.3.3 Poly aomatic Nitrogen Hydrocarbons (PANHS)

H
N

oD o

Carbazole Indole
Nitrogen is present in all fossil fuels and is associated almost exclusively with the
organic portion oftie crude material (Burchill et al, 1983). It usually makes up
around 0.5% of crude petroleum but is found in higher concentratie2ts)in
shale oils and coal (Burchill et al, 1983). The toxicity of aromatic compounds
greatly depends on the structared number of fused rings. Several studies have
found that nitrogeftontaining substituents, such as nitiad amine functional
groups can enhance toxicity by up to 40@ (Yu et al, 1999). This means that
even though the nitrogen content of thegpiicoal may be low the possible health
effects from nitrogen containing polycyclic aromatic compounds (PANH) cannot be
ignored.

The use of GCxGC dramatically improves the separation of PANHs with the
implementation of a polar secondary columithviree electron pairs (Adam et al,

2007). Traditional GC suffers from a lack of resolution of PANHs leading-to co
elution of basic and neutral nitrogen compounds that cannot be resolved by MS alone
(Adam et al, 2007). For example indole and quinati:elute and fragment into the
same ions. The second dimension in GCxGC allows for the separation of these
compounds. Another way to separate the neutral and basic compounds prior to
analysis is the use of a neutlalsic liquid liquid separation. Whehis is carried out

the aniline and quinolone derivatives are separated into the basic fraction whereas
indole and carbazole derivatives go into the neutral fraction (Adam et al, 2009).

&+
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The mechanisms affecting the structures of nitrogen containmgaands during
pyrolysis is poorly understood (Yu et al, 1999). Nitrogen containing compounds are
devolatilized from coals during primary pyrolysis and will be contained within the
coal tar. During secondary pyrolysis nitrogen content in coal tardsmanradergo
secondary reactions including: conversion of tar into soot, expulsion of non
condensable gases (such as HCN) and structural rearrangements among the
condensable organic products (Yu et al, 1999). During the condensed phase benzene
and naphthane are more stable than their esponding heterocyclic PANHOs
(pyridine and quinolone), while in the vapour phase PANHs appear to be slightly
more stable (Johns et al, 1962). PANHs are highly stable relative to neutral PAHOs
and can persist through s#e thermal conditions and so are possible compounds of
toxicological interest (Yu et al, 1999).

While in general PANH compounds are present in lower concentrations than their
nonsubstituted PAFanalogues their higher water solubility leads to a higher
bioavailability and potential toxic effects (Neuwoehner et al, 2000%9.toxicity of
dimethyl quinolines can span over two orders of magnitude and is affected by the
relative position of the nitrogen within the ring as well as the relative positions of th
methyl groups to the nitrogen (Birkholz et al, 1990). For example compounds with a
methyl group at the 2 position (and another group at 4, 6, 7 or 8 positions) show the
lowest toxicity among the range of toxicities for isomers involving other positions
(Birkholz et al, 1990). This suggests that the methyl group adjacent to the ring

nitrogen reduces the toxic effect.

Microbial degradation of quinoline compounds results in the formation of stable
hydroxylated compounds and this leads to detoxificatimhaadecrease in

genotoxicity and mutagenicity, although the ecotoxic affects of these metabolites are
still relevant from an environmental risk perspective (Neuwoehner 20@9).

Acridine, aniline and gjnoline all have toxic and teratogenic effedtsuficiently

low concentrations to make them potential environmental hazards (Davis et al, 1981).
The environmental impacts of these compounds may be greater than their reported
LC50 values because of sub lethal effects such as decreased growth rate/tha

&1
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render surviving organisms incapable of coping with environmental stress (Davis et
al, 1981).

2.2.4 Hydroxy Poly aromatic hydrocarbong OH-PAHS)

H,C
OH OH OH
Phenol m-Cresol Naphthalen-1-ol

Oxygen containing compounds form an important diagnostic component within coal
and of particlar interest are the hydroxyand dihydroxy PAHOs. Ether linkages in
coal can be readily broken under pyrolytic conditions and break down into phenolic
fragments. These phenolic fragments undergo secondary reactions producing a
range of chemicals froAHOs, cyclic alkanes, furans, ketones and other phenolic
species (Gauchotieindsay et al, 2012). The chemical composition of the coal, the
temperature of pyrolysis, the shape and type of retort, catalysis by retort surfaces and
inorganic coal componenaffect the reaction rates and mechanisms (Gauehotte
lindsay et al, 2012). The production of phenols and alkylphenols is significantly
different between vertical and horizontal retort types (McGregor et al, 2012). This
means that OHPAHs may form an iportant group of analytes that can be used to
potentially determine the retort type used to produce the tar. The analysis of OH
PAHOs by GBS or GCXGGTOFMS is enhanced by the use of silylation in order

to improve limits of detection and chromatograpteparations.

High phenolic content is a major characteristic of Low temperature coal taP€}650
and Medium temperature coal tars (8D{{Shi et al, 2012). Phenolics with21
aromatic rings, including phenols, indanols, fluorenols, and phenyl phenas h

been reported as major oxygen containing compounds in coal tar and brown coal
derivedliquids (Shi et al. 2012). The aromatic hydrocarbons in coal tar appear to
have corresponding phenolic compounds with the same carbon skeleton (Shi et al,
2012). Sirgyala & Sliwka et al. 1994 found that phenolic oxygen accounted for 68
71% of the total oxygen in bituminous coal oils ane33% in brown coal oils. No

&-
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difference was found for oil components from Australian coal tars with
subbituminous coal containiry-76% of their oxygen as hydroxyl groups compared
to 57% and 75% in oils from Yallourn and Loy Yang brown coals respectively
(Surgyala and Sliwka, 1994). This means that the type of feedstock coal used will
also affect the overall composition of the gey containing compounds in the
product tar.

Hydroxy PAHs can also be formed by biological activity from the metabolism of
parent PAHs and this will have relevance to not only human health but also the wider
environment. Following PAH exposure in huntha PAHSs are first oxidized in

phase | metabolism by P450 enzymes and then reduced or hydrolyzed to
hydroxylated metabolites (Campo et al, 2008). In phase Il metabolism, the hydroxyl
PAHSs are reacted to form glucoronate and sulphate conjugates tata@itretion
through urine or faeces (Campo et al, 2008). Urinanydroxypyrene, a metabolite

of Pyrene, has been proposed as a biomarker of PAH exposure (Jongeneelen et al,
1988). However, since multiple exposures to different PAHs continuouslysoccur
measurement of a wide range of hydroxylated parent PAH metabolites is required.
Most studies report th@multaneous quantification of pyrene, naphthalene and
phenanthrene metabolites, which very few studies report quantification of
metabolites of otr compounds such as fluorenkidranthene, chryserssnd
benzo[a]yrene (Campo et al, 2008).

Flouranthene is of particular interest in marine environments as it is one of the most
abundant PAHSs in marine sediments (Palmqvist, 2003). It has been shosvn to

highly toxic to marine invertebrates (Swartz et al, 1990) and is as potent a mutagen
as the gtensively studied PAH benzo[ajene. Fish are usually exposed to parent
PAHs from contaminated sediments and bio transform PAHSs to hydrophilic
metabolitesn the liver, using an active oxidative enzymatic system (Johnson

Restrepo et al, 2008). Therefore parent PAHs are not often found in fish and so
analysis of hydroxylated metabolites of PAHSs in fish bile is a more appropriate
approach to understanding thekposure to PAHs (Da Silva et al, 2006). Although

the parent PAHOs themselves may not be actively carcinogenic their metabolites may
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be carcinogenic. In fact metabolites of PAHs found in benthic fish are strongly
associated with hepatic lesions anetimeoplasm (JohnsdRestrepo et al, 2008).
JohnsorRestrepo et al. 2008 was able to identify and quantifyF@H metabolites
in fish bile and the concentration of the @AHs correlated with the extent of PAH
contamination within the sediments from tlaenpling location.

Hydroxylated PAHSs, such ashlydroxy pyrene can also be used as a

biomarkers to evaluate human exposure to PAHs and potential toxicity. This is
important as the presence of carcinogenic PAHs in the environment poses a potential
risk to human health (Wang, X et al, 2012). Several parent PAHs are metabolized to
active and potent carcinogens and there is also evidence from bacteria to humans that
indicates that PAH metabolites can be considerably more genotoxic than the
untransformed pant compounds from which they are derived (Wang, X. et al,

2012).

In cases of sites contaminated by coal tar there are two main exposure routes relating
to hydroxylated PAHs. The first is primary exposure from hydroxylated PAHs
present within the coaar itself or contaminated ground water. Hydroxylated PAHs
are much more soluble than their corresponding parent PAH and are more likely to
leach into ground water, for example phenol has a water solubility of 91.7 g per kg
H,O at 25C whereas énzene haa water solubility of 1.83 g per kg8 at 36C

(Haynes et al, 2015). This could increase the potential for exposure to hydroxylated
PAHSs in ground water from sites contaminated with coal tar. The increased
solubility will make the hydroxylated PAHs neenvironmentally mobile than their
corresponding parent PAH. The second exposure route would be exposure to the
parent PAHs themselves and so metabolism to hydroxylated PAHs within the body.

Bacterial degradation of PAHs can also lead to the gearratihydroxylated PAHs
by cometabolism. Cenmetabolism is an important process that transforms non
growth substrate PAHS, in the presence of a suitable growth substrate, to their
hydroxylated metabolites. Guetabolic degradation of recalcitrant highleoular
weight PAHs combined with the degradation of readily utilized PAHs has been

‘%
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reported (Zhong et al, 2007). Themetabolic degradation rates of PAHs are

linked to the consumption of growth substrate. The availability of a suitable growth
substrge will limit the potential for PAH degradation by-oceetabolism. Within

heavily coal tar contaminated soil microbial breakdown of PAHSs is unlikely as
suitable growth substrate is likely to be limited (and other components of the coal tar
are likely to irhibit microbial growth). Metabolism of PAHs may be possible around
the boundary of the coal tar plume and any of the PAHs that are dispersed into the

environment.

The toxicity of phenolic compounds varies greatly for exampieegol is the most

toxic cresol isomer with a 5 to 10 fold higher concentrationafesol or mcresol

being required to observe the same degree of toxicitycoégol (Thompson et al,

1994). pCresol has the lowest water solubility of the cresol isomers, however due to
itOssignificantly higher toxicity it is still the highest risk cresol isomer that may
contaminated groundwater.-Gtesol and phenol have the ability to change bacterial
membrane lipid structure, increasing the degree of saturation of the lipids, as the
phenos alter the cell membrane permeability and increase their fluidity (Keweloh et
al, 1991).

The environmental effects of the 3 cresol isomers do not only extend to their direct
toxicity. Low concentrations of-oresol can increase the carcinogenicity of
benz(a)pyrene, whereas high concentrations can inhibit the carcinogenic effect
(Yanysheva et al, 1993).-@resol can be utilized by bacteria as a sole energy source
(Yu and Loh, 2002) and the presence -af@sol can inhibit the degradation of
carbazole wi incomplete degradation of carbazole -&r@sol concentrations above
20mg/L and complete removal of carbazole can only occur witeesol

concentrations are below 10mg/L (Yu and Loh, 2002). When the concentration of p
cresol is higher than 120mg/L cadwle degradation is completely inhibited (Yu and
Loh, 2002). This means that the concentrationsagpol within a tar may be
important for the potential biodegradation of the taiCrpsol also inhibits the

degradation of phenanthrene (Millete etl®195) and phenol (Kar et al, 1997).
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2.2.5 Other compounds of interest
2.2.5.1n-Alkanes

PO PP

Phytane

PP PSP N

Pristane

P N P NP NP\

Hexadecane
n-Alkane distributions can give a large amount of diagnostic information from
environmental samples. Two different indexes are of particular imgertan coal
tar analysis. The High molecular weight versus low molecular weight HMW:LMW
index and the carbon preference index (CPI) can tell you what the sourcenof the
alkanes within a sample is. Samples that are dominated by longneli&emes with
a strong odd over even predominance and a CPI index much higher than 5 are
characteristic of higher plant signatures (Faure et al, 2006). The C27 and C29
alkanes are the dominamalkanes found within higher plantse. vascular plants)
The C23n-alkane is indicative of lower plan{se. nonrvascular plants) Coal tam-
alkane distributions are dominated by short cimaatkanes between the range C15
and C23 with C1#C19 dominating. Coal samples will demonstrate a much wider
range of ralkanes fron C14 to C30 with a downward trend that has no clear
dominantn-alkane. The CPI of coal particles in the Faure et al. 2006 study was
found to be between 1.1 and 1.3. Benhabib et al. 2010 found thaatkenes in
the C25C35 range presented a CPI1 d12,.which is commonly assigned to organic
matter coming from higher plants and this is consistent with the origin of the coal tar

analysed.
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2.2.5.2 Hopanes

C30 Hopane

Hopanes are a bacterial membrane biomarker that serve a similar function in bacteria
tha sterols perform in eukaryotes. Hopanes are useful for not only telling you about
modern day bacterial activity but can also give you information about the thermal

maturity of the parent coal.

The 18 (H)-22,29,36trisnorhopane/(18H)-22,29,30 trisnahopane + 17(H)-
22,29,36trisnorhopane) ratio can be used as a diagnostic ratio to establish the
maturity of a sample. Hopane distributions in soils are characteristic of mature fossil
organic matter as indicated by the low abundance of less stable qusmuch as
moretanes and systematic {gl@minance of 22fhomohopanes over 22S
homohopanes (Faure et al, 2006). Differences of maturity can be observed among
samples mainly based on the relative abundance"¢H)-822,29,306trisnorhopane

(Ts) with a higler relative thermal stability over 1{H)-22,29,36trisnorhopane

(Tm) and on the presence or the absence of the thermally staie-B8-
norneohopane (1&29). These differences can be ascribed to the relative proportion
of coal and coal tar, which digyl different hopane fingerprints when analyzed
separatelyCoal tar displays a more mature hopane fingerprint than coal. This can be
explained by the fact that coal tar is produced by the destructive distillation of
bituminous coal involving a thermal ckaeg of coal. (Faure et al, 2006). Hopane
distributions may also give important information about active microbial activity

within coal tar if hopanes that are fresh/thermally immature are detected.
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2.2.5.3 Fatty Acids
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Fatty aids are an important lipid class which are essential parts of most living cells
and cellular fluids (Jover et al, 2005). Fatty acids present a complex chemical class,
with varying chain length and number of double bonds. In order to analyse fatty
acidsit is preferable talerivatiz them. This can be done with either BSTFA to add

a trimethyl silyl group or with BF3 Methanol to change the fatty acids into fatty acid
methyl esters (FAMESs). Due to the complexity of coal tar a rstép separation of

fatty acids may be required prior to analysis. Fatty acids may be an important
biomarker for biological activity within FMGP coal tar samples as they are unlikely
to survive the production process as they decompose at high temperature (Shi et al,
2010) and sshould only be present due to recent biological activity.

2.2.6 Microbial activity and coal tar

Most research on microbial activity in relation to coal tars focuses on the use of
aerobic bacteria for bio treatment and remediation of coal tar coatiad soils.

The limiting factor of biodegradation of DNAPL from coal tar seems to be that PAH
phase partitioning and/or sorption limits the rate and extent of microbial degradation
processes (Roy et al, 2000). Experimental ex situ studies of bioltrgiatthent of
PAHOs in liquid cultures and solid matrices associated with FMGP site soils have
indicated a range of-@ ring PAHOs may biodegrade when present in aqueous
solution, but removal from a soHdAPL matrix is less predictable and generally

will be much less efficient (Roy et al, 2000). This can make the bio treatment of coal

tar plumes irSitu problematic.
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The rate at which PAHs are removed by bio treatment is more limited by mass
transfer (RaoultOs law) than the explicit aqughase biodgradation kinetics. In

such laboratory tests freshly added PAHOs degrade readily showing that toxicity is
not the limiting factor (Roy et al, 2000). As toxicity is not a limiting factor in aerobic
microbial breakdown of PAHSs it is unlikely to be for ar@®c bacterial breakdown
and available substrate is also likely to be the limiting factor.

Bacterial metabolism of PASHOs has been demonstrated under laboratory conditions
(Satftic et al, 1992) with diones, sulfodixed and sulfones having bdesmeed as

bacterial transformation products of thiophenes. There have been several reports of
the aerobic canetabolism of benzothiophene (Saftic et al, 1992). The

transformation products show oxidation of the thiophene ring at different positions,
butnot cleavage of either aromatic ring (Saftic et al, 1992). Bacterial metabolism of
PASHOs within fresh coal tar samples is unlikely due the anaerobic conditions and
the overall composition of coal tar being a very hostile environment for bacteria,
althoudh bacterial degradation of PAHOs can take place under aerobic conditions
were toxicity is not the limiting factor (Roy et al, 2000). The main limiting factor is,
as with PAHs, available substrate and the coal tar itself may not have the correct

substratdo allow for the cemetabolic breakdown of PASHS.

Fluorenone is another compound, which has been previously reported in coal tar
(Benhabib et al, 2010), which may be produced by bacterial metabolism, although it
may also be present within tar as a restithe production process. Fluorenone can
also be produced by oxidation of fluorene (Korfmacher et al, 1980). Fluorenone can
also be produced by the bacterial metabolism of fluorene (Grifoll et al, 1992) and
fluoranthene (Kelley et al, 1993). Eriksseinal, (2000 reported increased
concentrations of both fluorenone and cyclopenta[def]phenanthrenone within soils
contaminated by creosote, a coal tar distillate. Wischmann and Ste{hB8i,also
reported increasing concentrations of fluorenone abd&nthracenedione during

the degradation of a coal oil in soil. The detection of these compounds with a tar

may be possible indicators of bacterial activity, although they could also be present
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within the fresh tar prior to its release into the envirenin

2.3. Extraction

Traditional extraction techniques require long extraction times and large amounts of
sample, sorbents and organic solvents (Carro et al, 2013). The costs associated with
the purchase of large volumes of organic solvent as welasonmental concerns

have led to the development of pressurised liquid extraction (PLE) better known as
accelerated solvent extraction (ASE). ASE has the benefits of faster extraction,
using lower volumes of organic solvents that requires smaller easizgls. (Carro et

al, 2013). Accelerated solvent extraction can achieve recoveries that are comparable
to those obtained from traditional extraction methods (Wang et al, 2012). This
makes ASE an excellent choice of extraction technique for the anaflysial tar

and coal tar contaminated samples.

In ASE, the solubility of the target analytes is enhanced by the decrease in viscosity
of the solvents at high temperature, which also diminishes the matrix interactions and
increases the diffusion of tlamalytes through the matrix (Carro et al, 2013). The

use of high pressure means that the solvents are kept in the liquid phase at elevated
temperatures far above their boiling point and this allows for faster extraction. The
amount of ceextracted analgs might be greater at higher temperature, decreasing

the selectivity of extraction, whereas high temperatures might also affect thermo
labile compounds subjected to decomposition. In the context of coal tar analysis all
compounds of interest should betmally stable enough to survive the extraction

process even at temperatures up td’@50

As with other extraction techniques the main limitation of ASE is the low selectivity
toward the analytes during extraction and the fact that, depending ondhef kin
sample, many interferants such as lipids, pigments and cholesterol may be co
extracted (Nieto et al, 2008). This can be reduced by the use of silica gel within the
ASE cell and depending on the composition of the sample this may or may not be
sufficient to remove all potential interferences. McGregor et al, 2011 developed an
ASE method for the extraction of coal tar using ASE and analysis using GCxGC
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TOFMS. Fractionation using this method is not possible as-lfexane extracts all
of the organic ampounds into a single fraction even when using an extraction
temperature of 4€C (McGregor et al, 2011). Lundstedt et al, 2006 used ASE to
fractionate PAHs and PAOHSs from coal tar contaminated soils and developed a
method that allowed for the fractionati of these classes, using
cyclohexane/dichloromethane 9:1 for the first fraction and

cyclohexane/dichloromethane 1:3 for the second.

One of the important step of the method development work carried out by Lundstedt
et al, 2006 was the water contentlué silica and found the following: Several
experiments with silicgpacked extraction cells were then conducted on both the
gasworks soil and a soil spiked with different PAHs andBAys. Various
combinations of extraction solvents, extraction temperataed percentages of

water in the silica gel were tested to fitnme the separation. The choice between
activated or deactivated silica was not obvious. When activated silica was used,
stronger solvents were needed to elute the target compounds frertrtetion cell
(also seen during the screening experiments). This ensured that the target com
pounds were exhaustively extracted from the soil matrix. On the other hand, it also
released more interfering substances from the soil and increased thatrskyth

PAHs would be eluted in the fraction intended for PAHSs.

For the gasworks soil and the spiked soil, good results were obtained using a
procedure with 2% deactivated silica antexaneat 150C to extract the PAHSs,
whereas many experiments with aated silica and stronger solvents at the same
temperature resulted in a significant portion of the-BXAHSs in the PAH fraction

(data not shown). Due to its low polaritshexane may have a limited capacity to
desorb high molecular weight PAHs from comated soil matrixes (BjSrklund

et al, 2000). This suggests the use of stronger more polar solvents is preferable to
extract the PAHs. To be able to do this withouebtdating the oxyPAHs among the
PAHSs, a lower extraction temperature may be used fdirdtdraction.

The optimal method used in Lundstedt et al, 2006 employed 2% deactivated silica

and cyclohexane/ dichloromethane (9:1, v/v) aC2® extract the PAHs and
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cyclohexane/dichloromethane (1:3, v/v) at %o extract the oxfPAHSs. This

method was subjected to a subsequent validation process. The water content used for
the separation is of particular relevance to the findings in McGregor et al. 2011 were
fractionation of compounds in DNAPL could not be achievedlasxane extracted

all theorganic compounds. This may be down to the water content of the silica that
was used. In McGregor et al. 2011 the water content was 10% and this may account
for why the compounds would not fractionate as they would all go straight through
the silica in he first rhexane fraction without any separation. It could also be

related to the relative organic content of pure DNAPL compared to soil with the pure
DNAPL obtaining significantly higher concentrations of organics. These higher
concentrations, and thh@ger amount of potential interferents, may result in
compounds be extracted usindgi@xane which would ordinarily be retained on the

silica but are not due to saturation and overloading of the cleanup silica.

Machado et al. 2011 used ASE to identifyang Sulphur compounds in coal

bitumen and analysed the extracts using GCxGC. The method-hexdme then
dichloromethane as extraction solvents combined into a single fraction prior to
analysis and was compared to both supercriflaa extraction ad ultrasonic
extraction. The ASE was able to extract a wider range of PABEIsiding

thiophene, benzothiophenes, dibenzothiophenes, napthobenzothiophenes and
dibenzothiophenes (Machado et al, 2011). These results suggest ASE may be the
best extractiongchnique for extracting PASHs from Coal tar.

Soxhlet is one of the most commonly used traditional extraction techniques (Graham
et al, 2006). It was developed in the lat& &&ntury and is still used routinely in
laboratories today. Soxhlet is essalhy a reflux technique using organic solvents to
extract the organic compounds from a solid sample. However Soxhlet requires large
volumes of organic solvents and requires a very long extraction time e.g. 24 hours,
owing to slow analyte diffusion and gf@rtion from the sample matrix to the

extraction fluid (BjSrklund et al, 2000). Soxhlet also generates dirty extracts that
require clean up of the extracts and gives rise to high labour costs (BjSrklund et al,
2000). Song et al. 2002 preformed a comipagastudy of different extraction

techniques for the determination of PAHOs from contaminated soils and sediments.
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They evaluated Mechanical shaking or stirring, soxhlet extraction and ultrasonic
extraction and found that the effectiveness of the exraprocedure was only
different in highPAH-polluted samples. Graham et al. 2006 found that for isotope
analysis ASE produced results with bettepredictability over soxhlet. This
suggests that ASE may be the superior extraction technique for eneintad

samples that do not require large volumes of sample such as coal tars.

2.4.Derivatization

2.4.1 What isderivatization?

The aim of using derivatization method for GC is to improve peak symmetry,
resolution, selectivity and sensitivity of tregget analytes and improve their thermal
stabilities (Segura et al, 1998Dperivatization can increase the sensitivity of
detection of a particular compound of interest by several orders of magnitude
(Parkinson, 2012) and so allow for more compounds tdéxgified within a sample.
Thederivatiation techniques generally consist of substitution of the active hydrogen
in ENH, -COOH,-OH, orB8H using alkylation, acylation or silylation reagents
(Parkinson, 2012). Isotopically labelddrivatization reagets can also be employed
to study the fragmentation pattern of the derivative and help in structural
interpretation (Carro et al, 2013). The main requirements for a successful
derivatiation reaction are the formation of a single derivative for each comipa
straightforward and quick reaction, high and reproducible yields of derivatives and
the formation of a derivative that is stable during the period of analysis.

Thederivatiation step can take place before, combined with or after the sample
extraction and can be used for metals, nonmetals and organic analytes. Post
extractionderivatiation is by far the most common methodiefivatiation. The
application of pre extractioterivatization is limited within the literature as a

guantitative andaproduciblederivatization reaction for standards and analytes in the
sample is required (Carro et al, 2013). There is also the issue of matrix effects
interfering with thederivatization reaction this may be especially important in the
derivatiation ofcoal tars due to the extremely complicated matrix of coal tars. The
use of ASE as a OReaction chamberO has been demonstrated within several studies
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(Carro et al, 2013) however this could also be prone to complicated matrix effects
and this may make any aell derivatiation method development for coal tars
difficult. There is also an issue with the volumealefivatiation reagent used as
completederivatization requires thderivatization reagent to be present in excess
and this may be difficult to actwe with preextraction, or during extraction,
derivatiaation as the concentrations of potentiaérivatizedcompounds is

unknown. This is not an issue in pestractionderivatization as any wferivatizd
products detected within the sample run maygsst morelerivatization reagent is
required and the samples can be rerun with rdersvatization reagent added.

2.4.2 Silylation

Silylation derivatization involves the replacement of acidic or active hydrogen within
an organic compound with an algyyl group (trimethylsilylDbTMS). Silylated
derivatives are generally less polar, more volatile and have increased thermal
stability. The increased volatility enhances the chromatographic separation
properties of a compound within GC, particularlyrmmpolar stationary phases.

The order of reactivity for the acidic hydrogen is generally as follows: Alcohols >
Phenols > Carboxylic acids > Amines > Amides (Carro et al, 2013). When
combined with GC/MS silylation can greatly lower the limits of detecéind

improve the sensitivity of analysis. Silylated groups give strong ion abundance and
clear fragmentation patterns that aid with structural identification.

Silylation is a nompermanent reaction and will readily degrade in the presence of
oxygen. Silylated derivatives should be run as quickly as possible and should not be
left for more than 48 hours before analyzing as long as they have been stored in a
cold environment in sealed vials. TMS derivatives of carboxylic acids are readily
formed howeer these compounds tend to suffer from limited stability and so should
be run within 24 hours. Any replicate analysis should be run immediately after each
sample as this will reduce the chance of the TddBvatizZd compounds loosing

their TMS group.
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BSTFA is a common silylation reagent and has better silyl donor ability than
MSTFA and MTBSTFA and tends to react faster, more completely and has by
products that are usually very volatile and tend not to interfere with the resulting
spectrum (Parkinsg 2012). For this reason BSFTA is the most commonly used
derivatiation reagent. If further reactivity is required MSTFA reagent can be used,
which can still give extensive coverage of functional group reactivity similar to BSA
(N,O-bis(trimethylsilyl}acetamide) (Parkinson, 2012). The addition of TMCS to
BSTFA or MSTFA catalyzes the reaction and increases its stability allowing for thiol
groups to belerivatizd.

Wang et al. 2012 used MTBSTFA derivatizZ OHPAHOs in sediment samples due
to the sability of thetert-BDMS derivatives of OFPAHOs and the resultitegt-

BDMS derivatives producing very characteristic spectra witMEl There are few
studies published using BTSFA on coal tars and none could be found using MSTFA
or MTBSTFA. JohnsotRestrepo et al. 2008 used MSTFA for ttherivatization of
OH-PAHOs in fish bile samples to form TMISPAHs. The author does not explain
why MSTFA was chosen over BSTFA or MTBSTFA. Campo et al. 2008 evaluated
the use of three silylation agents tarivatization of several urinary monohydroxy
metabolites of PAHSs in occupationally exposed subjects. BSTFA, Trisil and Trisil Z
were all evaluated in order to access that was bedeforatization of monohydroxy
PAHs with BSTFA being found to be the bdstivaization reagent.

There is very little published literature using Silylation for the analysis of coal tar.
Shi et al. 2010 used BSTFA d¢ierivatiz dihydroxy aromatic compounds and
analysed them with GM™S, the BSTFA reaction conditions are not reporteédor

to derivatization dihydroxy benzenes were masked beledion with other
compounds such as dimethyl phenols and naphthalenegjetftetization this will

no longer be the case. Although this may not be a limitation when using GCxGC
using silykation will not only improve separations in the primary phase and reduce
the number of compounds eluting at the same time but will also improve the
secondary phase separation by reducing the polarity of the dihydroxy aromatics. Shi
et al, 2013c used BSTFAIf thederivatization of phenolic and acidic compounds
within coal tar produced by middtemperature gasification. Prior to silylation
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phenolic and ¥ing aromatic hydrocarbons showed similar orders of magnitude on
the TIC. Followingderivatization theresponse of the phenolic compounds was
greatly enhanced relative to the aromatic hydrocarbons and also give better peak
shapes. Gauchottendsay et al, 2012 published a method for thegxteaction
derivatiation of coal tars, however pextractiondeinvatization is not commonly

used due to issues with the reproducibility of results (Carro et al, 2013).

2.4.3 Alkylation

Alkylation is the replacement of an active hydrogen with an alkyl or aryl group.
Carboxylic acids, alcohols, thiols, phengdgmary and secondary amines, amides
and sulfonamides are the main functional groups that can be subject to alkylation
reactions. Alkylderivatiation adducts give better chromatograms than the
corresponding free acids (Parkinson, 2012). Alkyl derivatare very stable and the
reaction is permanent. No papers using of BF3 Methanotlas\atization reagent

for coal tars, or the use of Alkylation at all, could be found within the literature. This
could be an important gap within the literature esglgcwhen considering any
biological activity that may or may not be taking place within the coal tar.

Un-derivatizd acids are very reactive and are usually too polar to give proper GC
separations as they go through absorption and nonspecific interaucitiorise

column, causing GC peak tailing (Parkinson, 2012). The use of BF3 Methanol to
methylate fatty acids improves the sensitivity and resolution of the now fatty acid
methyl esters. The use of BF3 methanol allows fod#revatization of fatty acid
between C10 and C22 fatty acids (Parkinson, 2012). -8ham fatty acids are not
thermally stable <C8 and so do not give reproducible results when using BF3
Methanol for methylation. In the context of coal tars the fatty acids of above C10
will be of interest with the shorter chain being of little interest. The C16 and C18
Fatty acid are the two most common fatty acids in nature and can give a gauge of
biological activity within the coal tar.

Alkylation and Silylation can be used in a ddelivatization method and
compliment each other well. When using only methylation distinct tailing occurs for
the compounds containing hydroxyl groups such as-tileohols that are not
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derivatizd. When duaderivatiation is used alkylation is always gad out prior

to silylation (Jover et al, 2005). The main reason that alkylation takes place prior to
silylation is that alkylation is permanent and will only work if the fatty acids do not
have TMS groups attached, which would be the case if BSTFA seasfuist. Two

step alkylation then silylation is the most time consuming technique but in principle
gives the most rewarded results. When using GCxGC there is the added advantage
that silylation will improve the separationefalcohols, diols and Hydry-acids,

and any othederivatizd compounds, in the second dimension as their polarity is
decreased. This decrease in polarity allows for sharper separations within the
second dimension and improved overall peak shapes.

2.4.4 Acylation

Acylationis another commonly usetérivatization method in GEMS that possesses
some features of silylation, such as the creation of more polar and more volatile
derivatives (Parkinson, 2012), but does aextivatizZ most carboxylic acid.

Acylation involves the i@lacement of labile hydrogen with an acyl group and
produces thermally stable derivatives suitable for GC analysis. Acylated derivatives
can be obtained from a great variety of functional groups: alcohols, amines, amides,
thiols, phenols, enols, sulfon@ies, unsaturated compounds and aromatic rings
(Carro et al, 2013). An example of the use of Acylation for Coal tar analysis was the
use of benzene solution with triflouracetic anhydride in the presence of triethylamine
in Das et al. 1985 tderivatiz ntrogen bases in coal tar samples. The results
obtained showed that this technique is useful to the analysis of Azarenes and Amines
when followed by column separation, however the use of GCxGC may negate the
need for a column separation. The author mag lchosen to use Acylation to avoid
possible interference from carboxylic acids that would increase in response if
silylation was used, although carboxylic acids are unlikely to be a major component
of coal tar as they are unlikely to survive the productimcess.

Acylation reagents can be classified into three main groups: perflouro acid
anhydrides, flouracylimidazoles, and Realogenated groups (Parkinson, 2012).
Fluorinated anhydride derivatives of alcohols, phenols and amines are both stable
and highly volatile and can be injected onto the GC column without the need to
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remove thalerivatization reagent (Parkinson, 2012). The perflouro acidic
anhydrides can produce acidic-psoducts that must be removed from the mixture
before the derivativesan be injected into the GC as they can contaminate the
injector port (Parkinson, 2012). The flouracylimadazoles react readily with
hydroxyl groups and secondary and tertiary amines to from acyl derivatives and the
imidazole produced as a4pyoduct is elatively unreactive and will not usually need

to be removed before injection into the GC (Parkinson, 2012). The final method is
not commonly used as it decreases the volatility of the compounds and is only used
in cases were the retention time of a coombwants to be increased on the GC to
avoid interferences (Parkinson, 2012).
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3.1 Samples

DNAPLO001-006 (D2D6) samples were taken from the same site that manufactured
gas between 1836 and 1971. The site had manufactured gas from a wide range of
process from low temperature horizontal retorts, high temperature horizgotal r

and later vertical retort. D2 was taken from a borehole near a gasholder on the
southern boundary of the site. D3, D4 and D5 were taken directly from a former tar
tank on the opposite side of the site. This tar tank had been built at the san time a
the vertical retort plant had been constructed. D6 was taken from a borehole located
near to the tar tank containing samples D3, D4 and D5. All of the samples were
produced by the Vertical Retort process. D2, D3 and D6 are Sandy soil samples
heavily @ntaminated with tar. D4 and 005 are both waterlogged soils that are
heavily contaminated with tar. D1 was taken from a borehole downstream of the
same former gasholder that D2 was taken and was included within the PCA data
produced in McGregor et al.022 but was not included in the work for this PhD as

it was misplaced during the lab move.

The site initially operated simple horizontal retorts until the gasworks was
redeveloped in 1878 and expanded in 1912 to include five continuous vertical retort
beds. This was further extended in the 19200s with the addition of an additional five
continuous vertical retorts. From the early 19300s until 1952 the plant remained at
capacity, with various improvements to increase efficiency, such as the addition of
two water gas plants. The site was expanded again in 1952 with the construction of a
purification plant, additional vertical retorts and the development of a storage area

for primary flash distillate (a type of light petroleum distillate). A CWG plant and
microsimplex oil gasification plant operated on the site and so there is the potential

for traces of CWG and oil gas tar within the samples.

DNAPLOO7 (D7) was taken from a site that operated between 1856 and 1969 and
initially produced low temperatuterizontal retort gas. However, this later
switched to higher temperature horizontal retort gas and the tar sample came from

this process rather than the earlier LTHR process. The sample is in the form of pure
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DNAPL taken at the base of an undergrounshgéder tank during a remediation
project in 2009.

DNAPLOO8 (D8) was collected from a FMGP, which operated between 1856 and
1971 and may contain traces of CWG tar as the site produced CWG in the later
stages of its operation. The majority of the tar wWdwdve been produced by the HR
process and this was shown in the statistical analysis of the tars (McGregor et al.,
2012). The sample is in the form of pure DNAPL in water. The tar sample was
taken from a former 250,000 gallon tank associated with theampal retort house

and was taken from a skimmer pump, which was being used to empty the tar tanks

during a remediation process

DNAPLOQ9 (D9) was obtained from a site that ceased production in 1953, with an
unknown initial operation date, the site wagnufacturing gas using a vertical

retorts when it closed, but could also have produced horizontal retort, likely a LTHR,
or carbureted water gas. The CWG plant was commissioned in 1902, with vertical
retorts being constructed in 1913 and 1931. Statistiwaysis showed the samples

to have been derived from the LTHR process (McGregor et al., 2012). The sample is
in the form of pure DNAPL in water and was taken from inside a former tar well
during a remediation process. The sample was taken withiama gless laboratory
sample of 250ml.

DNAPLO10 (D10) was obtained from a FMGP, which operated between 1849 and
1981 and mainly operated horizontal retorts, originally using LTHR and later
switching to producers fired HR process circa 18900s. Téanmales were

collected from a circular concrete tar tank known to be associated with the later HR
process. The sample is in the form of pure DNAPL in water. The site also operated
a CWG plant so it is possible that CWG tar may also be present withsartige.

DNAPLO11 (D11) was recovered using a Low Flow from a sump present on a
former wood treatment facility, associated with a former tar distillery in the United
Kingdom. The sample is likely to be a distilled fraction of coal tar, such as a&eosot
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oil, used for the preservation of timber.

DNAPLO12 (D12) was obtained from a former gasworks that opened in 1854 and
initially operated low temperature horizontal retorts. By 1957 vertical retorts and
CWG processed were also employed on the site aathfia SEGAS plant was

located on site for the conversion of oil to gas as well as a number of different tar
tanks associated with tar distillation. The sample was taken from a borehole (6.96
mbs) close to the former CWG and SEGAS structures on theStaéstical analysis

of the sample showed that the sample was derived from the CWG process
(McGregor et al., 2012). The sample is included in the PCA and HCA analysis but

was not included in any of the work presented within this PhD thesis.

DNAPLO013 (D13) operated from 1885 until the 19700s, the site manufactured gas
using horizontal retort until 1939, taking a bulk gas supply from another source. It

did continue to maintain and use its CWG plan to supply peak demand. . The sample
of liquid NAPL was removed from a groundwater NAPL plume beneath the site by a

skimmer pump.

DNAPLO14 (D14) was taken from the same site as DNAPL017 and was taken from
an infilled former gasholder and later a tar emulsion storage tank, used for the
storage of NAPL emulsits produced by the CWG process and was present in the
form of pure DNAPL. This sample was obtained from a remediation system, which

used total fluids pumping

DNAPLO15 (D15) was taken from a site that operated between 1841 and 1961 as a
Tully gas plant, with used a combination of vertical retorts and water gas processes.
It is also believed that early horizontal retorts were also located on the site, however
the tar sample is thought to have been produced by the vertical retorts from the Tully
gas plant.The sample as obtained from a sump of tar/oil and is suspected to have
been exposed to significant weathering. The sample is included within the PCA and
HCA analysis but was not included in any of the other work presented within this
PhD thesis.
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DNAPLO16 (D16) was obtained from a FMGP which operated between 1854 and
1946 and was a typical small country town FMGP site. The site is known to have
operated hand charged directly fired horizontal retorts which would have produced a
tar with low temperatureharacteristics (LTHR), which was shown in the statistical
analysis (McGregor et al., 2012). The sample was recovered from the core barrel of

a pioneer rotary drilling rig and is in the form of a tar saturated soil.

DNAPO17 (D17) and was taken from therse site as DNAPL014 (D14) from a site
which operated from 1868 to 1976. The site operated HR, Coke ovens, CWG, gas
reforming plant and a bgroducts works. The samples were obtained from an area of
the site where both the CWG and HR had operated. D17akes from a tar tank

that would have been associated with the HR process.

DNAPLO18 (D18) and DNAPLO019 (D19) were taken from coke ovens that were still
in operation at a steelworks. Both samples were taken on the day of coke production
with D18 comingfrom an oven that has been in operation since the 19300s. D19 was
taken from a coke oven that has been in operation since the 19700s. Both samples
are in the form of pure DNAPL. The coals used in the manufacture of these tars was

a blend of up to 12 naBritish imported crushed coals.

DNAPLO20 (D20) operated from 1885 and ceased production in 1975. The site
initially used horizontal retorts until the 1920s before then operating a Vertical retort
plant and CWG plant. The coal tar sample was deffregd the VR process. The
sample is in the form of pure DNAPL. The site also operated a CWG plant so CWG

tar may be present in trace amounts.

DNAPLO21 (D21) and DNAPL022 (D22) both came from the same site, which
ceased operation in 1870. Both samplesevi@ken from the base of a gasholder,
with D21 coming from a depth of 1.8m and D22 coming from a depth of 2.3m. Both
samples are included in the PCA and HCA analysis but are not included in the other

work presented within this PhD thesis.
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DNAPLO023 (D) is thought to have been constructed between 1896 and 1915 on

the site of a former mill. The site initially operated low temperature horizontal

retorts and in 1916 continuous vertical retorts were added to boost gas production.
The site was further egpded with the addition of eight more continuous vertical

retort benches in 1938 and production ceased in 1972. A CWG plant was also added
in the 19500s so traces of CWG tar may be present within the tar. The sample was
included in the PCA and HCA anailgdut was not included in the other work

presented within this PhD thesis.

DNAPL031-039 and DNAPL040 (average) were obtained from a former un
engineered municipal landfill site in Florida US suspected of being used for the
disposal of waste from a FMGBdated within 5 miles of the landfill. The suspect
FMGP was built in 1910, as a purpose built Leyge Carbureted War Gas (CWG)

plant. In 1955 a Hasche a#forming gas plant was added, although this likely did

not produce significant quantities of.tafhe CWG plant is suspected to have used
bituminous coal as a feedstock rather than coke as this variant had been prominent in
the American gas industry following the outbreak of WW1. A total of 9 samples
(DNAPLO031-039) of perched ground water contami mixture of water and non
watersoluble waste DNAPL were collected. DNAPLO4O0 is the average of all of the

samples for the purposes of statistical analysis.

DNAPLO043 (D43) and DNAPL044 (D44) weobtained from a contaminated site in

the Nethernds and were located beside the Amersfoort railway station with the
contaminated site covering an area of roughly 15,600Fhe tar is in the form of a

dense noraqueous phase liquid (DNAPL), which was produced at a Pinstch Gas
factory that operated frod®910 to 1954. The tar was produced as a byproduct of the
Pintsch gas process using gasoil (likely diesel) and was discarded on site, at first in a
ditch and later within dug out lagoons. From the ditch and lagoons the tar could
freely sink into the subsface and pure phase tar accumulated at the bottom of an
aquifer at around @2 meters below ground surface (mbgs). The sample was taken
from a fully filtrated monitoring well (A0O10F) situation near the former lagoons. 6m
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of tar was present within thveell (6-12mbgs) at the time of sampling with the
sample obtained from the bottom of the well. As both tar samples were of the same

tar, in different bottles, only D43 was used for purposes of this PhD.

DNAPLO47 (D47) was obtained from a former gasworteslscated in central
Scotland that operated between 1824 and 1901. Due to the operational timeframe it

is likely to have operated as a Low Temperature Horizontal Retort.

DNAPLO048 (D48) was obtained from a former gasworks site located in Arnhem,
Holland. The site operated from an unknown date until the 19600s operating several
different production processes over its production lifetime. In 1923 the site
contained 16 half generator ovens with 8 horizontal retorts 3m in length and 6 full
generator chaber ovens with 6 vertical retorts of 5m in length. In 1924 8 of the
horizontal retorts were removed with the remaining 8 horizontal retorts removed in
1928. In 1932 the site was expanded with all old ovens replaced with 4 chamber
ovens which were neitheertical nor horizontal but somewhere in between. This

site history results in tar that may have been produced from horizontal retorts,

vertical retorts or chamber ovens.

DNAPLO049 (D49)bwas obtained from a former manufactured gas works located in
central Scotland. The site history for this sample is unknown and the sample is in the
form of pure DNAPL tar taken from a tar tank present on the site.

DNAPLO50 (D50) was obtained from a former manufactured gas works located in
Northern England, UK. Thsite operated between around 1855 until the 19500s. In
1855 the site consisted mainly of 4 small gas holders and a small retort house with
the site expanded in 1878 with 2 larger gas holders and a larger retort house added.
Tar and ammonia works as wael tar oil stores and sulphate stores were also added
in 1878. The site was significantly expanded in 1927 with the addition of a larger
retort house as well as several tar and liquor wells. A CWG plant and gasholder
were also added in 1927 as well asod tank and a significantly larger sulphate

store. The site was further expanded in 1938 with the addition of a coke processing
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plant and finally a Benzole plant and coke breaking plant were added in 1950. The
site mainly operated as an inclined champlant, although this was likely added in

1927 with the significant expansion that took place at this time.

3.2 Standards and Solvents

All solvents usedn-hexane, methanol andciloromethane) were of analytical
grade purchased from Fisher ScigatfLoughborough, U.K.). R-phenanthrene,
D8-naphthaleneD10-fluorene, D16fluoranthene, D1{pyrene were purchased from
SigmaAldrich (Gillingham, U.K.). Standards of phenol;qgesol, 3,5
dimethylphenol2,4,6trimethylphenal 1-naphthol,aniline, 9-phenanthrol and-1
hydoxypyrene were purchased from Sigiddrich (Gillingham, U.K.). N,O
bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane
(TMCS) was purchased from Sigmddrich (Gillingham, U.K.). Calibration
standards were ppared using a standard mixture containing all 16 USEPA RCRA
Appendix VIl Priority Pollutant gasworks PAHSs, as purchased from Thames Restek
(Saunderton Bucks, U.K.).

3.3 Extraction

Accelerated solvent extract (ASE) is a solvent extraction techniquesés high
temperatures and pressures in order to extract the organic compounds from a sample.
While traditional extraction techniques, such as soxhlet, require long extraction times
and relative large volumes of solvents ASE is capable of performingadent

extraction efficiency while using lower volumes of solvent and with a quicker
extraction time (Carro et al., 2013). This makes ASE an excellent choice of
extraction technique for the analysis of coal tar and coal tar contaminated soils.

During extraction the solubility of the target analytes is enhanced by the decrease in
viscosity of the solvents at high temperatures, which also reduces matrix interactions
and increases the diffusion of the analytes through the matrix (Carro et al., 2013).
The use of high pressure means that the solvents remaining within the liquid phase at
temperatures far above their boiling points and so allows for faster extraction. As the
temperature of extraction increases the level of analytextcacted increases
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meaning that higher temperatures decrease the selectivity of extraction. As with
other extraction techniques the main limitation of ASE is the low selectivity of the

extraction as well as the potential interferents that may {exicacted.

Extraction isperformed using an Accelerated Solvent Extraction system (ASE 350
Dionex, Camberley, UK) using 10 mL stainless steel extraction cells using the

following methods:

Approximately 0.5g of tar is mixed with equal amounts of Sodium Sulphate JaSO
and diatomeeous earth in a 1:1:1 ratio. This removes any water present within the
coal tar and results in a fine powder that can be quantifiably transferred into the
extraction cells, ensuring there was no loss of sample. Prior to loading, the samples
are spiked \th a recovery standard to calculate recovery.

The extraction cells are lined with 2 Dionex glass fibre filter papers (to ensure
unwanted particulate matter did not collect in the extract) and packed with 3g of
silica gel 60 deactivated with 380of water. The sample mixture is then loaded into
the cells and excess diatomaceous earth was added until the cell was well packed to

ensure that there is no void space.

n-Hexane is used as the extracting solvent at@%®d 10 MPa, using one dynamic
(7 min) and two static (5 min each) extractions. A flush volume of 150% and purge
time of 60 s was used. The extracts were concentrated to 1 mL using a BYchi
SyncoreAnalyst (Oldham, U.K). The extracts are then made up to exactly 10 mL
usingn-hexane. A 1 mL &juot is then transferred to an auto sampler vial prior to
analysis.D10-phenanthrene is added to the sample prior to analysis as an internal

standard.

Dichloromethane can also be used as an extracting solvent’&t 4100 10 MPa,

using one dynamic (7 m) and two static (5 min each) extractions. A flush volume
of 150% and purge time of 60 s was used. Analysis was tested using
Dichloromethane at 158G but was not used as the high temperature resulted in tar

X
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leaking from the cells within the ASE so thdraxtion temperature was lowered to
10C¢°C.

3.4 Sample Evaporation

As the samples are dissolved in a relatively large amount of solvent following
extraction sample concentration is required in order to both increase the relative
concentration of the sampdes well as ralissolving them in a known volume of

solvent. Extract concentration was performed using a BYchi Synéaralyst,

which allows for the concentrations of up to 12 samples down to a volume of around
1ml. The system operates using a hotpdaie vacuum in order to volatilize the
extraction solvent and@ndenser unit to remove ih-Hexane method + DCM

method

Following evaporation samples were transferred into 16ml furnaced glass vials,
using dichloromethane in order to recover achieveréaibvery. Dichloromethane

was removed by the use of a nitrogen blowdown system and the samples were then
made up to 10ml with-hexane prior to analysis. An aliquot of known volume,

either 0.5ml or 1ml depending on the application, was transferrednraato

sampler vial and spiked with the internal standard prior to analysis. All extracts were
stored at AC prior to analysisAll samples the requirederivatization were

derivatizd using 100ul of BSTFA with 1% TMCS placed in an oven & 76r 1

hour prior to immediate analysis, although the volume of BSTFA may vary

depending on the nature of the sample.

3.5 GCxGCGTOFMS:

Traditional GC analysis allows for the separation of organic compounds in a single
dimension. This often leads to problem¢hen analyzing coal tars as the complex
mixture of organics found in coal tars leads to large numbers of compounds co
eluting and generally poor chromatography making fingerprinting difficeExGG
TOFMS runs the sample on the same primary column disioreal GC with the

addition of a secondary column of a different polarity to the primary column and this
allows for an extra degree of separation, which provides for a much wider range of

)
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compounds to be separated and identified.

The use of differentolumn setups allows for the separation of different compounds
of interest. Normal phase column sets are the most commonly used setup for
analysis of environmental samples (McGregor et al. 2011), and this involves using a
nonpolar primary column combinealith a midpolarity secondary column.

Reversed polarity sets give better resolution when analyzing coal tars and allow for
the elution of higher molecular weight compounds present in the DNAPL while
remaining within the temperature limits of the coluntMsGregor et al. 2011), and

involve the use of a migolarity primary column and a negolar secondary column.

There are many factors that can affect the quality of the separation within the
primary and secondary phase and column sets are chosen tioegbast possible
separations and resolution. The length of the secondary phase in GCxGC affects the
retention time within the second dimension however it can also affect the retention
times within the primary phase. As the length of the secondary nohareases and
while holding the same flow rate and temperature gradient the primary retention time
will increase. This could be related to the linear velocity of the carrier gas in the first
dimension (Adam et al. 2007). This difference in behavitinérfirst dimension

with increasing secondary column length also has a further knock on affect on the
separations within the second dimension. This is due to the fact that the increase in
retention time within the primary column will mean that the seagncialumn
temperature may be different for a given analyte as it elutes later in the temperature
program (Adam et al. 2007).

The use of GCxGC allows for the separation of unresolved complex mixtures
(UCM), often referred to as a big OhumpO in th€T& et al., 2010), which cannot
be separated using traditional @4LS analysis. Because UCMs are believed to
consist of many thousands of compounds, traditionaMEds simply not capable

of providing sufficient resolution leaving most UCM hydrocarbonsemtified.

The combination of the GCxGC with the TOFMS (thofeflight mass spectrometer)
allows for the identification of compounds within the UCM that previously would be
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unidentifiable within the "hump" and most likely missed usingi@E&. The time
of-flight mass spectrometer (TOFMS) gives structural information and provides
clean spectra even within partially-etuting peaks through mass spectral
deconvolution. The use of GCxGC allows for the separation of coal tar without the
need for a lengthy sapation process.

The high quality of spectra achieved by TOFMS is due to the high acquisition rate of
the detector, which can go up to 500 spectra/s. When using the Leeb 3@ tere

are several important considerations when interpreting the spbtiraesl. The
similarity number given by the software of above 800 usually indicates that an
acquired mass spectrum shows a good match with the library search (Lu X. et at.
2003). A probability value of above 9000 means that the mass spectrum is unique
and the identification based on mass spectra is logical. However it is important to
remember that isomers have similar mass spectra and this is especially important
when considering such as complex mixture of organics as coal tar. For large
molecular weiat compounds, and longer chain compounds, that have low intensity
(or non detectable) molecular ions the wrong structural information will be given,

according to the peak table, even if the similarity value is high (Lu X. et al. 2003).

Because the Lecgystem was initially thought to be mainly directed towards analysis

of volatile compounds it gives somewhat pooiality spectral data for the heavier

ilons with a sharp decrease in ion intensity (Jover et al. 2005). This is a potential
problem since heaer ions are usually more selective and allow for the identification

of the molecular ion. Jover et al. 2005 gives the example of cholesterol with the m/z
of 368 being three times lower than expected (compared to the NIST library) and m/z
458 (molecular rass) four times lower. The Leco model used by Jover et al. 2005
was a Pegasus Il whereas the setup used within this PhD is a Pegasus 4D. This may
be less of an issue on the 4D system, however it is still an important factor to

remember.

The GCxGC tempeature programs varied throughout the PhD projected depending
on the application with longer temperature programs allowed for easier identification
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of higher molecular weight compounds.

All GCxGC TOFMS analysis was performed using a Leco Pegasus 4Ibgsph,
Michigan) time of flight mass spectrometer, connected to an Agilent 7890A gas
chromatograph equipped with a LECO thermal modulator. The TOF ion source
temperature was 2QC€ and the mass range 45 and 500u was scanned at a rate of
200 spectra/seod. The detector voltage was set at 1700V, although the voltage did
vary, with an electron ionisation voltage of 8.

The initial GCxGCGTOFMS work used the following primary oven temperature
programme: 60;C isotherm forrinute, then ramp at 10;{C/min L10;C, then ramp

at 3jC/min to 31QC, and isothermal at 310;C for 15 minutes with a total run time of
67.8 minutes. The secondary oven and modulator temperatures were programmed at
a 10jC offset relative to the primary oven. The modulation period wsec6nds

with a 1.3second hot pulse time and a cool time of 1.7 seconds. The injection port
temperature was set to 28D and set to split injection with a split ratio of 50 and an
injection volume of 1pl. Helium was used as the carrier gas, with a dtenof

1.0mL/min.

Later GCxGCTOFMS work used the following primary temperature oven

programme: 60;C isotherm forr@inute, then ramp at 3;C/min to 310, and

isothermal at 310;C for 15 minutes with a total run time of 88.6 minutes. The
secondary ovennal modulator temperatures were programmed atj& Ifset

relative to the primary oven. The modulation period wasdnds with a 1.8econd

hot pulse time and a cool time of 1.7 seconds. The injection port temperature was set
to 250jC and set to splinjectionwith a split ratio of 50 and an injection volume of

1pl. Helium was used as the carrier gas, with a flow rate ahL/énin.

The reversed polarity column set that was used through the PhD comprised of a mid
polarity TR50 MS supplied by Thermo Scientifi@0m $ 0.25mm i.d.$ 0.25um
film thickness) as the primary column and a+patar Rtx5SilIMS supplied by
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Thames Restek (18 $ 0.25mm i.d.m $ 0.25um film thickness) as the secondary
column, connected via a Thames Restek Rrghsconnector.

GCxGC standard calibrations were performed using a mixture of 16 EPA priority
PAHSs, as well as 4 deuterated PAHs {B&phthalene, DX-Eluorene, D16
Fluoranthene, D1®yrene). All calibrations curves obtained were linear and D10
Phenanthrene was used as aaadtpn standard. Other standard calibrations
performed include Phenol;@resol, 3,5Dimethylphenol, 2,4 8rimethylphenol, 1
Naphthol, Aniline, 9Phenanthrol and-Hydoxypyrene all of which were run both
derivatizd and uderivatizd. Example calibratis can be found in appendix x1.

3.6 Quality Control
To ensure the accuracy of the analytical data produced stringent quality control
measures were employed including:
¥ The use of procedural and reagent blanks
¥ The inclusion of an internal standard (Bdlenanthrene) prior to GCxGC
analysis
¥ Recovery standards were added during extraction (including D8
Naphthalene, D1#&luorene, D1€Fluoranthene, D1®Pyrene)
Calibration standards (EPA 16 priority PAHS) for the GCXGQFMS.
Selected samples were extracteduplicate and all samples were analysed
in duplicate.
All glassware used was clean and furnaced at@%@r 8 hours prior to use.
Gloves were changed in between handling of different coal tar samples in

order to reduce the potential for cross contanonat

3.7 Statistics

The chromatograms from each sample were processed using Leco ChromaTOF
software (Version 4.50.8.0) to search for, identify and align all peaks with a-signal
to-noise ratio greater than 10. All peak areas were corrected for samgie ared
extraction efficiency prior to quantification and all statistical analysis was carried out
using either Microsoft Excel (Version 14.3.7) or Minitab version 16 (Principle

)_
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Component Analysis (PCA) and Hierarchical cluster analysis (HCA)). The 16
USHEPA Priority PAHs were quantified using standard calibrations for each of the
individual PAHs.

Principle component analysis was carried out using 156 feakaregor et al.,

2012) and the unknown samples were combined with the previously published data
set in McGregor et al2012. Prior to PCA analysis, all peak areas were normalized
by dividing the peak area by the sample weight and then thpHenanthrene peak
area and taking the fourth root of the normalised value. Fourth Root data
transformations required, as without data ppeocessing the large range of peak
intensities within the dataset results in small peaks contributing less towards the
principle components, regardless of their chemical importance. The use 8f the 4
root allows for the taitistical analysis to focus more on the presence or absence of
specific compounds rather than their relative concentrations. As the samples may
have been in the environment for decades and so environmental processes, such as
evaporation or dilution/trap®rt in groundwater may have changed the contaminant
ratios (McGregor et al., 2012). Using tHEréot means the PCA results can relate to
the primary production methods used to produce the tars rather than changes that

may have happened due to environtaéfactor{McGregor et al., 2012).

For HCA analysis the"8root data formation was found to give the best results with
subsequent transformations giving no extra resolution. A list of the sample
information is shown in Table 1 including the infornoatifor the previously

published British database in McGregor et al., 208ile taking the & root for the

PCA and & root for the HCA is done to reduce the influence of concentration
differences on the results it cannot entirely remove the influeooethe dataset.

As the HCA analysis focuses on the similarities between the compounds and the
PCA focuses on the variance the concentration influence will have more affect on the
HCA than the PCA. This could possibly explain why the HCA is not completel

able to separate the different production processes whereas the PCA is.
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Chapter 4
Application of GCxGC coal tar method to

nonBritish tarsbA case study

4.1 Preface

This chapter contas an original journal articleubmitted for publication in &

journal of Environmental Forensias September 2016 he paper investigates the

use of previously published method for the analysis of coal tar using GCxGC and
multivariate statistics developed using UK tars on tars from the USA. C. Gallacher
as the ma author was responsible for all the analysis, data interpretation and writing
of the paper. R. Kalin and R. Lord, as project supervisors, provided support with the
research as well as assistance with preparation and review of the manuscript. R.
Thomasas the industrial supervisor, provided expert knowledge in the field of coal
tar and manufactured gas as well as reviewing the manuscript. A. Hatheway
provided expert knowledge in the field of coal tar research, with particular focus on

local knowledgedr the site analysed as well as reviewing the manuscript.

Previously research into Coal Tar using GCxGC analysis was performed by
McGregor et al., 2012 and developed statistical methods for the source appropriation
of coal tar using a database of Bhtisr samples. Chapter 4 presents the expansion

of this statistical database with the inclusion of tar produced within the USA. The
chapter demonstrates the ability for the method developed in McGregor et al, 2012 to
be applied to no#tJK tars. The analgis using GCxGC was capable of detecting 947
individual compounds without the need for a separation step prior to analysis. Even
with a chemical separation step it is unlikely that-M®6 analysis would have been
capable of detecting such a large numberoohpounds. The chapter clearly
demonstrates the separation power of the GCxGC as well as the statistical
applications of the data produced using GCxGA full list of the compounds found
within the sample can be found in Appendix B.

*
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Abstract

Ultra resolution chemical fingerprinting using tanensional gas chromatography
time-of-flight mass spectrometry (GCxGC TOFMS) was performed on 9 tars
samples from a former landfill sitedated in Florida. The tar likely came from a
nearby former manufactured gas plant between the 19400s and 19500s that operated
both the process (1941®50) and Hasche Reforming las process (1951959).

Statistical techniques including univariate asa, hierarchical cluster analysis

(HCA) and principle component analysis (PCA) were employed to identify if the
samples were FMGP tar, and demonstrated that the tar was derived from the
Carbureted Water Gas process. The results showed that an appevatdped

using British tars using can be successfully applied to US waste tars.

Keywords: Coal Tar, Environmental Forensics, GCxGC, Contaminated Land

Introduction

Coal tar waste is a residual product of manufactured gas plants (MGP) and coal tar
contamiration is an expected occurrence at former MGP (FMGP) Siteal tars are
dense noraqueoughase liquids (DNAPL) containing thousands of organic and
inorganic compounds of which many can be toxic or carcinogenic, such as
Polycyclic Aromatic Hydrocarbon$PAHOs) (Birak and Miller, 2009). Coal tar

*&
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DNAPLs pose a complex challenge for regulatdriven remediation of derelict
sites (Gilbert et al, 2007). PAHs dominate the organic fraction of FMGP tars, and
were produced by the pyrolysis of the feedstocthéeiin the absence of oxygen or

by combustive flame) producing thousands of separate PAH compounds, which are
separated from the processed consumer gas.

The term coal tar is generally used as a catcho include all tars produced by
FMGPs, irrespdaove of the feedstock used in the gaaking process. Within the
North Eastern American States, the Carbureted Water Gas process (CWG) was the
predominant post900 process used at manufactured gas plant sites. On the West
Coast of the USA, a group of tewdlogies called the OPacific Coast Oil Gas
ProcessesO were used to manufacture gas from oil aneiledwat gas became the
predominant feedstock for gas manufacture, although regional variations did exist
such as the MidwegBrown et al, 2006).

During the period of 19500s to 19700s processes which could produce Otown gasO gas
from oil refinery residuals such as butane and naphtha were developed. These were
called gas reforming process and the Hasche&>@d process was an early example

of this type & technology. The Hasche @Has process converted hydrocarbon

gases or vapours (ranging from propane to light naphtha) within a regenerative
partial combustion process. The resulting synthetic gas had a similar energy content

to natural gas and was padlarly popular with Florida (Frink, 1955 he
Carbureted water gas process involved passing steam over a carbon source (usually

heated coke) with oil injected into the resulting produceqd @asmas, 2014a).

Coal carbonization has been used worldwiiolr 200 years producing tar, which was
derived from the pyrolytic thermal decomposition of coal in the absence of oxygen
(Thomas, 2014a). There are many countries, which still use the technology, however
the wastes are now considered more of a potestterhical feedstock. For example
China is considering use of its coal tar for direct use as a potential energy alternative,
because of dwindling supplies of petroleum (Shi et al, 2012). There has also been a

shift in Chinese energy policy and a push talgaclean coal technology such as
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integrated gasification combined cycle (IGCC) plants (Chen and Xu, 2010), which
could produce significant quantities of residual tar. Additionally, underground coal
gasification (UCG), one of the 1960s developments drivethb Middle Eastern
energy crisis, is again gaining ground as a way of utilizing otherwisxpioitable

coal reserves lying at considerable depth beneath the ground.

In the US several thousand manufactured gas plants existed between the early 18000s
to the 19500s (U.S. EPA, 1993). Estimates of the total specific number of US FMGP
and associated tgenerating/tautilizing sites vary widely from 1,500 to more than
50,000 and this estimate depends on the function of the type of facilities considered
(U.S. EPA, 2004). It is estimated that 11.5 billion gallons of tar were produced and
gathered for sale and ongoing industrial use in the USA from 1820 to(EA§0

1985). Due to past handling, storage and waste disposal practices it has been shown
that ar NAPL contamination is expected to be encountered at many former sites. The
US EPA estimate that release of coal tar or other wastes to the environment is likely
to have occurred in over 90% of si{esS. EPA, 2004).

Ultra resolution chemical fingenoting takes advantage of the separation power of
comprehensive twdimensional gas chromatography to provide a large amount of
chemical information for a given tar DNAPL. A full understanding of chemical
OsignaturesO for environmental forensic apportidnofienistorical contamination

and waste from the ongoing international coking industry, gasification of municipal
waste, syngas production, etc. is therefore required to distinguish recent
environmental degradation from that of histodoagin. McGrego et al. (2012)
developed a multivariate statistical analysis using GGI@EMS for the source
appropriation of coal tar using a database of 23 British coal tar samples from various

different production processes.

Site History

The study site wasfarmer unengineered municipal landfill (dump) site suspected of
being used for the disposal of wastes from a FMGP located within 5 miles of the
landfill. The suspect FMGP was built in 1910, as a purbosie Lowe-type

*(
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Carbureted Water Gas (CWG) plant 1955 a Hasche eieforming gas plant was
added, with the purpose of creating synthetic natural gas, in anticipation of the
arrival of a regional pipeline natural gas and the plant switched entirely to this
process of gas manufacture. This means therédwao potential basic forms of tar

present at the site.

The Carbureted Water Gas plant is suspected to have used Bituminous coal as a
feedstock rather than coke as this variant had been prominent in the American gas
industry following the outbreak of théirst World War. Unlike some FMGP sites,

this site did not produce its own source of coke via coal gasification and would not
have had the benefit of a local source of coke from a coking works. This would have

also favored the import of lograde bituminas coals.

A total of 9 samples (DNAPL03Q39) of perched ground water containing a mixture

of water and non watesoluble waste DNAPL were collected and analyzed. The
groundwater was suspected to be contaminated with some form of gasworks process
tar waste, from a FMGP located in the same town, as the samples were obtained
from natural geologic strata lying below an (to remain unidentified) abandoned
municipal landfill site located in the State of Florida, USA. All samples contained
water contaminatedith freephase DNAPL and were sealed and stored@tptior

to analysis.

All sample analysis and data interpretation was performed without specific prior site
knowledge in order to test that Environmental Forensic analysis developed for
analyzing UKtars was applicable to samples recovered from FMGPs in the USA.

Materials and Methods
Analytical Methods
All analytic mobilizing solvents used were of analytical grade purchased from Fisher

Scientific (Loughborough, U.K.) andipPphenanthrene was pinased from Sigma
Aldrich (Gillingham, U.K.). Calibration standards were prepared using a standard

")
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mixture containing all 16 USEPA RCRA Appendix VIII Priority Pollutant gasworks
PAHs, as purchased from Thames Restek (Saunderton Bucks, U.K.) and 4
Deuteratd PAHs purchased from Sigasddrich (Gillingham, U.K.).

Extraction was performed using an Accelerated Solvent Extraction system (ASE 350
Dionex, Camberley, UK) using 10 mL stainless steel extraction cells using the
following method:
¥ Approximately 0.5g b tar was mixed with equal amounts of Sodium
Sulphate (NaS¢) and diatomaceous earth in a 1:1:1 ratio. This removed any
water present within the coal tar and results in a fine powder that can be
quantifiably transferred into the extraction cells, ensuttirege was no loss of
sample. Prior to loading, the samples were spiked with 100ul of 5000ug/ml
of a mix of the recovery standards to calculate recovery.
¥ Extraction cells were lined with 2 Dionex glass fibre filter papers (to ensure
unwanted particalte matter did not collect in the extract) and packed with 3g
of silica gel 60 deactivated with 3@0of water. The sample mixture was
then loaded into the cells and excess diatomaceous earth was added until the
cell was well packed to ensure that therao void space.
¥ n-Hexane was used as the extracting solvent for all extractions. ASE was
performed at 15 and 10 MPa, using one dynamic (7 min) and two static (5
min each) extractions. A flush volume of 150% and purge time of 60 s was
used. The extractsere concentrated to 1 mL using a BYchi Synéaralyst
(Oldham, U.K). The extracts were then made up to exactly 10 mL asing
hexane. A 1 mL aliquot was then transferred to an auto sampler vial prior to
analysis. D1&Phenanthrene was added to the sampl® to analysis as an
internal standard.

GCxGC TOFMS analysis was performed using a Leco Pegasus 4D (St. Joseph,
Michigan) time of flight mass spectrometer, connected to an Agilent 7890A gas

chromatograph equipped with a LECO thermal modulator. TDE ibn source was

fixed at 200;C and masses between 45 and 500u were scanned at a 200

**
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spectra/second rate. The detector voltage was set al1d@00 the applied electron
ionisation voltage was set at &V.

All standards and extracts were analysed witle following primary oven
temperature programme: 75iC isotherm fomihute, then ramp at 12iC/min to
120jC, then ramp at 3jC/min to 31G, and isothermal at 310;C for 10 minutes. The
secondary oven and modulator temperatures were programmed giCaof#tfet

relative to the primary oven. The modulation period waed®nds with a 1.8econd

hot pulse time and a cool time of 1.7 seconds. The injection port temperature was set
to 250;C and set to split injection with a split ratio of 50 and an injectmnme of

1pl. Helium was used as the carrier gas, with a flow rate ahL/énin.

The reversed polarity column set that was used comprised of-pataidty TR50
MS supplied by Thermo Scientific (30 $ 0.25mm i.d.$ 0.25um film thickness)
as the primgy column and a noepolar Rtx5SilMS supplied by Thames Restek
(1.5m$0.25mm i.d.m$0.25um film thickness) as the secondary column,
connected via a Thames Restek Ptegd connector.

The chromatograms from each sample were processed using LeocmaJl@F
software (Version 4.50.8.0) to search for, identify and align all peaks with a-signal
to-noise ratio greater than 10. All peak areas were corrected for sample weight and
extraction efficiency prior to quantification and all statistical analyss cearied out

using either Microsoft Excel (Version 14.3.7) or Minitab version 16 (Principle
Component Analysis (PCA) and Hierarchical cluster analysis (HCA)). The 16
USEPA Priority PAHs were quantified using standard calibrations for each of the
individual PAHS.

Statistical Methods

Principle component analysis was carried out using 156 g&&dGregor et al,
2012) and the unknown samples were combined with the previously published data
set in McGregor et a(2012). Prior to PCA analysis, all peakaseavere normalized

by dividing the peak area by the sample weight and then ffapHe@nanthrene peak

*+
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area and taking the fourth root of the normalised value. Fourth Root data formation
Is required, as without data ppeocessing the large range of pealemsities within

the dataset results in small peaks contributing less towards the principle components,
regardless of their chemical importance. The use of theodt allows for the
statistical analysis to focus more on the presence or absence oicspatipounds

rather than their relative concentrations. As the samples have been in the
environment for decades and so environmental processes, such as evaporation or
dilution/transport in groundwater may have changed the contaminant ratios
(McGregor et B 2012). Using the Aroot means the PCA results can relate to the
primary production methods used to produce the tars rather than changes that may

have happened due to environmental fagtdisGregor et al, 2012).

For HCA analysis the"8root data fomation was found to give the best results with
subsequent transformations giving no extra resolution. A list of the sample
information is shown in Table 4.1 including the information for the previously
published British database in McGregor et al. (2012)

Quiality control

To ensure the accuracy of the analytical data produced stringent quality control
measures were employed including: The use of procedural and reagent blanks; the
inclusion of an internal standard (DpBenanthrene); recovery standards3-(D
Naphthalene, DZX®luorene, DI1€Fluoranthene, DI®yrene); and calibration
standards (EPA 16 priority PAHSs) for the GCxGOFMS. Recoveries of the
recovery standards ranged from 91.18% to 102.53% falling well within US EPA
method 8000B requirements ¢180%). Both procedural and reagent blanks were

clean and free of contamination and all standard calibrations obtained were linear.

Results and discussion

Of the 9 samples analysed DNAPL031 was analysed in depth for all the compounds
that could be deteetl within a single GCxGC run. A total of 947 individual
compounds were detected with 88 aliphatic compounds, 569 Aromatic compounds,
66 Oxygen containing compounds (PAOH), 180 Sulphur containing compounds
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(PASH), 43 Nitrogen containing compounds (PANHY dnmixed heterocycle. As

the water gas process without carburation does not produce significant amounts of tar
(Hamper., 2006then the organics present within a CWG tar predominantly come
from the feedstock oil used in the production process.

The nalkane distribution of the sample, shown in figure 4.1, is dominated by n
alkanes between C12 and C17 with only minor abundancesatifanes between

C22 and C33. The presence of abundaalkanes and the presence of liginid r
alkanes such as C11, whies the smallest-alkane that can be detected using the
GC method, suggest that the sample is not degraded (Volkman et al., T9&).

ratio of the C17/-alkane to Pristane can also be used to determine how weathered
the oil is with a ratio of <1.0 indating the oil has been highly weathéredThe
averagen-C17/Pristane ratio is 2.07 suggesting that the tar sample has not undergone
significant biodegradation. The presence-@ikenes, between C11 and C17, within

the sample may also be important,realkenes are not commonly present within
crude petroleum (Wang et al., 2006). This suggests that either the oil used as a
feedstock was refined prior to use, or the CWG process itself prodialkenes.

Alkyl -cyclohexanes are commonly associated weimdp derived from petrogenic
sources (Saber et al., 2006) and were detected within the sample betweserd C4
C18. The alkyicyclohexane distribution is shown in figure 4.2 with only minor
abundances of C14to C18 present within the sample and a maxiea C8.

CWG tars exhibit a large abundance of low molecular waigdikanes, alkylated
benzenes and sulphoontaining heterocycles and this is clearly shown with
DNAPLO31(McGregor el al, 2012). A total of 68 alkylated benzenes between C3
and C8 wee detected, making up the largest individual group of compounds. Of the
180 PASHs detected within DNAPLO31 178 were present in the form of sulphur
heterocycles. Two Naphthalene thiol isomersglgS) make up the remaining
sulphur compounds detected withthe sample. Only a single compound was
detected containing more than 1 sulphur in the form of Thiendfghophene
(CeHsS,). The number of potential PASH isomers relative to their corresponding
PAH isomers is higher due to the presence of sulphtnimihe ring resulting in a
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greater number of isomers (MSssner et al., 1999). A large variety of alkylated PASH
isomers were detected within the sample with 17 alkylated thiophene isomers
between C2and C5, 37 alkylated benzothiophenes between @id CGl- and 38
alkylated Dibenzothiophenes between @hd C4. The relatively small number of
PANHs detected within the sample may be explained by feedstock used to produce
the tar. Crude petroleum has a lower relative nitrogen content to coal with <0.5% of
crude petroleum compounds being present as PANHs, wher2é6 df coal
compounds are present in the form of PANHs (Burchill et al., 1983).

Various diagnostic ratios can be used to give information about the potential source
and manufacture process of totar contaminated samples (McGregor et al, 2012,
Budzinski et al, 1997; Mauro, 2000; Yunker et al, 2012; Saber et al, 2006; McGregor
et al, 2011). The ratios of phenanthrene to anthracene (Phen/Ant) and fluoranthene
to pyrene (FIt/Pyr) have been used dstinguish between sources of PAH
contamination (Budzinski et al. 1997; Saber et al, 2006). Phenanthrene is the most
thermally stable 3ing PAH isomer and so is much harder to break down at higher
temperatures and is more likely to survive high tempezaprocesses (525 to

725°C) than anthracene (Budzinski et al, 1997). The average Phen/Ant ratio of 5.26
(4.565.61) is well within the range of Pyrolytic samples (<10) (Budzinski et al,
1997). Taken in isolation the Phen/Ant ratio would suggestlieaddample has been
pyrolytically altered however the Phen/Ant ratio should not be used in isolation and
the ratio of Flt/Pyr should also be considered (Budzinski et al, 1997). The ratio of
Flt/Pyr is 0.74 (0.69.78) and when combined with the ratio oeRFANt this points

to the sample being petrogenic in origin. The normal operating temperature of the
CWG process is between 6&0and 708C (Hamper, 2006) and this may explain the

low Phen/Ant ratioas the Phenanthrene will be more thermally stable aethe
temperatures than Anthracen&he relatively low average fluoranthene to pyrene
ratio of 0.74 (0.69.78) also falls into the range for CWG (0.6 to 0.8) (Saber et al,
2006).

For Pyrogenic samples the anthracene/(anthracene + phenanthrene),

fluorantrene/(fluoranthene + pyrene) and benzo[a]anthracene/(benzo[a]anthracene +
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chrysene) are expected to be >0.1, >0.5 and >0.35 respectively (Budzinski et al,
1997; Yunker at al, 2012). The average Ant/(Ant+Phen) ratio of 0.16-Q018%

falls within the rage of a Pyrogenic sample. The ratio of BaA/(BaA+Chr) is 0.55
(0.530.56), which again falls well within the range of a Pyrogenic rather than
petrogenic sample. The FIt/(Flt+Pyr) ratio of 0.43 (60444) falls within the
petrogenic rather than pyrogemange and also falls within the range of liquid fossil
fuel combustion (0-40.5) (Yunker et al, 2012)This may be explained by the partial
combustion of the feedstock taking place during the CWG production process. Both
the Ant/(Ant+Phen) ratio and Ba@aA+Chr) ratio suggest that the temperature of
the CWG process influences the petrogenic signature of the feedstock oil in a way
that produces a tar with inferred pyrogenic characteristics. It is also possible that the
use of bituminous coal as a feemt¥t affects these ratios.

The average Ant/(Ant+Phen) ratio of 0.16 (GL%8) falls out with the expected
range for coal tar and this is also the case for BaA/(BaA+Chr), with a ratio of 0.55
(0.530.56) and an expected ratio of 0.35. This magy explained by the
FIt/(FIt+Pyr) ratio of 0.43 (0.40.44), which falls outside the range of solid coal
combustion, but within the range of liquid fossil fuel combustion-Q053 (Yunker

et al, 2012with partial combustion of the feedstock taking pldceing the CWG
production process.

Pristane and Phytane are two common biomarkers found in oil, and are often used to
fingerprint the source of oil in contaminated samples. Powell and McKirdy. (1973)
compared a series of oil and coal samples from vaiecations and showed ratios

that correspond to different depositional environments. The Pristane/Phytane
(Pri/Phy) ratio has also been proposed as an indicator of the oxicity of the oil
depositional environment, based on the assumption that both BreatanPhytane
originate from the phytol side chain of chlorophyfKoopmans et al, 1999). The
average Pri/Phy ratio of 1.88 falls within the range of both Marine 0ils3(1)5and
Brown/SubBituminous coal (43). As the feedstock oil used is likely dominate

the tar signature this suggests the feedstock oil used was marine in origin.

+9
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HCA analysis shows that the average of the Unknown USA Tar samples
(DNAPLO040) shares the highest degree of similarity with British CWG tars (Figure
4.3). Since watr gas tars produced without carburetion produced insignificant levels
of tar Hamper., 2006then the feedstock oil used in the CWG process dominates the
tar residue produced. In the United Kingdom, CWG plants consumed mainly light
oils for carburetionButterfield, 1904; Thomas, 2014b), whereas in the USA heavier
or crude oils tended to be used, beginning about 1910, with the burgeoning use of the
automobile (Hatheway, 2012) especially after World War | when light oils such as
gasoline were in high demar{Harkins et al, 1988). This suggests that even when
different feedstock oil may have been used the tars produced are still similar relative

to the coal gas tars.

It is also possible that the use of bituminous coal as a solid feedstock alters the
conposition of the tars produced. British CWG plants almost invariably employed
coke as a generator feedstock, as coke was abundant on British gasworks as a by
product of coal gas manufacture. Since-oarbureted water gas manufactured using
coke only produed negligible amounts of tar, the majority of the chemical signature

of British CWG tars comes from the feedstock oil used. This may not be the case
when using bituminous coal due to the significant differences in compositions of
bituminous coal comparedd coke and so the tar produced may be influenced by the
composition of the bituminous coal.

Whilst bituminous coal would have been a cheaper generator fuel than coke, the gas
producing capacity of CWG when using bituminous coal was lower than coke due t
uneven heating of the feedstock (Hamper, 2006). Mixing an unspecified bituminous
coal with 20% coke resulted in a gas making capacity equivalent to using coke alone
(Furnas, 1942), so it is possible that coke may have been added to the mix on site to
increase gas production at minimal extra cost. The lack of a local source of coke
would reduce the likelihood of coke being added into the feedstock mixture,
especially during war time periods when coke was in high demand by the
metallurgical industries. Eh mixing of coke into the solid feedstock could
potentially affect the tar produced, if the bituminous coal does have an affect on the
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tar.

Figure 4.4 shows the PCA analysis of the average of the 9 Unknown USA Tar
samples combined with the previously psifted dataset from McGregor et al.
(2012). The average of the Unknown USA Tar clusters closest to the CWG/CR
group, and significantly away from all of the other sample types. 81.7% of the total
variance is accounted for within the first two principlenpmnents. This suggests

that the PCA analysis is able to identify a CWG sample regardless of the feedstock
used to produce it. This is likely down to the significantly different chemical
footprint and range of compounds that are detectable within dpasdd process

rather than a coal based one.

It is unknown if the tar was dumped all at once or was dumped multiple times over
the operational period of the landfill. The dumping into the landfill is suspected to
have occurred during the 19400s untilrthé-19500s. The Hasche oil reforming
process was not introduced on site until 1955 and is unlikely to have produced
significant amounts of tar due to the feedstock used to produced it, propane to light
naphtha. This mean it is very likely that the tansists exclusively of CWG tar
rather than a mixture of egas and CWG tar. It should also be noted that even if oil
gas tar was dumped into the landfill later than the CWG tar, it is unlikely that there
were significant enough quantities to affect therical fingerprint, and so the HCA

or PCA analysis.

Conclusions

The results of this study clearly demonstrate the analytical power of GCxGC
TOFMS analysis when combined with univariate and multivariate statistics.
Univariate diagnostic ratios wesble to determine that the unknown blind samples
were petrogenic in origin and likely produced by he CWG process. Multivariate
statistics were capable of providing forensic information on the sample and
confirmed that they were produced by the CWG precethe ratio of pristane to
Phytane was also used to suggest that the feedstock oil used was marine in origin,
possibly from the Gulf of Mexico as the samples came from Florida.
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This work could be further expanded on by obtaining samples from diffei®at

based coal gasification plants in order to assess how well the multivariate statistics
work with USA coal gasification tars. The fact the analysis is capable of analysing
USA CWoG tars successfully suggests that they would likely analyse USA based coal
gasification tars as well. The results increase the scope of the method developed in
McGregor et al.,2012 clearly showing that a database developed using UK tar
samples can be applied to samples from outside the UK.
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Figures and Tables

Sample Site
number Class | Process(es) employed Year of Operation
1-6 A Vertlcql retorts; potenthl traces of CWG, oil 1836- 1971
reforming and early horizontal retort tars
7 B Horizontal retorts 1856- 1969
8 B Horizontal retorts 1886- 1971
9 AJE Horizontal (early, low temperature) and vertif Ceased productio
retorts plus CWG plant by 1953
10 B Horizontal retorts 1849- 1981
11 D Wood preserv_atlon sitedistillation of coal tar Unknown
for creosote oil
12 E CWG plant 1854- unknown
13 E CWG plant 1885- unknown
14and 17 | B Horizontal retorts; potential traces of CWG &
coke oven tar
15 A Tully gas plant; combination of vertical retort 1841- 1961
and water gas
16 C Horizontal retorts (early, low temperature) | 1854- 1946
18 F Coke ovens 1970's- present
day
19 F Coke ovens 1930's- present
day
20 A Vertical retorts; potential traces of CWG tar | 1885- unknown
2land 22 | C Horizontal retorts (early, low temperature) g;i;?% productio
23 A Vertical retorts 19151979
31-39 CWG plant with potential traces of Oil Gas a i
(Avg 40) U Hasche reforming gas plant 1910- Unknown

Table 4.1 Sample database site history information

A = vertical retort, B = Horizontal retort, C = low temperature horizontal retort, D =

creosoteE = Carburetted water gas, F = coke oven, U = unknown US coal tar

samples,

+)
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4.3 BridgeBbPrinciple Component Analysis Covariance versus Correlation

The paper presented in section 4.2 providegtinciple component analysis of coal
tars from varying production processes with the inclusion of samples from the USA.
Principle component analysis can be performed using two different types of matrixes
correlation and covariance. When the correlatatrix is used the variables are
standardized, which is usually done when the variables are measured by different

scales. When a covariance matrix is used the variables are not standardized.

McGregor et al., 2012 used covariance when analysing a databd3 samples

with the results shown in Figure 4.5. The PCA analysis was capable of separating

the different production processes with the exception of DNAPLO011, which falls

within the CWG region when the sample is in fact Creosote. Creosote istarcoal
distillation product whereas CWG is an oil based gas production processes. This
suggests that either the distillation process that produces the creosote affects the PCA
analysis or it is also possible that the Creosote sample is contaminated with

petrogenic material.

Covariance matrices are used when the variables being analysed fall within the same
scale, and so likely fall within the same order of magnitude. The data is taken to the
4" root in order to reduce the impact of individual compowntthe analysis as well

as reduce the impacts of concentration, however it is impossible to remove
concentration from the equation completely. The range of values afté? thet4

has been taken falls between a maximum of 6.161937 and a minimum afQ.022

This range of values does not fall within the same order of magnitudaiand

suggests that correlation may be more appropriate for the analysis of the dataset

rather than covariance.

,%
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Figure 4.9DPCA of McGregor et al., 2012 dataset using &@nce

Figure 4.6 shows the same dataset with PCA analysis performed using a correlation
matrix and the main clusters are preserved. The exception being that DNAPLO11 no
longer clusters with the CWG tars and forms itOs own cluster. These results sugges
that correlation may produce better results relative to covariance, as the analysis is
capable of discriminating the creosote sample from CWG tars.
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Figure 4.6DPCA of McGregor et al., 2012 dataset using Correlation
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The PCA loading plots, whickhow how the individual variances for each

compound influence the PCA score plot, for covariance is shown in figure 4.7 and
correlation is shown in figure 4.8. When comparing the two graphs the individual
compounds have less influence on the PCA whereladion is used due to the
standardization process used. Figure 4.8 clearly shows that several compounds have
a much largeinfluence on the PCA including carbazoleioranthene, pyrene,
naphthalene and dibenzofuran witepanthrene having the largasfluence. This
suggests that samples that contain significant concentrations of these compounds,
and others, will be influenced more heavily when covariance rather than correlation
is used. This suggests that using the correlation matrix further retiedegpact of
concentration from the PCA analysis, at least for those compounds that significantly
influence the analysis when covariance is usgtke loading plots also clearly show
several important trends such as the grouping of phenol and alkyl ghalifghatics

and toluene relative the aromatics and heterocyclic compounds. The use of
correlation decreases the influence of the aromatic and heterocyclic compounds
while increasing the influence of aliphatic and phenolic compounds. The presence or
absnce of toluene within the samples will also significantly influence where the
samples fall within the PCA plot.

Carbazole + . + + yrene + Benzopyrene
b + Indeno[1,2,3-cd]pyrene + Dibenzo[a,h]anthracene + Benzo[g,h,ilperylene + Dibenzochrysene

0.201

4
b,
N

”

0.151

0.101

0.051

Second Component

0.00 1

(33 n-Alkane

33 noATkEne

-0.05 1

€24-C30 n-Alkane:

-0.101

C13,C14, C15, C16 n-Alkane +
C14 Branched + Pristane + Phy!

T T T T T T
-0.050 -0.025 0.000 0.025 0.050 0.075 0.100
First Component

Figure 4.7/DPCA of McGregor et al., 2012 dataset loading plot correlation
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Previous work on coal tar has used-pxéractionderivatization in order to increase
the number of compounds detected within a tar (Gauchottisay et al., 2012),
however preextractionderivatization techniques are nobommonly used (Carro et
al., 2013) therefore development of a new post extradegovatization method is
important, and is presented in chapter 5.
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Chapter 5
Derivatization of Coal Tar

5.1 Preface

This chapter contains an original joureaiginal jounal article submitted for
publication in the journal of Chemosphere in September.2Tbé paper

investigates the use of a post extractienvatiation method for the analysis of
Creosote, a coal tar distillate, as well as in depth analysis of the ehagmpounds
that could be detected within a single run. C. Gallacher as the main author was
responsible for all the analysis and data interpretation and writing of the paper. R.
Kalin and R. Lord, as project supervisors, provided support with tharoesas well

as assistance with preparation and review of the manuscript. R. Thomas, as the
industrial supervisor, provided expert knowledge in the field of coal tar and
manufactured gas as well as reviewing the manuscript. C. Taylor provided expert
knowledge in the field of coal tar research as well as reviewing the manuscript.

Chapter 4 presented the application of existing GCxGC and statistical methods
developed using UK tars for tars produced from the USA. Previously published
methods developday GauchotteLindsey et al. 2012 used pre extraction
derivatiaation, using rhexane as an extraction solvent, for dieeivatization of
hydroxylated PAHs, and other compounds containing active hydrogen. Pre
extractionderivatization is not commonly used hewer due to difficulty in
reproducibility and potential matrix effects (Carro et al. 2013). For this reason
chapter 5 presents the application of a post extradBomatization method, using
dichloromethane as an extraction solvent, to a sample of @@eg@scoal tar distillate
likely to contain significant concentrations of hydroxylated PAHs. Full
derivatiation of an unknown sample may not always occur, addgheatization
reagent must be present within excess. The use of post extidetieatiztion

allows for more additionalerivatization reagent to be added if fdirivatiation
does not occur. The use of dichloromethane allows for all poteetiaatized
compounds to be extracted, which may not always be the case-gttane and pre

)
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extractionderivatiation. The analysis was capable of detecting 255 derivitised
compounds, many of which would not have been detected without the use of
derivitisation. The analysis also detected 1505 individual compounds, which is the
3 highest total cmpound count of the samples presented within this thesis. The
analysis was capable of identifying several compounds that may be of toxicological
interest. The chapter presents the largest number of compounds detected within a
Creosote published with ampound count far larger than published estimates of the
number of compoundsontained within Creosoté full list of the compounds found
within the sample can be found in Appendix B.

5.2 Qualitative and Quantitative analysis of a highly weatheredlerivatized
Creosote by comprehensive twalimensional gas chromatography.

Authors: Christopher Gallachet* Russell Thomds Christopher Tayldr Richard
Lord", Robert M. Kalirl

! Department of Civil and Env. Eng. University of Strathclyde, 75 Montrose St.
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Abstract

Creosote is a distillation product of coal tar and is widely used as wood preservative
for railway sleepers, utility poles and for other applications. Creosote can have
potentially negative effects on the environment and many of the components are
toxic. This study presents the analysis of a Creosote sample from a former wood
impregnation plant located in the UK. The sample was analysed using two
dimensional gas chron@graphy timeof-flight mass spectrometry (GCxGC
TOFMS) and a database of compounds that could be detected was produced. The
GCxGGTOFMS was capable of detecting 1505 individual compounds, which is far
more than previous estimates for the number of conmgmpresent within Creosote.
Post extractionderivatiation using BTSFA with 1% TMCS was employed to
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increase the potential number of compounds detected with d&sbvatizd
compounds detected. Selectstivatizedcompounds were quantified with limits of
detection ranging from 0.6mg/kg to 1.6mg/kg from a concentrated DNAPL. This
work presents the first published full analysis of a Creosote using GOXIFHMS

combined withderivatiation.

Keywords: Environmental Forensics, Creosote, GCxGOFMS, Coal Tg

Derivatization

Introduction

Creosote is viscous distillation product of coal tar, with a density slightly higher than
water (Giddingst al 1985), and is widely used as a wood preservative (Mateus et al.
2008). It is widely used for the treatmentadoden railway sleeper with 70% of all
Creosote use in the US used on railway sleepers/crossties-208alGsed on utility
poles/cross arms (EPA, 2008). Coal tar Creosote is typically composed of
approximate 85% polycyclic aromatic hydrocarbons; 10%n&lecompounds and

5% N, O and S Heterocycles (Muelleret al. 1989) although the overall
composition may vary due to the production process, temperature and coal type used
to produce the original coal tar (Johanstmal 1997). Creosote can have niga
effects on the environmental as for example it can inhibit plant biomass
accumulation (Marwoocet al. 2003) and many of the compounds present within

Creosote are toxic, carcinogenic and mutagenic.

When Creosote DNAPL (Dense Non Aqueous Phase Ligsidpilled into the sub
surface it will penetrate the water table due to it having a higher density than water
and will continue its downward migration as a separate liquid (Johahséri998).

Within the vadose zone a portion of the volatile compsunil evaporate into the

air phase, creating a gas phase contamination and infiltrating water can leach the
soluble compounds present within Creosote (Johastsan1998). Creosote within

the groundwater zone will partially dissolve within the watetetmined by the
solubility of the individual compounds, and create a persistentteEmg source of

contamination. In 1978 fish in the Hersey river in Michigan USA were reported to
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have started tasting like OmedicineO (Black. 1982) and investigatienseiiments

at the bottom of the River revealed Creosote residue from a former wood
preservation facility that had operated between 1902 and 1949. This demonstrated
the ability of Creosote contamination to persist within the environment 20 years after
plant closure and-8km downstream of the site (Sundstret al 1986.

Polycyclic Aromatic hydrocarbons (PAHs) form an important group of compounds
that have been extensively studied as they persist within the environment. PAH
consist of fused aroatic rings with biochemical persistence arising from dense
clouds of! -electrons on both sides of the ring structure (Wangl 2012). The
toxicity of PAHs can vary greatly with the number of fused rings. For example, the
4 and 5ring PAHs have a strgntendency to be carcinogenic and/or mutagenic,
while PAHOs composed of 6 or more rings have substantial mutagenicity in human
cells (Yuet al 1998). The US EPA lists 16 parent PAHs on the list of priority
pollutants. Alkylated PAHs are also importaattaey can contribute substantially to

the toxicity of PAH mixtures, in some cases accounting for 80% of the toxic burden
(Zeigleret al 2012). In order to address this issue the 8BRAvas created which
includes the original 16 EPA priority PAHs wittkglated PAHSs included (Arp et al.
2011). One important point of note is that due to thelaton of the alkyl PAHS in

GC the 34 PAH method actually represents several hundred individual alkylated
PAH compounds (Hawthorret al 2006).

Heterayclic compounds are also of particular interest in the context of coal tars and
coal tar derived liquids, such as Creosoteheterocyclic compound is a compound
that has at least two different elements as members of its ringed structure. Of
particular interest in samples of coal tar, or coal tar derived liquids, are those
containing Oxygen (PAOH), Sulfur (PASH) and Nitrogen (PANH). The O, S and N
heterocycles in tar are generally determined by the sulfur, oxygen and nitrogen
content of the coal carbomd (McNeil. 1952) although with some temperature
dependent alteration (Gaucheltmdsay et al. 2012). The sulfur content within coal

is present either as inorganic compounds, such as pyrite and sulfides or organic
sulfur compounds, such as Poly AromaSealfur hydrocarbons (PASHs). The
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organic sulfur content of coal is determined by the original organic matter that
formed the coal deposits and takes the form of aliphatic and aromatic thiols, sulfides,
disulfides and heterocylic combinations of thiopheaed dibenzothiophenes (Diez

et al 1994).

PANHSs are highly stable relative to neutral PAHOs and can persist through severe
thermal conditions and so are possible compounds of toxicological interest &vu
1999). The toxicity of aromatic compoundsegtly depends on the structure and
number of fused rings. The presence of nitregemaining substituents, such as
nitro- and amine functional groups can enhance toxicity by up to-iélf (Yu et al

1999). This means that whilst the nitrogen contérihe parent coal may be low,

the possible health effects from the presence of nitrogen containing polycyclic
aromatic compounds (NPAC) should not be overlooked.

Oxygen containing compounds are of special concern as they can be toxic,
mutagerc and carcinogenic and are more mobile within the environment than their

parent PAHs, due to their increased solubility in water. This enhanced mobility

increases the potential for exposure to hydroxylated PAHs in groundwater from sites
contaminated witlCreosote and also increase the risks to human and environmental
receptors associated with the contaminant plume. Oxygen containing compounds
also form an important diagnostic component within coal tars and of particular

interest are the hydroxyand ditydroxy- PAHOs (Shi et al. 2010).

Phenolic compounds form a major group of oxygen containing compounds in coal
tar and brown coal derived liquids, of which the alkyl Phenols dominates{Sthi

2010). High Phenolic content is a major characteristicav kemperature coal tars
(650%4C) and Medium temperature coal tars (800v.@t @h2012). This means

that the abundance of Phenolic compounds within a tar could potentially be used to
suggest the production process used or the degree of exposuteetpatrtary tar

has had to secondary degradation. This means the production process used to
produce the crude coal tar from which the Creosote is distilled will affect the overall
composition of the final Creosote produced.
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Derivatization allows for avider range of compounds to be detected within coal tar
(GauchottelLindsayet al 2012). The aim of usingderivatization method for GC is

to improve peak symmetry, resolution, selectivity and sensitivity of the target
analytes and improve their thernmsthbilities (Segurat al 1998). Derivatization

can increase the sensitivity of detection of a particular compound of interest by
several orders of magnitude (Parkinson. 2012) and so allow for more compounds to

be identified within a sample patterns that with structural identification.

Of particular concern when dealing with Creosote contaminated sites is the potential
for groundwater contamination and contamination of other marine environments.
Most environmental monitoring focuses on a small neimif PAH compounds,
however in the case of Creosote contaminated water bodies substantial decreases in
PAH concentrations in groundwater due to remediation do not always significantly
reduce the ecotoxicity (Breedveld ar@parrevik.2000). This implies hat an
extended list of compounds should be considered when dealing with Creosote
contaminated sites and this demonstrates a vital need for a database of compounds
found within Creosote. While lists of compounds present within Creosote have been
publishedpreviously such as the various lists found in Susdset al. 1986, only a

single paper used a GCxGC based method (Mateak 2008), although this paper

only looked at the volatile compounds emitted from wood treated with Creosote and
did not analyseCreosote itself. Of the previously published lists none are as
comprehensive as the database presented within this study.

Materials and Methods

Methods:

All solvents used were of analytical grade purchased from Fisher Scientific
(Loughborough, U.K.) andio-phenanthrene, &Naphthalene, B-Fluorene, Do
Fluoranthene and {@Pyrene were purchased from Sigaldrich (Gillingham,
U.K.). Quantification standards of PhenolCpesol, 3,5DimethylPhenol, 2,46
TrimethylPhenol, ANaphthol, Aniline, and -Hydoxypyrene were purchased from
SigmaAldrich  (Gillingham, U.K.). N,Gbis(trimethylsilyl)trifluoroacetamide
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(BSTFA) with 1% trimethylchlorosilane (TMCS) was purchased from Sigma
Aldrich (Gillingham, U.K.).

Extraction was performed using an Accelerated/&ul Extraction system (ASE 350
Dionex, Camberley, UK) wusing 10 mL stainless steel extraction cells.
Approximately 0.5g of tar was mixed with an equal amount of diatomaceous earth
and Sodium Sulphate (Nag0n a 1:1:1 ratio. Prior to extraction the sdespwere
spiked with a recovery standard. Extraction cells were lined with 2 Dionex glass
fibre filter papers and packed with 3g of silica gel 60 deactivated with 10% water.
The sample mixture was then loaded into the cells and excess diatomaceous earth
was added until the cell was well packed to ensure that there is no void space.
Dichloromethane was used as the extracting solvent for all extractions. ASE was
performed at 10 and 10 MPa, using one dynamic (7 min) and two static (5 min
each) extraction A flush volume of 150% and purge time of 60 s was used. The
extracts were concentrated to 1 mL using a BYchi Syramatyst (Oldham, U.K).

The extracts were then made up to exactly 10 mL usihgxane. A 1 mL aliquot

was then transferred to an autongder vial prior to analysis and spiked withob
Phenanthrene. All samples weterivatizd using 100ul of BSTFA with 1% TMCS

placed in an oven at 70 for 1 hour.

GCxGC TOFMS analysis was performed using a Leco Pegasus 4D (St. Joseph,
Michigan) time of ight mass spectrometer, connected to an Agilent 7890A gas
chromatograph equipped with a LECO thermal modulator. The TOF ion source
temperature was 2QC and the mass range 45 and 500u was scanned at a rate of
200 spectra/second. The detector voltage weis at 1700/ with an electron

ionisation voltage of 7@V.

All standards and extracts were analysed with the following primary oven
temperature programme: 60;jC isotherm fomihute, then ramp at 10;iC/min to
110jC, then ramp at 3jC/min to 31G, and isthermal at 310jC for 15 minutes. The
secondary oven and modulator temperatures were programmed giCao#Bet
relative to the primary oven. The modulation period waed®nds with a 1.8econd

-0
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hot pulse time and a cool time of 1.7 seconds. The injeptiot temperature was set
to 250;C and set to split injection with a split ratio of 50 and an injection volume of

1pl. Helium was used as the carrier gas, with a flow rate ahL/énin.

The reversed polarity column set that was used comprised of-pataidty TR50
MS supplied by Thermo Scientific (30 $ 0.25mm i.d.$ 0.25um film thickness)
as the primary column and a npaolar Rtx5SilMS supplied by Thames Restek
(1.5m$0.25mm i.d.m$0.25um film thickness) as the secondary column,

connected M a Thames Restek Prdgght connector.

The chromatograms from each sample were processed using Leco ChromaTOF
software (Version 4.50.8.0) to search for, identify and align all peaks with a-signal

to-noise ratio greater than 10.

Sample:

The sample was recovered using a Low Flow from a sump present on a former wood
treatment facility, associated with a former tar distillery in the United Kingdom. The
sample was collected within a glass bottle and storedCap#dor to analysis. The
sample has beerrgviously included in the analysis by McGregaral 2011 and

was shown to be highly weathered. The sample was also included in the multivariate

statistics in McGregoet al 2012.

Quiality Control:

To ensure the analytical accuracy of the data prodsiciet quality control measures

were used including: The use of reagent and procedural blanks, the use or a recovery
standard containing&Naphthalene, B-Fluorene, Qy-Fluoranthene and 13

Pyrene and the use of an injection standard containigiDmanthrene. All

recoveries fell within the range suggested by US EPA method 8800B of between

70% and 130% and all blanks were clean and free of contamination.
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Results and Discussion

Composition:

A sample previously identified as Creosote Oil, DNAPLQWtGregoret al 2011),
obtained from a sump on a former wood treatment facility associated with a former
tar distillery in the UK was analysed. Creosote is a distillation product of coal tar
and is one of the most widely used wood preservative in thil idiateuset al

2008) and can contain up to 17% of the total composition as Phenolic compounds
(Bedientet al. 1984). A total of 255lerivatizd compounds, shown in table 5.1,
were detected.

A total of 16 Phenolic compounds were also detected thatl cmilbe derivatized

due to steric hinderance. Steric hinderance is the process by which compounds that
contain active hydrogen may not derivatized due to the hindrance of the
derivatization reaction around the hydroxyl group. For example, the deriiatiza

of a standard of 2,4;6rimethyl Phenol was attempted using BSTFA, but was found
not to derivatize. This is likely due to the fact that no matter where the hydroxyl
group falls within the ring it will always have a methyl group on either side
protecing it from derivatization. As the number of alkyl groups increases the
possible number of sterically hindered isomers will likely increase as well. As well
as the derivatized compounds the sample also contains 134 Aliphatic compounds,
612 PAHs/Alkyl PAHs, 217 Sulfur containing PAHSs, 129 Oxygen containing PAHS,
128 Nitrogen containing PAHs and 12 Mixed Heterocycles (e.g. containing both
Oxygen and Sulfur). Both cycl86 and cycleS8 sulfur were detected giving a total

of 1505 individual compounds.
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No of
Compound m/z Formula Isomers Retention window (min:sec)
Phenol 166 C6H60 1 6.9, 1.505
Cresols 180 C7H80O 3 8.1,1.725t0 8.5, 1.785
C2-Phenol 194 C8H100 6 9.2,1.960to 11.1, 2.130
C3-Phenol 1DB or Indanol 206 C9H100 2 15.0, 2.475 to 18, 2.454
C3-Phenol 208 C9H120 11 10.0, 2.120 to 13.0, 2.385
Napthaler2-ol 216 C10H80O 1 22.6, 2.530
C4-Phenol 1DB or Cidndanol 220 C10H120 11 15.3, 2.565 t0 19.2, 2.615
Hydroxybenzothiophene 222 C8H60S 1 23.4,2.430
C4-Phenol 222  C1l0H140 16 11.3, 2.80 to 15.1, 2.745
C1-Naphthalenol 230 C11H100 3 24.9, 2.700 to 26.9, 2.625
C5-Phenol 1DB or C2ndanol 234  C11H140 23 15.7,2.730 to 22.8, 2.740
C1-Hydroxybenzothiophene 236 C9H80S 6 25.0, 2.560 to 27.2, 2.545
C5-Phenol 236 C11H160 18 13.5, 2.700 to 18, 2.995
o-Biphenyol 242  C12H100 1 23.4,2.585
Hydroxyacenaphthene 242  C12H100 2 28.8, 2.540 to 30.1, 2.605
C2-Naphthalenol 244  C12H120 8 26.8, 2.765 to 30.9, 2.720
C6-Phenol 2DB 246 C12H160 5 24.1, 2.800 to 28.0, 2.740
C6-Phenol 1DB or C3ndanol 248  C12H160 17 17.7,2.895 to 24.5, 2.855
C6-Phenol 250 C12H180 7 17.1, 3.035 to 20.0, 3.155
Hydroxyfluorenes 254  C13H100 3 35.7, 2.525 to 37.3, 2.590
C1-Biphenylol 256 C13H120 2 25.9, 2.650 to 26.5, 2.650
C1-Hydroxyacenaphthene* 256 C13H120 9 30.7, 2.66 to 34.9, 2.650
C3-Naphthalenol 258 C13H140 5 29.8, 2.825 to 32.0, 2.830
C7-Phenol 2DB 260 C13H160 13 23.6, 2.955 to 29.4, 2.820
C7-Phenol 1DB or C4ndanol 262 C13H180 6 20.9, 2.990 to 25.3, 3.150
C7-Phenol 264  C13H200 4 20.4, 3.220 to 23.2, 3.320
Anthrol 266 C14H100 3 43.2,2.490 to 44.2, 2.565
C1-Hydroxyfluorene 268 C14H120 8 37.8, 2.605 to 40.7, 2.655
C2-Biphenylol 270 C14H140 11 28.2,2.685 to 31.4, 2.760
C2-Hydroxyacenaphthene* 270 Cl14H140 11 34.7,2.680 to 38.3, 2.735
C8-Phenol 2DB 274  Cl14H180 5 27.0, 3.010 to 29.5, 2.985
C8-Phenol 1DB or C8ndanol 276  C14H200 2 25.9, 3.130 to 26.6, 3.215
C8-Phenol 278 C14H220 4 24.3, 3.335 t0 27.8, 3.440
C1-Anthrol 280 C14H220 4 45.1, 2.550 to 47.1, 2.550
C3-Biphenylol 284 C15H160 8 29.2, 2.790 to 33,82.660
C3-Hydroxyacenaphthene* 284 C15H160 7 37.4,2.825t0 40.9, 2.775
Hydroxy-4-ring PAH 290 C16H100 2 51.4,2.445 t0 51.6, 2.430
C9-Phenol 292  C15H240 3 27.4, 3.465 to 29.6, 3.525
C4-Hydroxyacenaphthene* 298 C16H180 3 39.8, 2.790to 41.1, 2.760

Table 5.1: Total number aferivatiz2d compounds in Creosote (DNAPLO11) (DB =

Double Bond) *or Hydroxydibenzofuran isomers
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Derivatization:

The expected predominant Phenolic compounds present within coal tar Creosote are
Phenol, eCresol, mCresol and fresol, which should make up 50% of the total
composition of pure Creosote (Muellet al. 1989). However, the production
process and feedstock used to produce the coal tar affects the overall composition of
the distilled Creosote, for example the productdrPhenols and alkyl Phenols is
significantly different between vertical and horizontal retort types (McGregat

2011). The overall concentration of seldetivatiz2d compounds is shown in table

5.2.

0.6mg/kg for Phenol to 1.6mg/kg for Hydroxypyrene suggesting the majority of

The limits of detection for the method werecakdted and ranged from

compoundgierivatizd by the method would fall within this range in pure phase tar.
These limits of detection would be significantly lower in environmesaaples of

non pure tar such as contaminated soil samples.

Retention Retention

time Conc LOD time Conc LOD
(min:sec) Compound mg/kg mg/kg (min:sec) Compound mg/kg  mg/kg
6.9, 1.505 Phenol 37.6 0.6 10.3, 2.100 C2-Phenol 312.7 0.8
8.1,1.725 o-Cresol 278.2 0.8 10.6, 2.140 C2-Phenol 226.8 0.8
8.3, 1.750 m-Cresol 180.7 0.8 11.1, 2.130 C2-Phenol 164.7 0.8
8.5,1.785 p-Cresol 112.4 0.8 22.6,2.530 Napthaler2-ol 426.1 0.9
9.2,1.960 EthylPhenol 2061 08  51.4,2.445 Hydg’m 945,
9.52.015 C2Phenol 6124 08 516, 2.430 Hydg’:ﬁ" 9 a2
9.9,2.060 C2Phenol 1957.7 0.8

Table 5.2: Concentration of selec@erivatizd compounds in Creosote
(DNAPLO11).

The relative concentrations of PhenolCresol, mCresol and gCresol found within

the samples are low with only 37.6 mg/kg of Phenol and a combined concentration
of 571.3 mg/kg for the 3 Cresol isomers. The most dominant Phenolic compound
found in the sample was 3[@methyl Phenol, which would be expected to make

7.5% of the predominant Phenolic compounds (Mueller at al. 1989), and is present in
a concentration of 1957.7 mg/kg. Since the sample has been previously shown to be
heavily weathered (McGregaet al 2011) one possible explanation for the low

)
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concentations of Phenol and Cresols is their aqueous solubility, although volatility
may also play a role through volatilization into the air surrounding the sump.

p-Cresol, which is present at a concentration of 112.4 mg/kg is the most toxic of the
Cresol isomars with a 5 to 1@old concentration of either-Gresol or mCresol being
needed to observe the same degree of toxicity@sepol (Thompsomet al 1994).

This means that althoughQ@resol has the lowest concentration of the Cresol isomers

it would havethe environmental highest risk associated with-€rpsol and Phenol

also have the ability to change bacterial membrane lipid structure, increasing the
degree of saturation of the lipids, as the Phenols alter the cell membrane permeability
and increastheir fluidity (Kewelohet al 1991).

The environment effects of the Cresols do not only extend to their direct toxicity.
Creosote is a complex mixture of compounds and interactions between these
compounds are important when considering the overall as$ociated with a
contaminated site. Low concentrations e€iesol can increase the carcinogenicity

of benz(a)pyrene, whereas high concentrations can inhibit the carcinogenic effect
(Yanysheveet al 1993). pCresol can be utilized by bacteria as a saldbon and
energy source (Yu and Loh 2002) and the presence-@ifegol can inhibit the
degradation of carbazole with incomplete degradation of carbazoleCagspl
concentrations above 20mg/L and complete removal of carbazole can only occur
when pCresd concentrations are below 10mg/L (Yu and Loh 2002). When
concentrations of 4€resol are higher than 120mg/L carbazole degradation is
completely inhibited. This means that the concentrations@fegol are important

as they will affect degradation ofh@r compounds present within the sample. p
Cresol also has the ability to inhibit the degradation of phenanthrene (Mitlete
al,.1995) and Phenol (Kat al 1997). Due to the concentrations e€pesol this
suggests that biodegradation of carbazolenigkely to take place within the sump

itself, although it may take place within the environment around the sump.

Among the other Phenolic compounds detected the octyl (C8) and nonyl (C9)
Phenols may be of particular interested from an UK/Europeaspgsive. Both
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octyl and nonyl Phenols are included in directive 2008/105/EC due to the fact they
are potential endocrine disruptors. Octyl and Nonyl Phenols are also persistent
within the environment, moderately bio accumulate and are extremely toxic to
aquatic organisms. In total 4 C8 Phenols were detected (as well as 2 C8 Phenols
with 1 double bond and 5 with 2 double bonds) and 3 C9 Phenols were detected
within the sample. No literature could be found reporting the presence of octyl or
nonyl Phenolswithin Creosote or coal tars. One possible reason for the lack of
literature reporting octyl and nonyl Phenols within coal tar, or coal tar distillates, is
that the compounds were only detected duelddvatiation andderivatization
techniques have nebmmonly been applied to coal tar. Another possible reason is
that the octyl and nonyl Phenols both boil within the range of Creosote and so may
be enriched during the distillation process and therefore become detectable. Octyl
and nonyl Phenols may begsent in other forms of coal tar, or coal tar distillate, in
trace amounts and are not detected due to being present below the limits of decetion

of these compounds.

Aliphatic:

Alkyl -cyclohexanes are compounds that are associated with being déowed
petrogenic sources (Sabet al 2006) and can be used for differentiation of fuel
types from petrogenic sources (Kaplah al 1997). Alkylcyclohexanes were
detected within the Creosote sample with an alkyl range between C4 and C18. This
suggestshat there is a petrogenic element in the sample. One possibility is that the
crude tar from which the Creosote was distilled, may have contained an element of
Carburetted Water Gas (CWG) tar. The CWG was a process used at gasworks to
produce a gas rdlaely quickly from hot coke injected with steam and then enriched
with oil (Thomas, 2014). CWG tar was often mixed with coal tar to enable its sale to
tar distillers. This was because CWG tar had a higher water content (due to the
emulsions it would forthand contained less compounds of value to distillers making

it of little or no commercial value. Matewet al 2008 published a qualitative
analysis of the volatile fraction of Creosdteated railway sleepers using GCxGC
TOFMS and detected a total of8 compounds including alkgyclohexanes. This
suggests that alkydyclohexanes may form a part of Creosote oil, although it could
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also be from petrogenic contamination of the samples. Of the 314 volatile
compounds detected by Matezatsal 2008 212 wer detected within DNAPLO11.

A wide range of other aliphatic compounds were also detected within the samples
including nalkanes from C11 to 31, Pristane and Phytane, and 36 branched alkanes
between C11 and C24. A large number of abigdlopentanesand alkyt
cyclopentenes were also detected within the sample ranging freBy&&pentene

to C7-Cyclopentane. The overall distribution of thelkanes is shown in figure 1

and shows that the C12 and Clalkanes dominate with a decreasing trend within

increasing carbon area.
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Figure 5.1Pbn-alkane distribution Creosote tar sample (DNAPLO011)

PAHS:

The single largest class of compounds present within the samples were the PAHs and
alkyl PAHs. Of the EPA34 PAHs, 32 out of the 34 groups of compounds were
detected within the sample. As the EPA34 list actually contains many hundreds of
individual compounds a total of 168 individual compounds were detected with the
majority being alkylated isomers. Only @hrysene and GRhenanthrene, from the
EPA34, were at detected. The lowest molecular weight PAH detected was Styrene
(CsHg) with the highest molecular weight compound being a Dibenzopyrene isomer
(Co4H14). The vast majority of the PAHs detected within the sample are in the form
of alkylated isomers. Theoncentration of the EPA16 PAHs in the sample have
previously been published in McGregaral 2011 and showed that Naphthalene and
Phenanthrene had the highest concentrations.
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Heterocycles:

Of the mixed Heterocycles detected within the Cremsample the most common
were Thienobenzofurans {s0S), 6 of which were detected, and have not
previously been reported in the literature. -Rjfnethylbenzoxazole (§E1gNO) was
also detected within the sample and has not previously been reported iar ama
coal tar distillates. Thieno[2pyridine (GHsNS) has been previously reported in
Anthracene oil (Burchillet al. 1982) and Azadibenzothiophenes;(ZNS), of
which 3 were detected, have been previously reported in Anthracene oil (Betchill
al. 1982) and solvent refined coal heavy distillate SRCIl (Nishiekal 1985),
although none of the mixed heterocycles have been previously reported in Creosote.
Elemental Sulfur can also be found within Creosote (Sundsttash 1986) and is
found wthin the Creosote sample in the formaykclo-hexaSulfur (§ andcyclo
octaSulfur ().

PANHs form an important group of compounds of interest with DNAPLO11
containing PANHs ranging from Dimethyl Pyridine -fGN) to 4H-
Benzo[def]naphtho[2;B]carbazole(C,,HisN). A large number of alkyl PANH
iIsomers are present with the largest group being dimethyl carbazole with a total of 9
isomers. Of the 128 PANHs present within the sample 79 are alkylated isomers.
Only a single compound containing more thantfiogen was detected in the form of
[1,1-biphenyl}4,4-dicarbonitrile (G4aHsN2), which is not heterocyclic and contains
two nitrile groups. The vast majority of PANHs detected within the sample are in
the form of nitrogen containing heterocycles, howesasreral compounds that have
nitrogen containing functional groups were also detected. Compounds detetect that
contiain ~ functional nitrogen include -Naphthalenecarbonitrile and - 2
Naphthalenecarbonitrile ¢gH-;N), as well as their alkylated isomers, whmintain

nitrogen in the form of a nitrile group.

A wide range of PASHs were detected ranging fromTG®phene (GHgS) to
Naptho[2,1b]benzo[1,2b:4,3bO]dithiophene (@H10S,). Naptho[2,1b]benzo[1,2
b:4,3bO]dithiophene is one of 7 Sulfur compoumdsent within the sample which
contains 2 Sulfur atoms within the ring as well as Thienepl@ophene (€H41S,),
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3 Benzodithiophenes (gHsS;), and 2 [1]benzothieno[3,2b][1]benzothiophene
(C14HsS,) isomers. C2-Thiophene is the lowest molecular weigtASH that can be

detected using the GC method and so it is possible that more volatile, and lower
molecular weight, PASHs are present within the sample but are undetectable. Due to
the presence of Sulfur within the ring a large number of alkylated PASBts ©f

the 217 PASHs detected 166 are in the form of alkylated isomers. C4
Benzothiophene (GH14S) and Cz2Dibenzothiophene (GH1.S) form the largest
groups of isomers with 14 compounds present in each group. Of the PASHSs detected
alkyl-Benzothiophere and alkylDibenzothiophenes both form the largest groups
with 94 compounds and 47 in each group. Only twing parent PASHs were
detected within the sample, Benzo[b]thiophene arBeRzothiophene (§sS),
meaning that the largest individual group afnmpounds is likely to be alky
Benzothiophenes as the al@ibenzothiophene group does not differentiate
between the -3ing parent PASH isomers. Of theriBg parent PASHs 4 were
detected including Dibenzothiophene;48sS). Naphtha[lb]thiophene waslso
detected and is the onlyrihg PASH that has been shown to be mutagenic (Jacob.
1990). A total of seven -Ang parent PASHs were detected including
phenanthro[3,4b]thiophene (@H10S). Phenanthro[3;8]thiopheneis the most
mutagenic PASH (Jacob930) with phenanthro[4,3]thiophene showing a much
lower mutagenicity indicating that the position of the Sulfur plays a key role in the
biological effect of the compound (Jacob. 1990).

PAOHSs form an important group of compounds present within coanthrcoal tar
distillates and includes all heterocyclic oxygen containing compounds as well as
nontheterocyclic oxygen containing compounds such as acetophenghgOjCfor

the purposes of this study hydroxylated compounds are classified within their own
group. A total of 129 PAOHSs are present within the Creosote sample ranging from
Benzofuran (@HsO) to Dinapthofuran isomers £6H:.0). Of the 129 PAOHSs
detected 105 are in the form of Heterocycles with alkyl isomers again dominating, as
well as 3 Benzolsbenzofuran isomers {§1100,) containing 2 oxygen atoms within

the ring. Of the remaining 24 compounds the majority are in the form of aromatic
ketones such as Anthrone 14(8:00) and 4H-Cyclopenta[def]phenanthrefione

%..
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(C15HgO), 1 coumarin in the form oKanthone (G4H120) and 2 quinones in the form
of 9,10Anthracenedione (zGHsO,) and 5,12Naphthacenedione (gH100,) both of
which have been previously reported in coal tar (Benhettah 2010).

Fluorenone (&HsO) has also previously been reportecc@al tar (Benhabiket al

2010) and could be produced during the pyrolysis process, however, it can also be
produced during the metabolism of Fluorene (Grifoll et al. 1992) and Fluoranthene
(Kelley et al. 1993) so it is possible it may have been produred,portion of it
produced, during microbial degradation of the tar. Fluorenone can also be produced
by the oxidation of fluorene (Korfmacher et al. 1980). Eriksstoal. 2000 reported
increases in the concentrations of both  Fluorenone  addH-
Cycloperta[def]phenanthred-one during the Creosote contaminated soils.
Wischmann and Steinhart. 1997 also reported increases in the concentrations of
Fluorenone and 9,1Antracenedione during the degradation of a coal tar oil, it is
reportedly used as a woqieservative so likely to be Creosote, in soil. 9,10
Antracenedione has been reported to have potential negative environmental effects as
it inhibits the growth of duckweedvallakin et al 1999) and has around 31 times
higher aqueous solubility than Antleeme, although it is still has a relatively low
water solubility of 1.4mg/kg D at 28C. The detection of these compounds
suggests the possibility for bacterial activity within the sample.

Toxicity:

PAHs account for up to 85% of pure Creosote but aclyount for around 13% of

the total toxicity in Creosote contaminated groundwater (Haghdéd 2007). 80%

of the toxicity can be attributed to methylated benzenes, Phenolic compounds and N
heterocyclic with up to 26% of the total toxicity coming froime alkylated
quinolines (Hartnik et al. 2007), which dominated the most toxic fraction analysed
by Hartniket al. 2007. A total of 20 alkylated quinolines were detected within our
sample with 4 methyl quinolines, 8 dimethyl quinolines and 8 trimeghiriolines,

in addition to this a total of 106 other PANHs were also detected. The toxicity of
dimethyl quinolines can span over two orders of magnitude and is affected by the
relative position of the nitrogen within the ring as well as the relativei@osiof the
methyl groups to the nitrogen (Birkhokt al 1990). Of the other compounds

%.%
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detected within the most toxic fraction in Hartret al 2007 Acridine and -2
Benzothiophene were also detected within our Creosote sample. A total of 71
alkylated bezenes were detected within the sample with 3 €3 C4, 16 C5, 21

C6-, 11 C7# and 10 C8Benzenes detected several of which may contribute to the
overall toxicity of the Creosote.

While in general PANH compounds are present in lower cdrat@ms than their
nonsubstituted PAFanalogues their higher water solubility leads to a higher
bioavailability and potential toxic effects (Neuwoehnetr al. 2009) and low
molecular weight PANHs can account for up to 70% of the wskible fraction of
Creosote (Padmat al 1998). For example Quinoline has a water solubility of
60,000mg/L whereas Naphthalene has a solubility of 30mg/L. Acridine and
Quinoline, both of which were detected within DNAPLO11l, have toxic and
teratogenic effects at sufficieyt low concentrations to make them potential
environmental hazards (Davet al 1981). The environmental impacts of these
compounds may be greater than their reported LC50 values because of sub lethal
effects such as decreased growth rate that may rendeving organisms incapable

of coping with environmental stress (Daeisal 1981).

Forensics:

Since Creosote is a distillation fraction of coal tar covering the rangé€-200°C
(McNeil. 1952), the presence of compounds that boil beloW@0fuchas Styrene
(CgHg), and compounds that boil well above D0 such as Coronene {E1,),
suggests that the Creosote is not in the form of pure distillate and has been blended
with another form of tar, most likely in the form of CWG tar. The presenceeséth
compounds may also suggest when the CWG tar was added to the blend as if it was
added before distillation Styrene and Coronene should not be distilled from the

resulting tar mix.
McNeil. 1952 states that Creosote derived from vertical retort (MB)ctantain 25%

tar acids (Phenolics) and 8%% PAHSs, with the majority containing one or more

methyl substituent groups. McNeill. 1952 also states that in contrast coke oven (CO)

%.&
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and horizontal retort (HR) tars contain no more than 10% Phenols andllye9@a

PAHs with a considerable proportion containing no substituent groups. It should
also be noted that while HR and CO produced Creosotes do differ from those
produced from VR tars the constituents of the Creosote do not vary only the relative
amountsand distribution (McNeil. 1952). Coke oven tars fall loosely into two
categories, those produced at low temperatures {€jauch as Coalite coke and
those produced at higher temperatures (3¢P@Hamper, 2006). This also applies

to horizontal retortars as early horizontal retorts operated at lower temperatures of
around 608C (Harkinset al 1988) with later designs being capable of operating in
excess of 100 (Butterfield. 1904). Low temperature coke oven tars and low
temperature horizontal retaars would both contain Phenolic compounds in greater
degree than the high temperature processes of the same type (Hamper, 2006). While
McNeil. 1952 does not state if the horizontal retort or coke oven tars are from a
higher temperature or low temparsg process it is most likely to be a high

temperature process due to the compositions listed.

One of the most important differences given in McNeill. 1952 is that VR derived
Creosote contains a much higher tar acid content than CO and HR tars m#ely in
form of highboiling waterinsoluble compounds which are not likely to be leached
out by weathering. While the paper does not directly state what these compounds
would be, Woolfolket al 1950 defines these high boiling compounds as those that
boil alove the Xylenol (CZ2Phenol) range. The presence of a large number of
Phenolic compounds that boil above -BRenol, with 258 of the 271 Phenolic
compounds (including sterically hindered phenolics) detected within the sample
boiling above the GPhenol rang, suggests that the Creosote was derived primarily
from a VR tar.

The large database of compounds that the GCxGC can produce is also important
from a legal forensics standpoint. Polluter pays forms the basis of environmental
regulation in many Europeaoountries and the USA, for example within the
European Environmental Liability Directive 2004/35/EC. In complex sites where
multiple possible sources of contamination are present, increasing the potential
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number of unique compounds that can be identifiecteases the chances of
establishing exactly which process the contamination has originated from. This
means that the use of GCxGC greatly increases the forensic potential of a sample,
with the use of thderivatiation further increasing the capabildfthe method.

Conclusion

The use of GCxGOOFMS allowed for the resolution and detection of 1505
individual compounds within a sample of Creosote and the uskerofatiation
allowed for a larger number of compounds to be detected than wouldtdeted
without derivatiation. A large number of potential compounds of environmental
interest were detected including octyl and nonyl Phenols, which have not previously
been reported in coal tar, or coal tar distillates. The GCxGC analysis was able to
determine that the Creosote was likely produced from a Vertical Retort tar due to the
presence of high boiling Phenols, which would likely not have been detected without
the use oflerivatiation. The GCxGC analysis was also able to detect the presence
of petrogenic compounds, such as alkyl cyclohexanes, that were likely added into the
tar prior to distillation. The use of GCxGC for the analysis of environmental
samples increases the potential humber of compounds detected within a sample
without the needor any length separation methods and will likely increase with

importance in the future.
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5.3 Potential for Carbureted Water Gas tar (CWG) contamination in noaRCWG

tars

The paper presented within section 5.2 provides the analysis of a Creosote sample
using post extractioderivatiation providing a large database of compounds. One
important research question raised within the paper is the presence of CWG tars
within nonCWG tar samples as many sites containing coal carbonization also
operated CWG plants. Section 5.3 pres¢he ralkane and alkyl cyclohexane

profiles of coal tars produced by the VR, HR, LTHR and CWG processes in

comparison with the Creosote tar sang#eivatizd in section 5.2.
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The nalkane distributions of the VR tars are shown in figure 5.2, LTHR tars in

figure 5.3, CWG tars in figure 5.4, HR tars in figure 5.5 and Creosote is shown in
figure 5.6. All graphs are adjustéal sample weight and recovery. Sample D14 is a
CWG tar and contains significant abundances-alkanes and this is expected, as
CWG is an oHbased process. Sample D13 is also a CWG tar but does not contain a
large abundance ofalkanes and this ikely down to weathering of the samples or

the fact the sample was taken from a groundwater plume whereas D14 was taken
from a tar tank and would be present in a purer form. Of the remaining samples only
D8 (HR), D9 (LTHR), D11 (Cr) and D20 (VR) contaiigsificant levels of alkanes
relative to sample D14. The largestlikane in samples D8 and D9 is the C13 n
alkane and within sample D20 is the C1dlkane. Sample D14 contains 253%

more C13 ralkane than D8 and 282% more than D9 as well as contaiQbtp 4

more of the C14+alkane than D20. The sample with the largest abundance of n
alkanes however is sample D11, which is Creosote tar, and contains significantly
higher concentrations than those present within D14. For example the largest n
alkane in D1 is C13, which is present in concentrations 372% higher than those
found in D14. This suggests that the Creosote tar contains significant amounts of
petrogenic material and this may explain why it clusters close to the CWG tars in the
PCA analysis.
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The alkyl cyclohexane distributions for the VR tars in figure 5.7, for the LTHR tars

in figure 5.8, for the CWG tars in figure 5.8, for the HR tars in figure 5.9 and for
Creosote in figure 5.11. All graphs are adjusted for sample weight and recovery.
Largest abundances of alkyl cyclohexanes are found in sample D14 (CWG), which
would be expected as alkyl cyclohexanes are petrogenic in origin and sample CWG
is an oil based process. Again there are 4 other samples with significant levels of
alkyl cyclohexaes. The largest peak in sample D8 and D9 is the C5 alkyl
cyclohexane and in D20 is the C6 alkyl cyclohexane. Sample D14 contains 113%
more C5 alkyl cyclohexane than D9 and 254% more C6 alkyl cyclohexane than D20
and sample D14 contains 100.2% more C¥ylaliclohexane than D8. These

results suggest that the majority of thalkanes detected within samples D8, D9 and
D20 may come from petrogenic material, such as CWG tar, that has been mixed into
the coal tar. This may also apply to the remaining sasmgd with the exception of

D16 the remaining samples all contain alkyl cyclohexanes, and so all likely have
some level of petrogenic material present within them. As well as containing no
alkyl cyclohexanes sample D16 also contains the lowest relativelabce of n

alkanes further suggesting that the alkanes present in the remaining samples may be
pyrogenically derived. These tds may also suggest that the pristahgfane ratio

of the samples may be from petrogenic material present within the sarabler

than from the coal tar itself.

The Creosote tar (D11) also contains significantly concentrations of alkyl
cyclohexanes. DNAPLO11 contains the highest concentrations of alkyl cyclohexanes
of any sample, including the CWG tars. The alkyl cyel@ne with the largest
abundance in D11 is C6 and is present in concentrations 1199% higher than those
present in sample D14. Sample D11 also contains 2 alkyl cyclohexanes not detected
in any of the other samples in the form of the C17 and C18 alkyllexdmes. This
suggests that the Creosote tar contains a significant amount of petrogenic material.
These results suggest that petrogenic material, likely CWG tar, was added to the coal
tar that Creosote was distilled from. The distillation process raag énriched the
n-alkane and alkyl cyclohexane concentrations and therefore produced Creosote with
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Chapter 5 Derivatization of Coal Tar

higher concentrations ofalkanes and alkyl cyclohexanes than the original CWG
tar.

As there is significant differences in thelkane and alkyl cyclohexe distributions

of the samples spread over different production processes a database of all the
compounds that can be detected within the samples is required in order to assess how
other compound groups differ between the different production proceS$epter

6 will provide an in depth comprehensive database of the compounds detected in
various different samples with varying production processes.
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Chapter 6

Comprehensive database of compounds in

a wide range of coal tars

6.1 Preface

This chapter contains three original journal articles submitted for publication in the
journal of Rapid Communications in Mass Spectromietiyeptember 2016The

papers contain a database of compounds detected within 16 tar samples from 5
production process. Each paper deals with an aspect of the overall database and all
three papers are to be submitted to the same journal inas an AB and C. C.
Gallacher as the main author was responsible for all the analysis and data
interpretation and writing of theaper. R. Kalin and R. Lord, as project supervisors,
provided support with the research as well as assistance with preparation and review
of the manuscript. R. Thomas, as the industrial supervisor, provided expert
knowledge in the field of coal tar and mdactured gas as well as reviewing the
manuscript. C. Taylor provided expert knowledge in the field of coal tar research as

well as reviewing the manuscript.

Chapter 5 presented the application of post extradeoivatization to sample of
Creosotea coal tar distillate, and the detection of 255 additional compounds, many
of which would not have been detected withdettivatization. Chapter 5 also

presents a database of compounds present with Creosote with 1505 individual
compounds detected. Chapbepresents a database of 16 tar samples from 5
different production processes produced using GCxGC analysis combined with post
extractionderivatiation. The analysis produced a comprehensive database of 2373
individual compounds. The chapter also pres the analysis of a tar sample

produced by an Inclined Chamber Plant including PCA and HCA analysis. This type
of tar has not previously been analysed using GCxGC or multivariate statfstics.

full list of all the compounds found in each sample cafobed in Appendix B.
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Abstract

RATIONALE

Coal tar is a waste byroduct produced by the manufactured gas industry and coke
ovens. Different production processes result in the production of distinctly different
tar conpositions. This study presents a comprehensive database of compounds
produced using twdimensional gas chromatography combined with tofikght

mass spectrometry (GCxGDOFMS) analysing 16 tar samples produced by 5
distinct production processes.

METHODS

Samples of coal tar were extracted using accelerated solvent extraction (ASE) and
derivatizd post extraction using BSTFA with 1% TMCS. Tdwezivatizd samples

were analysed using tawadimensional gas chromatography combined with tofie

light mass spectrometry (GCxGUTOFMS).

RESULTS

16 tar samples from 5 different production processes, Low Temperature Horizontal
Retorts, Horizontal Retorts, Vertical Retorts, Carbureted Water Gas and Coke Ovens,
were analysed. 2369 unique compounds wereletected wh 948 Aromatic
compounds, 19@liphatic compounds, 380 sulphur containing compounds, 209
Oxygen containing compounds, 262 Nden containing compounds and rbixed
heterocycles.Derivatization allowed for the detection of 359 unique compoutids
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majority in the form of hydroxylated PAHs, many of which would not have been
detected witbut derivatiation. Of the 2369unique compounds detected 163

compounds were found to be present within all samples.

CONCLUSIONS

A unique comprehensiveathbase of compounds detected within 16 tar samples
from 5 different production processes was produced. This initial study indicates that
different production processes produce tars with different chemical signatures and
can be further expanded upon bydiepth analysis of the different compound types.
This database clearly demonstrates the analytical power of GOXHHS.

Keywords: GCxGGTOFMS, Coal Tar, Environmental ForensiBgrivatization

Introduction

Manufactured gas is a process by whichdsoli liquid fuels, such as coal or oil, are
converted into gas. These processes were used between the 18100s and 19700s for the
manufacture of Gas in Britain, firstly for lighting and then later on for heating
purpose§ Tar is a byproduct of the manufaured gas process and is produced
during the carbonisation of coal, or oil. Coal tars are primarily dens@amozous
phase liquids (DNAPLs) made up of thousands of organic and inorganic compounds.
Some NAPLS produced by the Carbureted Water Gas pro@gsalso be Neutral or

Light NAPLS with a specific gravity close to that of water. The organic fraction is
dominated by Polycyclic Aromatic Hydrocarb8n@AHOs) and contains many
different classes of organic compounds, many present in trace quantiteas; df/

the organic compounds found within coal tar can be toxic, mutagenic and/or
carcinogenic and have high persistence within the environment. This means that
coal tar contamination forms a lotgrm persistent risk when it is released into the

environnent.
The organic compounds found at former manufactured gas plant (FMGP) sites can

be divided into three classes (Pyrogenic, Petrogenic and Diagenetic) that indicate
their mechanism of formation and potential soutcésrogenic substances are
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producedfrom oxygendepleted high temperature processes, whereas petrogenic
substances originate from petroletsmsed materials used on the itdiagenetic
substances are produced by recent biological activity and are unlikely to contribute
measurably to PAHsaar a FMGP site

When a coal taDNAPL is spilled into the suburface it will migrate vertically
through the soil and underlying geology until it reaches a highly impermeable
stratum and forms a lorAigrm source of contamination. This will often Igadthe
DNAPL collecting within groundwater leading to the dissolution of soluble fractions
of the coal tar into the groundwater. Although the rate at which contaminant mass
transfer in the flowing groundwater takes place is slow the contamination may stil
pose a risk to human health or the environthenbDOAffonsecat al. (2008}
modeled the long term degradation of coal tar contamination and found that even
after 1000 years source depletion of Phenanthrene was low with 89% of the original
mass still reraining. The moderately and sparingly soluble composite constituents
of coal tar were also predicted to have 60% and 98% of the original mass
respectively remaining. These values highlight a key contamination issue of FMGP
as any residual coal tar willke an extremely long time to degrade. This can form a
long-term source of environmental liability and a persistent risk to human health and

the environment.

It is estimated that over 3000 FGMP sites were present within the THe US
Environmenal Protection Agency have reported that due to poor handling and
storage practices in the past, contamination is likely to have occurred at up to 90% of
former site& In 2006 it was estimated that at least 2279 former gasworks existed
which had provideda public gas supply within the British IsfesThis excludes
privately owned gasworks and a more recent estimation of recorded public and
private gasworks from 2010 estimated 3510 gasworks located within the British
Isled.

Coal tar has been used as rade chemical feedstock for the worldwide fine

chemical industry, such as production of dyes or creosote for wood treatraig
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adds environmental forensic complications, as it is possible to encountearcoal
contamination in a broad variety of sitther than FMGPs. One of the earliest uses

of coal tar was in 1824 where the-psoduct naphtha was used to dissolve Indian
rubber into a waterproofing agent for garments. By the late 18000s, coal tar was
used in the synthesis of a wide array of indaktnaterials and consumer products,
including: dyes, perfumes, explosives and pharmaceltidars that were not sold

to refiners may have been landfilled or disposed of in opef pigsulting in a
potential for tar contamination at many former lalhddites. Coal tar and other
FMGP byproducts and wastes were also deposited on FMGP site if space was
available and ground raising was required

The use of GCxGC allows for the separation of Unresolved Complex Mixtures
(UCM), often referred to as agpiOhumpO in the &Cwhich cannot be separated
using traditional GEMS analysis. Because UCMs are believed to consist of many
thousands of compounds, traditional -®S is simply not capable of providing
sufficient resolution leaving most UCM hydrocarBorunidentified. The
combination of the GCxGC with the TOFMS (tiroeflight mass spectrometer)
allows for the identification of compounds within the UCM that previously would be
unidentifiable within the "hump" and most likely missed using-l@E. The usef
GCxGC therefore allows for the separation of coal tar without the need for a lengthy
separation process.

While a large amount of research surrounding coal tar is been published the
production processes used to the produce the tar are often naedeps they are
likely unknown. A comprehensive database of the compounds found in tars from
various different production processes is therefore required. The following study
presents a database of compounds found in 16 different tars produced bgch dis
production process including: Horizontal Retort, Vertical Retorts, Low Temperature
Horizontal Retorts, Carbureted Water Gas plants and Coke Ovens.
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Materials and Methods

Samples:

A total of 16 tars samples, coming from 5 different tar productiocgsses, were
extracted and analysed. The different processes and sample numbers are listed
below (full site information for each sample can be found in the supplementary

information):

Low Temperature Horizontal Retort (LTHR): DNAPLO09 (D9L) and DNAP&01
(D16L)

Vertical Retort (VR): DNAPLOO206 (D2D6V) and DNAPL020 (D20V)

Horizontal Retort (HR): DNAPL007 (D7H), DNAPL008 (D8H), DNAPL010
(D10H) and DNAPLO017 (D17H)

Carbureted Water Gas (CWG): DNAPL013 (D13C) and DNAPL014 (D14C)
Coke Oven (CO): DNAPL018X18CO) and DNAPL019 (D19CO)

Methods:

All solvents used were of analytical grade purchased from Fisher Scientific
(Loughborough, U.K.) and D2phenanthrene, which was used as an injection
standard, was purchased from SigAldrich (Gillingham, U.K.). D8Naphthalene,
D10-Fluorene, D1€Fluoranthene and DiByrene, which were used as recovery
standards, was purchased from Sight@rich (Gillingham, U.K.). BSTFA with 1%
TMCS was purchased from SigrAddrich (Gillingham, U.K.).

Extraction was performed usiag Accelerated Solvent Extraction system (ASE 350
Dionex, Camberley, UK) wusing 10 mL stainless steel extraction cells.
Approximately 0.5g of tar was mixed with an equal amount of diatomaceous earth
(NaSQ) in a 1:1 ratio. Prior to extraction the samplesre spiked a recovery
standard. Extraction cells were lined with 2 Dionex glass fibre filter papers and
packed with 3g of silica gel 60 deactivated with 10% water. The sample mixture was
then loaded into the cells and any residue was recovered wisseg@tomaceous
earth. Dichloromethane was used as the extracting solvent for all extractions. ASE
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was performed at 168 and 10 MPa, using one dynamic (7 min) and two static (5

min each) extractions. A flush volume of 150% and purge time of 60 s wasTinse
extracts were concentrated to 1 mL using a BYchi Syraaatyst (Oldham, U.K).

The extracts were then made up to exactly 10 mL usihgxane. A 1 mL aliquot
was then transferred to an auto sampler vial prior to analysis and spiked with D10H
Phenathrene. All samples wemerivatizd using 100ul of BSTFA with 1% TMCS
placed in an oven at 70 for 1 hour.

GCxGC TOFMS analysis was performed using a Leco Pegasus 4D (St. Joseph,
Michigan) time of flight mass spectrometer, connected to an Agilent 782&A
chromatograph equipped with a LECO thermal modulator. The TOF ion source
temperature was 2QC and the mass range 45 and 500u was scanned at a rate of
200 spectra/second. The detector voltage was set atvVlw@h a electron ionisation
voltage of 7CeV.

All standards and extracts were analysed with the following primary oven
temperature programme: 60;jC isotherm fomihute, then ramp at 10;iC/min to
110jC, then ramp at 3jC/min to 31G, and isothermal at 310;C for 15 minutes. The
secondary oven anchodulator temperatures were programmed at aCl106ffset
relative to the primary oven. The modulation period waed®nds with a 1.8econd

hot pulse time and a cool time of 1.7 seconds. The injection port temperature was set
to 250;C and set to split jection with a split ratio of 50 and an injection volume of

1pl. Helium was used as the carrier gas, with a flow rate ahL/énin.

The reversed polarity column set that was used comprised of-pataidty TR50
MS supplied by Thermo Scientific (30 $ 0.25mm i.d.$ 0.25um film thickness)
as the primary column and a npaolar Rtx5SilMS supplied by Thames Restek
(1.5m$0.25mm i.d.m$0.25um film thickness) as the secondary column,

connected via a Thames Restek Ptagg connector.

The chromatogms from each sample were processed using Leco ChromaTOF
software (Version 4.50.8.0) to search for, identify and align all peaks with a-signal
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to-noise ratio greater than 10. As it would be impractical to purchase standards of

every compound present withthe samples any concentration comparisons are
relative comparisons of the peak area for each compound adjusted for sample weight
and recovery. Only direct like for like compound comparison will be done, as the

detector response will remain equivalent.

Results and Discussion

Database:

A total of 5 different production processes are represented within the coal tar
database including Low Temperature Horizontal Retorts, Horizontal Retorts, Vertical
Retorts, Carbureted Water Gas and Coke Ovens. Bhasluction processes cover

a wide range of types of coal tars manufactured, although other production processes
have been used. Figure 6.1 shows the overall composition of each sample as well as
the total number of each compound class present withisaimples. The aliphatic

class includes n-Alkanes, n-Alkenes, Branched Alkanes/Alkenes and alkyl
Cyclohexane/Pentanes. The PAH class includes all parent and alkyl PAHs. The
derivatizedclass includes all hydroxylated PAHs (such as phenolics) as well as
hydroxylated PASHs, which has been previously reported in coal liguidshe

mixed Heterocycles include heterocyclic compounds with more than one element
substituted within the ring such as Oxye®ulphur. Thienobenzofurans are an
example of a group of xed heterocycles detected for which no literature reporting
their presence within coal tar could be fouriditrogenSulphur mixed heterocycles

such as Azabenzothiophene were also detected, which have been previously reported
in coal liquid$® and Anthraene oit®. The PANH class includes all Nitrogen
containing compounds present in the database, with the exception of mixed
heterocycles. The PAOH class contains all Oxygen containing compounds, with the
exception of hydroxylated compounds and mixed hey@les. The PASH class
contains all sulphur analogues of polycyclic aromatic hydrocarbons, with the
exception of hydroxylated sulphur compounds and mixed heterocycles.

A total of 16 coal tasamples were analysed with 23@G9ique compounds detected
with the largest group being PAHsntaining 948compounds. The database also
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includes 380 PASHSs, 209 PAOHSs, 2BANHs and 15nixed Heterocycles. Finally
atotal of 196aliphatic compounds were detected and @&9vatizedcompounds.

Of the 236conmpounds detected 163 compounds, shown in table 1, were found to be
present in all samples. The majority of these compounds were PAHs with 121 PAHs
being found in all samples. A full list of the compounds found in all samples
including retention times cdwe found in theAppendix All 16 of the EPA 16 PAHS

were detected in every samples as well as several other parent PAHs with branched
PAHs dominating the list. Due the large number of possible combinations associated
with branched PAHSs only a select nuenlof each was present. For example of the
23 C2Fluorenes present in the database only 4 occurred in every sample. Of the
EPA34 PAHS® 30 were detected within every sample with only-Fd3orene, C3
Benzanthracene/Chrysene, -Bdnzanthracene/Chrysene and C4
Phenanthrene/Anthracene not being detected in every sample. A total of 70
individual compounds that fall within the EPA34 were detected in every sample and
a total of 202 compounds detected that fall within the EPA34 that were detected in
multiple  sanples with  C3Fluorene, C3enzanthracene/Chrysene, -C3
Benzanthracene/Chrysene and-Rl#enanthrene/Anthracene being detected within
only a single sample each. Only 2 aliphatic compounds were detected within all
samples, C11 and Cl2atkanes, while C13 t€€16 ralkanes occurred in every
sample except D18CO (coke oven). A total of 22 heterocyclic compounds occur
within every sample with 4 PANHs, 6 PAOHs and 11 PASHSs respectively.

The presence of petrogenic substances within the samples is also possible,
particularly if the site also operated a CWG plant, and alkyl cyclohexanes are often a
sign of petrogenic contaminatibnAlkyl cyclohexanes are present in all but 3 of the
database samples suggesting that all but 3 have some level of petrogeni8atput.

coke oven tars lack any alkyl cyclohexanes, which would be expected as the samples
are fresh and should not contain a petrogenic element, as well as D16L that operated
a LTHR process and did not have a CWG plant on site. Of the remaining samples,
exduding the CWG tars themselves (D13C and D14C), all samples except D7H
were known to have operated a CWG plant on the same site. This suggests that an
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amount of CWG tar is present within these samples but not in sufficient quantity to

affect the multivamate statistical analysis used to determine their production
processes in McGregor et al., 2012The presence of alkyl cyclohexanes within
D7H may suggest that the site may have also operated a CWG plant. As the site
history is limited this is a possil¥i, or that some other petrogenic contamination
source has contaminated the sample.

Low Temperature Horizontal Retort (LTHR):

Horizontal retorts were the first type of retort that was widely used, initially on all
sizes of gasworks. They were originatiycular and made from cast iron, although
this was eventually superseded by fireclay and later silica due to the low durability
and poor ability to withstand high temperatures of cast.ir@arly low temperature
horizontal retorts were heated diredtly a shallow fuel bed of coke lit beneath the
furnace. The direct heat radiated from the furnace to heat the retort. This design
only heated the retorts to around 80Dand as a result the amount of gas produced
was fairly low and the decomposition dfet organic compounds within the tar was
limited, leading to tars more similar in nature to the parenttoal

The number of compounds present within sample DIL is extremely large with a total
of 1568 individual compounds detected. This is the gstatumber of compounds
detected within any sample in the database and it also contains the greatest number
of aliphatic compounds detected at 136. Sample D16L contains a relatively small
number of compounds with a total of 672. Both samples were pshyiftaund to

come from the LTHR proce3sind there are several possible explanations for the
large discrepancy in the number of compounds detected. D16L comes from a
relatively small site that ceased operations in 1946. The site was redeveloped and
the &ar sample was taken from the location of a former tar tank. The sample itself
was present within sandy soil and so this may affect the relative amounts of organics
present within the sample taken for analysis. The sample may have also undergone
significant environmental weathering. D9L was taken from a tar well and comes in

the form of pure DNAPL present in water. As the sample came from a tar well it is
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likely that losses of the watsoluble fraction of the tar to the environment are low

as it is unkkely that significant flow of water took place out of the tar tank.

Horizontal Retort (HR):

Later horizontal retorts allowed for higher operational temperatures capable of
exceeding 100C"’ and so greater decomposition of the organic compoundiwith

the tar. The large surface area present within horizontal retorts allowed for a greater
contact of the produced gases with the heated retort sides and so produced a greater
degree of thermal crackifiy

A total of 4 horizontal retort tars were analgssith a wide variation in the total
number of compounds detected in each. D8H contained the most compounds with a
total of 1517. D17H and D7H both had 1306 and 1290 compounds detected
respectively and D10H contained the lowest number of compoundsedetgith

872. D7H was pure DNAPL taken from the base of a gasholder and is unlikely to
have been exposed to the environment as a whole. D8H was taken from a former tar
tank present on the site and while the sample was waterlogged it is unlikely that it
has been exposed to the greater environment. D10H was taken from a tar well
present on the site and some of the organic compounds present in the original tar
may have leached into the water, however the tank itself was essentially sealed from
the external mvironment. D17H was taken from a pool of tar present on the site,
which was exposed to the environment for an unknown period of time but was not
waterlogged. All samples are essentially crude DNAPL with a varying amount of
possible water content.

Vertical Retort (VR):

Vertical retorts were later developed which rotated the retort bgr@Dallowed for

the gas making process to be run continuously. Vertical retorts generally operated a
high temperature process with temperatures similar to that ofombal retorts
however because of the design of the retort they produced significantly different tars.
A temperature gradient existed within a vertical retort, especially in a continuous
system where coal was continuously fed by gravity. The tar fogaedecan also
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escape vertically up through the coal without carbonizing on the hot surface of the

retort reducing secondary degradation. This produces a tar uniquely separate to both
LTHR and HR tars.

Of the 6 VR samples present in the data, 5 cfrore the same site. The number of
compounds present within the samples varies greatly with D2V containing 650
compounds, D3V containing 807, D4V containing 1188, D5V containing 883 and
D6V containing 833. D20V, which comes from a different site, contaittgal of

1426 compounds and was in the form of pure DNAPL. D2V contains the lowest
number of compounds and comes in the form of tar in a sandy soil. The low number
of compounds in D2V could be down to relatively less tar present within the soil or
the fact it was sampled from a different part of the site and therefore may have
undergone different/more substantial weathering processes than the other samples.
D2V was taken from a location that was not located near to a tar tank therefore the
relative anount of tar within the sample is likely to be lower. Since D3V, D4V,
D5V and D6V are from roughly the same location on the site and therefore overall
compositions of the tar would be expected to be the same. D3V, D4V and D6V were
all taken from within te same tar tank, which had been backfilled after closure of
the gasworks, whereas D5V was taken downstream from the tar tank and was open
to the environment. This suggests that D5V is more likely to have lost compounds to
the environment than the othemsales from the same location. It is also possible
that the tar found at D5V was produced and/or deposited at a different time to D3V,
D4V and D5V.

Coke Oven tars:

Another possible source of tar within the UK comes from coke oven tars. Coke
ovens wee mainly located at collieries, iron and steel works, where coke was
required for the smelting process and can still be found in operation at ptagent
steel works. Coke ovens are the only remaining operational coal carbonizing plants
in the UK'. Theoperational temperature of a coke oven determines the composition
of the tar produced. Coke ovens can operate over a wide temperature range but fall
into two rough classes. Low temperature coke ovens °€7@@oduced phenolic
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compounds and PANHS produdng tars similar to low temperature retorts. High

temperature coke ovens operated in temperatures in excess’Gfptdducing tars

with high PAH content and the conversion of PANHs into ammonia, hydrogen
cyanide, pyridine bases and nitrodfenAs the ta escapes from a coke oven it is
forced on to the hot vertical walls and so is degraded more than in HR or VR.
Metallurgical coke is produced in the $@0to 1095C rangé’ meaning that the
samples are likely produced at a high temperature.

Both coke @en samples were taken on the same day from the same location from
different coke ovens. Both ovens used the same feedstock therefore any differences
will be down to the different ovens used. D19CO comes from an older coke oven
that has been in operatisince the 19300s, whereas D18CO comes from a coke oven
that has been in operation since the 19700s. The overall compositions of the samples,
seen in figure 6.1, are roughly the same with a similar number of overall compounds,
although the relative conceations of the compounds can vary greatly. D18CO
contains a total of 824 compounds whereas D19CO contains slightly more with 872
compounds. All of the data for the coke oven tars suggests that while both samples
come from the same site, and likely use same feedstock, they can produce tars
with different overall compositions while still being distinguishable as coke oven tars

in McGregor et al., 2162

Carbureted Water Gas:

The Carbureted water gas process involved passing steam over a carbon source
(usually heated coke) in order to produce'gas The reaction was extremely
endothermic therefore water gas was generally produced by-stéwayclic process
referred to as the run and blow cycleDuring the blow stage coke was heated to
incandescereby a stream of air and during the run stage steam was injected into the
hot coke. During the run process the fuel would gradually cool due to the
endothermic nature of the reaction hence the need for a cyclic process. To improve
the calorific and/or lumination value of gas produced by water gas, a spray of oil
was introduced to the hot gas in the carburetor hence the@arberetedwater gas

19, CWG could be made with a variety of carbon feedstock such as coke, anthracite
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or bituminous coal and indlly was carbureted with tar light oils generated at coal

gas plants.Any tars produced by the CWG process were consistent with oil gas tars,
as the nortarbureted water gas process did not generate significant amountg. of tar
The normal operational ieperature of CWG was between 850and 700C™°

making it a relatively low temperature process.

Both CWG tars contain a large amount of organic compounds with 1150 detected in
D13C and 1440 detected within D14C. The sample of D13C was obtained from a
groundwater contamination plume and had likely spent a significant amount of time
in the environment. The sample itself appears to be pure DNAPL although the water
content within the sample is unknown. D14C was taken from a former gasholder
that was used am tar emulsion storage tank. This sample also appears to be pure
DNAPL although the water content is again unknown. As D14C was taken from
within a storage tank rather than a groundwater plume it would be expected that it
has lost less of its original m® watersoluble fraction, as the sample would have
equilibrated with any water present within the tank. It is more likely that D13C has
lost at least some of its soluble components to groundwater flow it is also likely that
the sample has a higher watentent than D14C.

Conclusion

A unique comprehensive of compounds detected within 16 tars produced by 5
different production processes was produced. In total 2373 unique compounds were
detected with 163 compounds detected within all samplEse 163compounds
detected within every sample are of potential forensic importance as current risk
assessments relating to coal tar focus on a limited number of compounds, usually the
18 priority PAHs. Several of the 163 compounds detected within every sample ma
also be of potential interest from a toxicological standpdiiie results clearly
demonstrated that different production processes produce distinctly different coal
tars with a degree of variability within the tars produced by the same processes. This
initial study clearly demonstrates the power of GCXBQFMS for the forensic
analysis of environmental samples and can be further expanded on by more detailed
examination of the individual compound types.
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Compound m/z No Formula | Compound m/z No Formula | Compound m/z No Formula
C11 nalkane 57 1 C11H22 | Cyclopenta[deflphenanthrene 190 | 1 C15H10 | C1-Benzo[x]fluoranthene etc 266 | 7 C21H14
C12 nalkane 57 1 C12H24 | Ci1-Phenanthrene/AnthraceR&> 192 | 6 C15H12 | Indeno[1,2,3cd]pyrend"Ae+EPA% | 276 | 1 C22H12
Styrene 104 | 1 C8H8 C2-Flourené"34 194 | 4 C15H14 | Dibenz(a,h)anthrance1e * EPA4 278 | 1 C22H14
Indene 116 |1 C9H8 Fluoranthen&"Ae * EPA34 202 |1 C16H10 | m/z 278 PAH C22H14 278 | 2 C22H14
Indane 118 |1 C9H10 PyrengPALe + EPAS4 202 |1 C16H10 | Benzo[g,h,iperylen&A® * EPA34 276 | 1 C22H12
C3-Benzene 120 | 3 C9H12 Acenaphenanthrylene/Aceanthryleny 202 | 1 C16H10 | Dibenzochrysene 276 | 1 C22H12
*EPAL6 + EPA34

Naphthalen& 128 | 1 C10H8 | C2-Phenanthrene/Anthracef&3* 206 | 5 C16H14 | 1-Naphthalenecarbonitrile 153 | 1 C11H7N
Dihydronapthalene 130 | 2 C10H10 | C4-Biphenyl 210 |1 C16H18 | Carbazole 167 | 1 C12H9N
Methyl Indene 130 |1 C10H10 | Ci-Fluoranthene/Pyreffé"** 216 | 5 C17H12 | Benzo[deflcarbazole 191 |1 C14H9N
C4-Benzene 1DB 132 |1 C10H12 | C3-Phenanthrene/AnthraceR&> 220 | 3 C17H16 | Dimethyl Carbazole 195 |1 C14H13N
Methyl Indan 132 | 1 C10H12 | Benzol[ghi]fluoranthene 226 |1 C18H10 | Benzofuran 118 | 1 C8H60
C4-Benzene 134 | 1 C10H14 | Benzo[c]Phenanthrene 228 | 1 C18H12 | C1-Benzofuran 132 | 1 C9H80
C1-Naphthalen&™3* 142 | 2 C11H10 | Benzo[a]anthraceff@"6 * EPAS 228 |1 C18H12 | Benzo[b]naphtho[3-d]furan 218 |1 C16H100
Acenaphthylen&™Ate *EPA34 | 150 | 1 C12H8 Chrysen&"A16 + EPASs 228 |1 C18H12 | Benzo[b]naphtho[2H]furan 218 | 1 C16H100
Acenaphthen&PAe * EPA34 154 |1 C12H10 | Triphenylene/Napthacene 228 |1 C18H12 | Benzo[b]naphtho[12i]furan 218 |1 C16H100
Biphenyl 154 | 1 C12H10 | C2Fluoranthene/Pyrene 230 | 5 C18H14 | 7H-Benz[de]antracefi-one 230 |1 C17H100
C2-Naphthalen&™3* 156 | 8 C12H12 | 9H-Cyclopenta[a]pyrene etc 240 | 3 C19H12 | Ci-Benzonaphthofuran 232 | 2 C17H120
FluorengPALe + EPAS4 166 |1 C13H10 | Ci-Benzanthracenes/Chryséné® 242 | 3 C19H14 | Ci-Benzothiophene 148 | 3 C9H8S
1H-Phenalene 166 | 1 C13H10 | C1-Dihydro. Benz[alanthracene 244 | 1 C19H16 | Phenyl Thiophene 160 | 2 C10H8S
Benz[x]indene? 166 | 4 C13H10 | Benzo[b]fluorantheng™ e+ EPAS4 252 |1 C20H12 | C3-Benzothiophene 176 | 5 C11H12S
Diphenylmethane 167 |1 C13H12 | Benzo[k]fluoranthen&"A6 * EPAS4 252 |1 C20H12 | Dibenzothiophene 184 |1 C12H8S
C1-Biphenyl 168 | 2 C13H12 | Benzo[e]pyren&EACH ~EPA 252 |1 c2oH12 | Naphtho[l,2b]thiophene 184 |1 C12H8S
C3-Naphtfalene 1DB 168 | 1 | C12H12 | Benzo[a]pyren&PAie+ EPAss 252 | 1| c2oH12 | Naphtho[2,ib]thiophene 184 |1 | c1izH8s
C3-Naphthalen&™3* 170 | 4 C13H14 | Perylené&™* 252 |1 C20H12 | Ci-Dibenzothiophene 198 | 5 C13H10S
Phenanthreng A6 * EPA34 178 | 1 C14H10 | Binaphthalene 254 | 2 C20H14 | Phenanthro/Phenaleno Thiophend 208 | 3 C14H8S
Anthracen&"A16 + EPAs: 178 | 1 C14H10 | C2-Benzanthracenes/Chryséné® 256 | 1 C20H16 | Phenyl Benzothiophene 210 |1 C14H10S
C1-Fluorené™34 180 | 6 C14H12 | Cyclopenta[ghi]perylene 264 |1 C21H12 | C2-Diberzothiophene 212 | 4 C14H12S
C4-Naphthalen&™3* 184 | 5 C14H16 | 11H-Indeno[2,1,7cde]pyrene 264 |1 C21H12 | Ci-Benzonapthothiophene etc 248 | 2 C17H12S

Table 6.1D Compounds present in all database samples *A full

list including retention times has been imchidedppendices.
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Figure 6.1D Total number of compounds per database sample (HR = Horizontal Retort, VR = Vertical Retort, LTHR = L

Temperature Horizontal Retort, CWG = Carbureted Water Gas; Coke Oven)
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Abstract

RATIONALE

Coal tar was a bproduct of the manufactured gas industry and contains a mixture of
inorganic and organic compounds. As different production processes produce
different tars a comprehensive database of the compounds present within coal tars
from different production processes is required. This study focuses on the aliphatic
and aromatic compounds present within a database produced from 16 different tars

from 5 different production processes.

METHODS

Samples of coal tar were extracted using accelerated solvent extraction (ASE) and
derivatizd post extraction using BSTFA with 1% TMCS. Tdwezivatizd samples

were analysed using tawadimensional gas chromatogitay combined with timef-

light mass spectrometry (GCxGIOFMS).

RESULTS

A total of 198 individual aliphatic and 951 individual aromatic compounds were
detected within 16 tar samples produced by 5 different production processes. The
PAH content of cal tars varies greatly depending on the production process used to
produce the tars and this is clearly demonstrated within the results. The aliphatic

composition of the tars provided an important piece of forensics information that
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would have otherwiseden missed with the detection of petrogenic compounds such
as Alkyl Cyclohexanes.

CONCLUSIONS

The aromatic compositions of the tar samples varied greatly with the production
process used as well as providing forensic information within the individual
production process groups. Alkyl Cyclohexanes were detected in all samples from
sites known to operate Carbureted Water Gas plants and not detected in those that
did not. This important piece of forensic information suggests that many samples
were contamin@d with CWG tar, with the bulk of the tar coming from the main

production process used on the site.

Keywords: GCxGGTOFMS, Coal Tar, Environmental Forensics

Introduction

Coal tars are primarily dense ragueous liquids (DNAPLs) made up of thands

of organic and inorganic compounds, with organic compounds such as Polycyclic
Aromatic Hydrocarbons (PAHs) dominating the composttiorCoal tar can be
produced from a variety of different production sources including manufactured gas
and the produain of coke. PAHSs consist of fused aromatic rings and are persistent
within the environment due to the presence of dénslectrons on both sides of the
ring structuré PAHSs can be toxic with the level of toxicity varying greatly with the
number of fusd rings and 4 and-fing PAHs have a strong tendency to be
carcinogenic and/or mutagehic

Various different manufactured gas production processes were employed over time
producing tars with different chemical signatures. For example, the naplatanfra

of VR tars contain relatively more paraffinOs than HR tars and significantly more
than CO tars This general rule also applies to paraffinOs present within the oil

fraction, that boil above the Naphtha range, with VR tars typically containing 12% o

its composition as paraffinOs while HR and coke oven tars contain 0.9% and 0.3%
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respectively. The main distinction between coke coal tars and other tars type is high

parent PAH content

The PAH composition of coal tars can vary greatly depending ompribguction
process used to produce the tar, as well as the feedstock used. For example, the
Naphthalene content of VR tars is very low making up between 0 and 3% of the total
tar’. This is not the case in HR or CO tars where Naphthalene is generatiyemp

at 7% and 5% respectively of the total composition of tHe t@he yields of other

PAHSs such as anthracene and phenanthrene also follow the same general trend.

PAHs can come from either pyrolytic, petrogenic or biogenic sources. PAHs are
introduced into the environment through contamination by crude oils, coal and coal
tar or various refinery products. They can also occur naturally and are derived from
biogenic precursors like terpenes, pigments and stéroids

Alkylated PAHs form an impoaint group of compounds that are often ignored in
environmental analysis due to difficulties in accurate measurement. The EPA has
created a list of 16 groups of prominent C1 to C4 alkyl PAHs derivatives and
combined that with the 18 parent PAHOs to crémtesecalled 34 EPA PAHSs
Alkylated PAHs can serve as useful indicators for petroleum, coal tar and creosote
weathering in the environment. Investigators can use alkyl PAHs to study PAH
transport and migration pathways as well as the rate the petidtegrad®

Alkyl PAHs have a large number of possible isomers with alkyl naphthalenes having
the lowest possible number of isomers of the parent PAHs. One important point of
note is that due to the @ution of the alkyl PAHs in GC the 34 PAH method
actually represents several hundred individual alkylated PAH compauritise use

of GCxGC allows for the separation of alkylated PAHs with McGregor et al. 2011
reporting the separation of 12 C2 alkyl naphthalenes into 10 peaks and only 2 pairs
of alkyl ngphthalenes still celuting. The type of column setup used in the GCxGC
method is important with normal phase column setups only separating 9 out of a

possible 34 C3N isomers and 14 of the 112 possible C4N isomers, while reserved
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phase columns setups segiar 14 C13N and 20 C4N peaks within the same
DNAPL™,

Alkylated PAHs have been shown to contribute substantially to the toxicity of PAH
mixtures, in some cases accounting for 80% of the toxic bYirdarcrude oil parent
PAHOs only make up roughly 1%toé total toxic burden with alkyl PAHs making

up 99%. In Benthic organisms affected by crude oil contamination only 1.4% of the
TU (Toxic units available to benthic organism) is made up of the parent PAHs and
the remaining 98.6% is made up by alkyl PAiH&wthorne et al. 2006). Historical
studies, and many modern studies, focus only on the 18 (or 16) parent PAHOs and
this means that the risks associated with crude oil contaminated sites may be been
greatly underestimated. In diesel fuel contaminatexs shie parent PAHs account

for 2.2% of the composition and 2.7% of the TU. In contrast the PAHs in pyrogenic
FMGP samples account for 35 to 42% of the total PAH concentrations and TU
(Hawthorne et al. 2006), although this will vary depending on the typeabtar and

the processes that produced it.

This study presents the in depth analysis of the aliphatic and aromatic content of 16
tar samples produced by 5 different production processes. A full database of the
compounds found within the samples basn published in Gallacher et al., 2816

Materials and Methods

Samples: See part A

A total of 16 tars samples, coming from 5 different tar production processes, were
extracted and analysed. The different processes and sample numbers are listed
below:

Low Temperature Horizontal Retort: DNAPLOO09 (D9L) and DNAPLO016 (D16L)
Vertical Retort: DNAPLO0Z2D06 (D2D6V) and DNAPL020 (D20V)

Horizontal Retort: DNAPLOO7 (D7H), DNAPL0O08 (D8H), DNAPL010 (D10H) and
DNAPLO017 (D17H)

Carbureted Water Gas: DNAPL013 (D)3hd DNAPLO014 (D14C)

Coke Oven: DNAPLO018 (D18CO) and DNAPL019 (D19CO)
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Methods:
All solvents used were of analytical grade purchased from Fisher Scientific

(Loughborough, U.K.) and D1phenanthrene, used as an injection standard, was
purchased from Sigmaldrich (Gillingham, U.K.). BSTFA with 1% TMCS was
purchased from Sigmaldrich (Gillingham, U.K.). D8Naphthalene, DX&luorene,
D10-Fluoranthene and D1Byrene, was used as recovery standards, and were
purchased from Sigmaldrich (Gillingham, U.K.).

Extraction was performed using an Accelerated Solvent Extraction system (ASE 350
Dionex, Camberley, UK) wusing 10 mL stainless steel extraction cells.
Approximately 0.5g of tar was mixed with an equal amount of diatomaceous earth
(NaSQ) in a 1:1 ratio. Pdar to extraction the samples were spiked a recovery
standard. Extraction cells were lined with 2 Dionex glass fibre filter papers and
packed with 3g of silica gel 60 deactivated with 10% water. The sample mixture was
then loaded into the cells and angideie was recovered with excess diatomaceous
earth. Dichloromethane was used as the extracting solvent for all extractions. ASE
was performed at 168 and 10 MPa, using one dynamic (7 min) and two static (5
min each) extractions. A flush volume of 150%l grurge time of 60 s was used. The
extracts were concentrated to 1 mL using a BYchi Syramatyst (Oldham, U.K).

The extracts were then made up to exactly 10 mL usihgxane. A 1 mL aliquot

was then transferred to an auto sampler vial prior to anagsispiked with D10H
Phenanthrene. All samples weterivatizd using 100ul of BSTFA with 1% TMCS

placed in an oven at 70 for 1 hour.

GCxGC TOFMS analysis was performed using a Leco Pegasus 4D (St. Joseph,
Michigan) time of flight mass spectrometer,noected to an Agilent 7890A gas
chromatograph equipped with a LECO thermal modulator. The TOF ion source
temperature was 2QC and the mass range 45 and 500u was scanned at a rate of
200 spectra/second. The detector voltage was set aV1&@@ a electon ionisation
voltage of 7CeV.
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All standards and extracts were analysed with the following primary oven

temperature programme: 60;C isotherm fomihute, then ramp at 10;iC/min to
110;C, then ramp at 3jC/min to 31G, and isothermal at 310;C for 15 mies. The
secondary oven and modulator temperatures were programmed gCaofffet
relative to the primary oven. The modulation period waed®nds with a 1.8econd

hot pulse time and a cool time of 1.7 seconds. The injection port temperature was set
to 250;C and set to split injection with a split ratio of 50 and an injection volume of
1pl. Helium was used as the carrier gas, with a flow rate ahL/énin.

The reversed polarity column set that was used comprised of-pataidty TR50
MS supplied i Thermo Scientific (3Gn ! 0.25mm i.d.! 0.25um film thickness)
as the primary column and a npaolar Rtx5SilMS supplied by Thames Restek
(2.5m! 0.25mm i.d.m! 0.25um film thickness) as the secondary column,
connected via a Thames Restek Ptegd connector.

The chromatograms from each sample were processed using Leco ChromaTOF
software (Version 4.50.8.0) to search for, identify and align all peaks with a-signal
to-noise ratio greater than 10. As it would be impractical to purchase standards of
every compound present within the samples any concentration comparisons are
relative comparisons of the peak area for each compound adjusted for sample weight
and recovery. Only direct like for like compound comparison will be done as the

detector respae will remain equivalent.

Results and Discussions

Low Temperature Horizontal Retort (LTHR):

Low Temperature Horizontal Retorts were the first type of retort to be widely used
and produced gas from coal operating at temperatures of aroufi@%60rhis
relatively low temperature led to a limited degree of decomposition of the organic
compounds present within the feedstock coal and therefore the tars produced were

more similar in nature to the parent coals from which it was produced.

The aliphaticcompositions of the LTHR tars are significantly different with sample
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DIL containing 136 aliphatic compounds, which is the most aliphatics present in any
of the samples present within the database, and sample D16L containing only 37.
Sample DIL contains -alkanes between C11 and C32, whereas sample D16L
contains ralkanes between C11 and C30. There are significant differences in the
relative concentrations of theatkanes in the LTHR samples. In both samples the
maximum Ralkane is C13, however sampl®IDcontains 7534% more than sample
D16L. Sample DIL also contains alkyl cyclohexanes between C4 and C14 but these
compounds are completely absent in sample D16L. This suggests a relationship
between the relative concentrations ofalkanes and the pressn of alkyl
cyclohexanes within the samples. The large difference in the total number of
aliphatic compounds between the samples is down to the presence of a larger number
of alkenes in DIL relative to D16L (32:10); the presence of a larger number of
brarched alkanes in D9L relative to D16L (32:7); and the presence of 36
miscellaneous aliphatics such as alkyl cyclopentenes and alkyl cyclopentadienes
within DOL that were not detected in D16L.

The total number of PAHs and Alkyl PAHs present witthe LTHR tars is very
different with sample DOL containing 651 individual compounds and sample D16L
containing only 301. The average relative EPA16 composition of the LTHR tars is
shown in figure 6.1 and shows a signature that is dominated by both Naphtha
and Phenanthrene. The main difference between the samples in terms of %
composition is the relative amounts of Naphthalene and Phenanthrene with sample
DOL containing 14.0% of the EPA16 PAH composition as Naphthalene, whereas
D16L contains 21.8% Naptalene. Phenanthrene makes up 13.7% of the total
EPA16 composition of DOL and 15.93% of D16L. Another significant difference is
present in the relative amounts of Pyrene and Fluoranthene with DOL containing
10.3% fluoranthene and 7.06% pyrene and sarbydléL contains only 7.4% and
5.8% respectively. While there is variation in the relative composition of the
samples in both samples Naphthalene is the largest single EPA16 compound.
Sample D9L contains 201 EPA34 PAHs with sample D16L containing only 134,

which is the second lowest number within the database.
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The relative concentrations of the EPA16 PAHs within the LTHR tars are
significantly different with sample D9L containing 535% more EPA16 PAHs
overall. Sample DIL also contains significantly feg concentrations of all of the
EPA16 PAHs with for example 344% more Naphthalene, 459% more Phenanthrene,
738% more Fluoranthene and 655% more Pyrene. The significantly higher
concentrations of EPA16 PAHs present within DIL relative to D16L are lileind

to the fact DIL is in the form of pure DNAPL in water, whereas D16L is in the form
of tar saturated soil, and so likely contains less tar.

The ratio of Flt/Pyr can be used to give information about the temperature of the
production process with the gacted ratio of a LTHR tar being between 0.6 and 0.8
and between 1.0 and 1.4, or higher, for a higher temperature pfocgke ratio of

FIt/Pyr in DOL is 1.45 and in D16L is 1.29. Both of these values fall far outside of
the range that would be expettand in fact fall into the range for higher
temperature coal tars. Since the production process of the tars is known to be a low
temperature process this suggests that in this case the use of the FIt/Pyr ratio gives
inaccurate results that without thengae history could have led to inaccurate
interpretations. It also suggests that great caution should be used when comparing
value calculated on US coal tars for British coal tars. While analytical variability has
been cited as a possible reason for rfisinterpretation of the FIt/Pyr ratibthe

degree of difference between the calculated values and the expected values is so
large that it is unlikely to be down to analytical variability.

Horizontal Retort (HR):

Advances in horizontal retort techngio allowed for increases in operational
temperature which were capable of exceeding A8tand resulted in a greater
degree of thermal decomposition of the organic compounds found within the parent

coal, and resulting tar, as well as generating a grelaggmee of thermal crackihg
The aliphatic composition of the horizontal retort tars varies widely with sample
D8H containing the most aliphatic compounds of the HR tars with 100 and D10H

containing the least with 44. Sample D7H contains 55 and eddipiH contains 80
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with the relative concentrations of the aliphatics that the samples share varying
widely. Sample D8H contains the highest relative concentrations-aditanes
ranging between C11 and C28 with a maximum at C13. Sample D7H contains n
alkanes ranging from C11 to C28 with a maximum at C12, which is present in
sample D8H at 1945% of the concentration found in D7H. Sample D10H contains
n-alkanes ranging between C11 and C30 with a maximum also at C12, which is
present in sample D8H at 385%thé concentration found in D10H. Finally sample
D17H contains falkanes ranging between C11 and C29 with a maximum at C14,
which is present in sample D8H at 393% of the concentration found in D17H. While
the relative concentrations ofatkanes vary widly the same general trend exists

with low molecular weight falkanes between C11 and C18 dominating.

The alkyl cyclohexane distributions of the HR tars also vary widely. Sample D8H
contains the most alkyl cyclohexanes in both concentrations and nurhber o
compounds with alkyl cyclohexanes ranging between C4 and C15 and a maximum at
C5. Sample D7H contains alkyl cyclohexanes ranging between C4 and C9 with a
maximum also at C5, which is present in sample D8H at 2214% of the concentration
found in D7H. Samle D17H contains alkyl cyclohexanes ranging between C4 and
C13 with a maximum also at C5, which is present in sample D8H at 789% the
concentration found in D17H. Sample D10H contains only 4 alkyl cyclohexanes
ranging between C4 and C7 with a maximum als@5, which is present in sample
D8H at 295% of the concentration present within sample D10H. This suggests that
while sample D10H contains less individual alkyl cyclohexanes than sample D7H
and D17H the relative concentrations of the shared compouerdkigiter. The
results suggest that sample D8H contains significantly more petrogenic material than
the other HR tars, likely from CWG tar mixed into the HR tar. The larger number of
Aliphatics present within samples D8H (100) and D17H (80) relative ripples

D7H (55) and D10H (44) is mainly due to the presence of a greater number of
branched ralkanes in D8H and D17H, with 28 and 24, relative to D7H and D10H,
with 12 and 6. There is also a significant difference in the number of miscellaneous

Aliphatics, such as alkyl cyclopentenes and alkyl cyclopentadienes, with sample
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D8H containing 29 individual compounds, with D7H containing only 4, D10H
containing 5 and D17H containing 11.

The average EPA16 PAH for the horizontal retort tar is shown in figureatd

shows that both horizontal retorts and low temperature horizontal retorts produce
similar PAH compositions, although with a greater abundance of higher molecular
weight PAHs in the HR tars and more Naphthalene being present in LTHR tars. The
two maost abundant EPA16 PAHSs in the HR tars are Phenanthrene and Naphthalene.
Sample D8H contains 9.5% Naphthalene and 14.8% Phenanthrene, whereas sample
D17H contains 14.2% Naphthalene and 15.8% Phenanthrene. Sample D7H contains
17.3% Naphthalene and 12.0%eRhnthrene and sample D10H contains 20.7%
Naphthalene and 14.1% Phenanthrene. This means that within half of the HR tars
Phenanthrene is the most abundant EPA16 PAH (D8H and D17H) and other half
have Naphthalene as the most abundant EPA16 PAH (D7H ard)DIis could

be down to differences in the parent coal used to produce the tar or due to
degradation of the samples, as they are all environmental samples. In terms of the
absolute abundances of EPA16 PAHs sample D8H contains 114% more EPA16
PAHs thanD7H, 145% more than D10H and 217% more than D17H and contains
higher concentrations of every EPA16 PAH with the exception of Naphthalene in
D7H and D10OH. Of the EPA34 PAHs sample D7H contains 188 individual
compounds; sample D8H contains 191 individuampounds; sample D10H
contains only 136 individual compounds; and sample D17H contains 197 individual

compounds.

The total number of PAHs and Alkyl PAHs present within the HR tars varies greatly
with sample D8H containing the most individual compounds wifd. Sample
D17H contains the second highest with 579 and sample D7H contains 529. Sample
D10H contains the lowest number of compounds with only 334 individual
compounds. Sample D8H contains both the highest concentrations of EPA16 PAHS
and the greatésiumber of PAHs and Alkyl PAHs, whereas sample D17H contains
the second highest number of compounds but the lowest concentration of EPAL16
PAHs overall. Several compounds appear within the HR tars that do not appear in
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any other tar type. These compoumisude 2 C3Benzo[x]fluoranthene isomers
(Ca3sHig) within samples D7H and D8H and 6 and 3-Behzo[x]fluoranthene
(Ca4H20) isomers in samples D7H and D8H respectively. It also includes-8 C3
Binaphthalene (&H2g) isomers in sample D7H and 11 in samplédD8nterestingly

4 C2Dibenzo[a,h]anthracene (C24H18) isomers are found in D7H, but not D8H, and
2 C3Dibenzo[a,h]anthracene (C25H20) isomers are found in D8H, but not in D7H.
The presence of these high molecular weight alkyl PAHs in the HR tars, ehattar
present in any other tars suggests, that the high production temperature enriches the
higher molecular weight compounds, as the lower molecular weight compounds will
degrade more readily. This means that while the high molecular weight alkyl PAHs
may be present in relatively low concentrations in the parent material they are
enriched as the more easily degradable compounds are destroyed.

Vertical Retort (VR):

The development of later Vertical Retorts rotated the retort Bya®@ allowed dr

the continuous production of gas. Although vertical retorts operated at similar
temperatures to high temperature horizontal retorts the design of vertical retorts
resulted in significantly different tars being produced. As a temperature gradient
exised within a vertical retort and due to fact that the tar fog generated could also
escape vertically without carbonizing on the hot surface of the retort the tar produced
was uniquely separate to both LTHR and HR tars.

The aliphatic composition of the vmal retort tars varies greatly, even within the 5
samples from the same site, with sample D20V containing the most individual
compound with 126. Sample D2V contains only 24 aliphatics; D3V contains 56,
D4V contains 105; D5V contains 93; and D6V contaids Sample D20V, which
comes from a different site from EIR26V, contains the highest relative concentration
and the most individual-alkanes of the VR tars ranging between C11 and C34 with
a maximum at C14. Sample D2V contains the leadkanes rangig between C11

and C18 with a maximum at C12, which is present in sample D20V at 616% the
concentration present in D2V. Sample D3V contaiakanes ranging between
C11 and C28 with a maximum also at C12, which is present in sample D20V at
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566% the corentration present in D3V. Sample D4V contairalikanes ranging
between C11 and C30 with a maximum also at C12, which is present in D20V at
165% the concentration present in D4V. Sample D5V contaglkames ranging
between C11 and C30 with a maximunCadt2, which is present in sample D20V at
335% the concentration present in D5V. Sample D6V contamikames ranging
between C11 and C33 with a maximum at C14, which is present in sample D20V at

872% the concentration present in D6V.

In all cases as thmolecular weight of the-alkanes increases the relative difference

in the concentrations found in D20V increases relative to the other VR samples.
While samples D:D6V have different relative concentrations ofalkanes, and
different total number of ecopounds, the trends within the samples are similar with
low molecular weight ralkanes between C11 and C17 dominating and those alkanes
above C17 being present in only relatively minor levels. This is not the case in
sample D20V that has significantatkanes between C11 and C30 following a
decreasing trend from C14 and with th@lkanes above C31 being present at only
minor concentrations. This suggests that the tars from these two sit@5{Dand
D20V) have significantly different compositions, aadéin the context of aliphatics.
This also extends to the alkyl cyclohexanes as while sample D4V has the widest
range (C4C16) with a maximum at C6 sample D20V contains the highest
concentrations within the shared compounds-Qd4) with a maximum alsct £6,

which is present at 178% of the concentration found in D4V. The alkyl cyclohexane
concentrations also vary greatly within sampleD&V with sample D4V containing
548% more C6 than D2V; 546% more C6 than D3V; 228% more C6 than D5V; and
423% more Céhan D6V.

Sample D20V is the only sample in the database to contavC224lkenes and the
only samples with 1alkanes ranging between C11 and C34. Sample D20V is also
the only sample within the database that contaiatkanes between C11 and C34
andsamples D6V and D20V are the only samples containing the @8&nes. The
relatively low concentrations of-alkanes present within sample DBV and the
relatively high abundances ofatkanes present within D20V suggest that sample
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D20V may be more iticative of a OnormalO VR tar as VR tars are expected to
contain significant alkanes as 12% of oils that boil above the naphtha range should

be present as paraffins (alkaries)

The average EPA16 composition of the Vertical Retort tars is shown in figire

and shows that the VR samples have extremely varied EPA16 PAH compositions,
with the greatest degree of variability in the percentage of the composition that
comes from Naphthalene. Samples D2V to D6V come from the same sample site
whereas sample D20came from a completely different site and has a significantly
different EPA16 PAH composition. The EPA16 PAH % composition of sample
D20V is also shown in figure 6.2 and shows a signature that is dominated by
Phenanthrene, which makes up 31.4% of treraVEPA16 PAH composition. The
EPA16 PAH % composition of samplesD&V, shown in figure 6.2, is similar with
Naphthalene dominating, as well as large proportions of Phenanthrene and
Acenaphthylene. As a general trend as the relative proportion ditiNdgne
increases from sample D2 to D5V (22.2% to 30.7%), the proportions of
Phenanthrene decreases (15.8% to 12.6%) and the proportions of Acenaphthylene
also decreases (16.6% to 8.9%). The EPA16 PAH % composition of sample D6V is
also shown in figure.@ and shows a very different signature to the other samples on
the site (D2D5V) and a signature that is more similar to D20V with Phenanthrene

dominating.

The significant differences between sample D6V and the other samples from the
same site may suggt that sample D6V is more highly degraded than the other
samples and this is further suggested by the relative concentrations of the EPA16
PAHs found within the samples. Sample D6V has the lowest concentrations of
EPA16 PAHs found within the VR samplegith a large bias towards lower
concentrations of Naphthalene and Acenaphthylene and a much smaller difference
between higher molecular weight PAHs such as Benzo[a]pyrene. This suggests that
sample D6VOs EPA16 PAH compositional signature has been Idstakgradation

of the sample possibly due to volatilization Sample D20V also contains
significantly higher concentrations of EPA16 PAHs relative to sample®®2
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with 574.1% more than D2V, 548.4% more than D3V, 437.3% more than D4V,
887.8% more than B/ and 1201.8% more than D6V. As sample D20V contains
much higher concentrations of EPA16 PAHs and the fact the sample is a pure
DNAPL this suggests that the EPA16 PAH composition graph for sample D20V may
be more indicative of a VR tar than the other gi@s It should be noted however
that the statistical analysis used in McGregor et al., 2042still capable of
discriminating these tars as VR tars but contains does 156 compounds within the
statistical analysis rather than just the EPA16, which snafblely used alone for

forensic analysis.

The total number of PAHs and Alkyl PAHs present within the VR tar samples varies
greatly. Sample D4V contains the most individual PAHs of the VR tars with 604
individual compounds, and the second highest eotmation of EPA16 PAHs
overall. Sample D20V contains th& Righest number of compounds with 573 and
the highest concentrations of EPA16 PAHs overall. Sample D3V contains 488
compounds; D5V contains 477; D6V contains 442; and sample D2V contains 424
individual compounds overall. Of the EPA34 PAHs sample D2V contains 142; D3V
contains 154; D4V contains 188; D5V contains 151; D6V contains 156; and sample
D20V contains 181. The trend of the EPA34 PAHs does not exactly follow the total
number of alkyl PAI as sample D6V contains th€ iost EPA34 PAHs but thé2

least total PAHs overall. The PAH compositions of the VR samples also gives an
important piece of forensic information as VR tars should contain less Naphthalene
(0-3% of the total tar) relativeo HR (7%) and CO (5%) tars. This is the case for
samples D20V and D6V but not for the VR tars-D2V. This could suggest that

the Naphthalene present within samples@®/ may have come from a source
other than the VR tar, which is possible due toatplex history of the site. This
also suggests that while the VR tars-D2V may contain elements from other tar
types the statistical analysis developed in McGregor et al., 2012 is still able to
discriminate them as being VR tars.
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Coke Oven tarsqO):

Coke oven tars are the only form of coal tar that is still produced within the UK with
the temperature of the coke oven determining the overall composition of the tar
produced. Coke ovens operating at low temperatures {€y@doduced phenolic

and PANH compound® whereas coke ovens operating at high temperatures
(>700°C) produced tars with high PAH content.

Both CO tar samples contain a relatively small number of aliphatic compounds with
D18CO containing only 2 aliphatics and D19CO containing 8nl Sample D18CO
contains the C11 and C12atkane whereas D19CO containslkanes between C11

and C17 as well as a singleatkene (C10) and a single branched alkane (C14).
Since the samples are both of fresh coke and therefore should not contain any
petrogenic contamination any aliphatics present within the sample were either
produced during the breakdown of the coal within the coke oven to produce coke or
were present within the original parent material. It should be noted that sample
D19CO was prodced from a lower temperature coke oven than D18CO and
contains relatively more aliphatics, which suggests the lower temperature may result
in the production of or lessen the destruction of aliphatics within the tar produced.
Sample D19CO contains 213% ramf the C11 ralkane and 342% more of the C12
n-alkane relative to D18CO, however when the whole database is considered the
concentrations are minor. When the database is considered as a whole, with the
exception of D16L, all other samples containalkane concentrations at least an
order of magnitude higher than those found in D19CO. In the case of D16L the
concentrations of the Cl1talkane are 194% greater and 170% times greater for the
C12 nalkane. The low aliphatic content is expected, as a386®f the oil fraction

that boils above Naphtha should be present as paraffins (alkanes) within coke oven
tars. The low aliphatic content is likely down to the destruction-afkanes during

the long production process of the coke, which is signifigdonger than that of

manufactured gas.

Both samples contain relatively the same number of PAHs and Alkyl PAHs with
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D18CO containing 359 and D19CO containing 387. The difference in the total
number of PAH compounds is mostly down to D19CO aimmg slightly more

alkyl PAHs (D18CO:D19CO) such as ®&phthalene (5:11) and €3
Phenanthrene/Anthracene (9:13). This trend reverses for the higher molecular
weight alkyl PAHs such as @Benzo[x]|fluoranthene (14:11) and €1
Benzo[g,h,i]perylene (11:7)Both coke oven samples contain no alkylated benzenes
above C4 and no alkylated Indenes or Indanes above C2. The % composition of
EPA16 PAHSs is shown in figure 6.1 showing that Phenanthrene is dominant. The
relative compositions of the EPA16 PAHs in themples is similar with the
exception ofAcenaphthylene and Phenanthrene. Sample D18CO contains only 8.0%
Acenaphthylene, whereas sample D19CO contains 14.1% and sampled D18CO
contains only 17.0% Phenanthrene and D19CO contains 19.9%. The coke oven tars
do generally have a unique EPA16 PAH signature relative to the other tars in the
database as they have the lowest relative percentage of Naphthalene. Sample
D18CO also contains 124 EPA34 PAHs and sample D19CO contains 141.

The relative concentrationsf EPA16 PAHs in the sample is important from a
forensics standpoint as higher temperature coke ovens are associated with having
higher PAH contentd This can be clearly seen in the concentrations of EPA16
PAHs as sample D18CO, the higher temperatuke @ven, contains 161% more
EPA16 PAHs than sample D19CO. Sample D18CO also contains higher relative
concentrations of all of the EPA16 PAHs with the exception of Acenaphthylene,
with sample D19CO containing 109.7% more than D18CO. The remaining EPA16
PAHs are present in higher concentrations with the smallest difference in the
concentrations of Acenaphthene at 119.5% and the largest being
Benzo[g,h,i]Perylene at 233.0%. When the database is taken as a whole sample
D18CO contains the highest total condanconcentration of the EPA16 PAHs with
D19CO containing the™most, slightly behind D8H with 94.6% of the total present

in D8H. Sample D18CO also contains the highest absolute abundances of 2/3rds of
the EPA16 PAHs with the exception of Naphthalene Hp7Acenaphthylene
(D19CO), Acenaphthene (D20V), Indeno[1@8]pyrene (D8H),
Benzo[g,h,i]Perylene (D8H) and Dibenzo[a,h]lanthracene (D8H). In general this
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suggests that coke oven tars have a greater degree of parent PAHSs relative to coal
tars produced frm gasification.

Carbureted Water Gas (CWG):

The Carbureted Water Gas process was an adaptation of the water gas process, were
steam was passed over a hot carbon source (usually coke), with a spray of oil
introduced to the hot gas produced in order torawe itOs calorific vallie Since

the water gas process did not generate significant amounts'dftttan the tar
produced by the CWG process is dominated by the feedstock oil used, with a degree
of temperature dependent alteration as the process epdratween 65C and

700°C*®,

The aliphatic compositions of the two CWG tars are significantly different with
sample D14C containing 128 aliphatic compounds and D13C containing only 85.
There is also a significant difference in the relative concenteatibthe compounds

that the samples share. Sample D14C contaialkanes between C11 and C29,
whereas sample D13C containgliRkanes between C11 and C24. The maximum n
alkane in D13C is C14 and the maximum in D14C is C15. While the concentrations
are \ery different with D14C containing 803% more of the Cidlkane than D13C

and 811% more of the C15atkane the overall distributions ofalkanes are similar

with low molecular weight talkanes between C11 and C19 being dominant. Alkyl
cyclohexanes areommonly associated with petrogenic contamindfiand are
present within both of the CWG samples with D14C containing between C4 and C14
and D13C containing between C4 and C12. As with tadkanes the relative
concentrations of the compounds are dgigantly higher in sample D14C over
D13C. For example the maximum alkyl cyclohexane in D13C is C5 but is present at
401% higher concentrations in D14C. While the relative concentrations of the
compounds are very different the overall distributions ofalkgl cyclohexanes in

the samples are again similar. This suggests that both CWG plants produced tars
with very similar aliphatic distributions.
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Both CWG tars contain a large amount of organic compounds with 1150 detected in
D13C and 1440 detectedthin D14C. The sample of D13C was obtained from a
groundwater contamination plume and had likely spent a significant amount of time
in the environment. The sample itself appears to be pure DNAPL although the water
content within the sample is unknowm14C was taken from a former gasholder
that was used as a tar emulsion storage tank. This sample also appears to be pure
DNAPL although the water content is again unknown. As D14C was taken from
within a storage tank rather than a groundwater plumeiutldvbe expected that it

has lost less of its original more wassiuble fraction, as the sample would have
equilibrated with any water present within the tank. It is more likely that D13C has
lost at least some of its soluble components to groundwateiitfis also likely that

the sample has a higher water content than D14C.

Both samples contain vastly different concentrations of the EPA16 PAHs with D14C
containing 448% more EPA16 PAHs overall compared to D13C. The relative
concentrations of all[EA16 PAHSs are significantly higher in D14C relative to D13C
with for example 294% more Naphthalene, 499% more Phenanthrene and 738%
more Pyrene. This significant difference in concentrations is likely down to the
nature of the samples themselves. Sani8C was taken from a groundwater
contamination plume, whereas sample D14C is in the form of pure DNAPL taken
from a tar storage tank. The % composition of the CWG EPA16 PAHSs is shown in
figure 6.1 and shows that the two tars have similar relative amotitw® thirds of

the EPA16 PAHs with the exception of Naphthalene, Acenaphthene, Phenanthrene,
Fluoranthene, Pyrene anthdeno[123c,d]pyrene. The % composition of
Naphthalene in D13C is 27.7% but only 18.1% in D14C and the % composition of
Acenaphthenan D13C is 4.7% and is 2.1% in D14C. The % composition of
Phenanthrene in D14C is 20.4% and 18.3% in D13C; of Fluoranthene in D14C is
5.9% and 3.5% in D13C; of Pyrene in D14C is 7.1% and 4.3% in D13C; and of
Indeno[123c,d]pyrene in D14C is 4.9% and 2.8% D13C. This means that in
terms of composition D13C contains relatively more Naphthalene and
Acenaphthene, whereas D4V contains relatively niitenanthrene, Fluoranthene,
Pyrene andndeno[123c,d]pyrene. One important thing to note is that Naphtlealen
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is the most water soluble of the EPA16 PAHSs so it is possible that the original tar
that D13C came from has even higher relative amount of Naphthalene.

The total number of PAHs and Alkyl PAHs present in sample D13C is 657 and
sample D14C is 729. Thimeans that sample D14C contains the most individual
PAHs of any sample in the database with sample D13C containing“theo$t,
slightly behind sample D8H that contains 671. Sample D8H contains the most alkyl
PAHs of the norfCWG tars and also the higliaglative concentrations, although

this does not apply to every compound. All 3 samples contain Alkyl Benzenes
between C3 and C8; alkyl Naphthalenes between C1 and C5; alkyl Fluorenes
between C1 and C3; Alkyl Phenanthrene/Anthracenes between C1 andéy#; Al
Fluoranthenes/Pyrenes between C1 and C3; Alkyl Chrysenes between C1 and C4;
Alkyl Benzo[x]Fluoranthene isomers between C1 and C2; and C1
Dibenzo[a,h]anthracenes of which the samples share 211 individual compounds.
Sample D14C also contains 37 uniquempounds within the same range not
detected in D13C or D8H. Sample D13C contains 36 unique compounds within the
same range not detected in D14C or D8H. Sample D8H also contains 36 unique
compound within the same range not found in D13C or D14C. Of tie 2
compounds shared by the 3 samples both D14C and D8H contain higher relative
concentrations of every individual compound relative to D13C, which is likely down
to the fact the sample is contaminated groundwater rather than pure DNAPL.
Sample D14C contas 130 compounds at higher relative concentrations than D8H,
with D8H containing 81 compounds at higher relative concentrations to D14C. This
means that overall sample D14C contains the highest relative concentrations of alkyl
PAHs within the database, wh is to be expected as the sample CWG process
operates using oil and alkyl PAHs are more abundant in oil relative tb @eainple

D14C also contains the highest number of EPA34 PAHs with 204, whereas sample
D13C contains 198.
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Figure 62 DAverageEPA16 PAH compositions for Low Temperature Horizontal
Retort, Horizontal Retorts, Vertical Retorts, Carburetted Water Gas and Coke Oven

tarswith standard deviation error bars

Conclusion

Different coal tar production processes producevatsdistinctly different aromatic

and aliphatic ompositions The analytical method was capable of detecting 951
individual aromatic and 198 individual aliphatic compounds providing important
forensic information about the samples. This is reinforcethéydetection of alkyl
cyclohexanes, an indicator of petrogenic material, within tars that were not produced
using petroleum. Alkyl cyclohexanes were detected within all samples from sites
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that contained a CWG plant and not detected in those that difm®suggests that
great care should be taken when using alkytlohexanes asmarkers for
distinguishing coal tar from petrogenic sources of contaminatidh may also
suggest that that the detection of alkyl cyclohexatdésrmer manufactured gasest

may suggest the presence of a CWG plant on site. The alkyl cyclohexane data can
be combined with the PCA, and HCA, statistics in order to infer important forensic
information about the sample. The average EPA RAMposition graphs are also

of great brensics importance as they can be used to infer what production process
produced the tar. The data is of particular importance as 5 different distinct
production processes are represented, whereas most published litecatizias

only one process th& often not definedEven in cases were the production process

is defined it is often defined as either a CW&B or a coal gas tar without reporting

the retort type that was used@he use of GCxGO OFMS allows for the detection of

a large number of copounds with tars that would otherwise be missed.
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Abstract

RATIONALE

Coal tars are a mixture of both organic and inorganic compounds and were produced
as a byproduct of the manufactured gas process, as well as in the production of
coke. The product tar compositions varied depending on many factbrasube
temperature of production and the type of retort used. For this reason a
comprehensive database of the compounds found within different tar types is
required. This study focuses on the heterocyclic and hydroxylated compounds
present within a dabase produced from 16 different tars from 5 different production

processes.

METHODS

Samples of coal tar were extracted using accelerated solvent extraction (ASE) and
derivatizd post extraction using BSTFA with 1% TMCS. Tdwerivatizd samples

were analysed using twdimensional gas chromatography combined with tofie

light mass spectrometry (GCxGIOFMS).

RESULTS

A total of 865 Heterocyclic compounds and 359 hydroxylated PAHs were detected
within 16 tar samples produced by 5 different piddun process. Both the
heterocyclic and hydroxylated PAH content varied greatly with the production
process used with the heterocyclic compounds giving information about the

*)+



"#S%&" () (((CCCCCCaeato&' &) +&,-.1.0.)&,"1,2"#$"3(-), *(,.,4%-&,%.(5&,"1,2".6./.%)

feedstock used. Of the 359 hydroxylated PAHs detected the majority would not be
detected without the use dérivatization.

CONCLUSIONS

Coal tars produced using different production processes and feedstocks produced tars
with significantly different heterocyclic and hydroxylated contents. The
concentrations of the individual hedeyclic compounds varied greatly even within

the different production processes and provided information about the feedstock used
to produce the tars. The hydroxylated PAH content of the samples provided
important forensic information that would otheravisot be obtained without the use

of derivatiation and GCxGEIOFMS.

Keywords: GCxGGTOFMS, Coal Tar, Environmental ForensiBgrivatization

Introduction

Coal tar is a complex mix of inorganic and organic compounds produced primarily
by the formermanufactured gas industry and heterocyclic compounds are a major
group of compounds of interest present within coal tars. A heterocyclic compound is
a compound that has at least two different elements as members of its ringed
structure. Of particular terest in samples of coal tar, or coal tar contaminated soils,
are those containing Oxygen, Sulphur and Nitrogen. The composition of Sulphur
(PASH), Oxygen (PAOH) and NitrogdPAHs (PANH) in tar largely reflects those
present in the parent coalith sone temperaturelependent alteratién This makes
heterocyclic compounds potential compounds of forensic interest.

Sulphur containing compounds make up an important group of compounds present
within coal tars with heterocyclic Sulphur compounds donmgat The Sulphur
content within coal is present either as inorganic compounds, such as pyrite and
sulphides or organic Sulphur compounds, such as Poly Aromatic Sulphur
Hydrocarbons (PASHs). The organic Sulphur content (OSC) of coal is determined
by the aiginal organic matter that formed the coal deposits and takes the form of
aliphatic and aromatic thiols, sulphides, disulphides and heterocyclic combinations
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of thiophenes and dibenzothiophehe$?’ASHs exist in an even greater variety of
structures compad to PAHSs due to the presence of sulphur within the ring structure,
therefore the number of isomers and alkylated isomers can be extremely high making
quantification and identification of individual PASHs isomers diffitult The
occurrence of PASHs (alknown as thiaarenes) in environmental samples and fossil
fuels as well as their mutagenic and carcinogenic potential has been reported

Nitrogen is present in all fossil fuels and is associated almost exclusively with the
organic portion of the crudmateriaf. It usually makes up around 0.5% of crude
petroleum but is found in higher concentration2%4) in shale oils and coal The
toxicity of nitrogen aromatic compounds greatly depends on the structure and
number of fused rings. Several studieave found that nitrogecontaining
substituents, such as nitrand amine functional groups can enhance toxicity by up

to 10Gfold. This means that although the nitrogen content of the parent coal may be
low the possible health effects from nitrogenntaining polycyclic aromatic
compounds (PANH) cannot be ignored. While in general PANH compounds are
present in lower concentrations than their -sabstituted PAFanalogues their
higher water solubility leads to a higher bioavailability and potentiat teKects

within the environmerit

The mechanisms affecting the structures of nitrogen containing compounds during
pyrolysis is poorly understood. Nitrogen containing compounds are devolatilized
from coals during primary pyrolysis and will b@ntained within the coal tar.
During secondary pyrolysis nitrogen content in coal tars can also undergo secondary
reactions including: conversion of tar into soot, expulsion ofcwrdensable gases
(such as HCN) and structural rearrangements amongcdheensable organic
product§. During the condensed phase benzene and naphthalene are more stable
than their corresponding heterocyclic PANHOs (Pyridine and quinolone), while in the
vapour phase PANHs appear to be slightly more $talffe\NHs are highlystable

relative to neutral PAHOs and can persist through severe thermal conditions and so

are possible compounds of toxicological intetest
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Oxygen containing compounds are also present within coal tar in the form
heterocyclic oxygen containing compouratsd norheterocyclic oxygen containing
compounds such as aromatic ketor@sygen containing compounds can be toxic,
mutagenic and carcinogenic and are more mobile within the environment than their
parent PAHs due to their increases solubility in watBnis makes them of special
concern in ground water as they can leach out for coal tar plumes and contaminate
drinking water. Benzofuran and Dibenzofuran are two important oxygen containing
PAHs that are derived from coal tar and are important biomarkergdal tar

contamination.

Hydroxylated PAHs, sometimes referred to as tar acids, are another major group of
oxygen containing compounds found within coal tars with the alkyl phenols
dominatind. The tar acids composition of Vertical Retort tars vageshtly from

other tars with VR tars containing7times more tar acids than Coke oven tars and
3-4 times more tar acids than Horizontal Retort'farsThe compounds present
within the tar acid fraction are also very different with HR and CO tars cargain
significantly more Phenol and Cresols than VR tars, with phenol making up 25% of
HR tar acids and 18% of CO tar acfds VR tars acids on the other hand contain
only 6% Phenol, with Cresols only making up a small proportion, with high boiling
tar acid dominating®>. A database of the heterocyclic and hydroxylated PAH
content of coal tar samples from different production processes has never previously
been published.

This study presents the in depth analysis of the heterocyclic and hydroxylated
content of 16 tar samples produced by 5 different production processes. A full
database of the compounds found within the samples has been published in Gallacher
et al., 20168 and an in depth analysis of the aliphatic and aromatic content can be
found in Gallacher et al., 2016h
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Materials and Methods

Samples: See part A

A total of 16 tars samples, coming from 5 different tar production processes, were
extracted and analysed. The different processes and sample numbers are listed
below:

Low Temperatre Horizontal Retort: DNAPLO09 (D9L) and DNAPL016 (D16L)
Vertical Retort: DNAPLO02D06 (D2D6V) and DNAPL020 (D20V)

Horizontal Retort: DNAPLOO7 (D7H), DNAPL0O08 (D8H), DNAPL010 (D10H) and
DNAPL017 (D17H)

Carbureted Water Gas: DNAPL013 (D13C) and DNAPL@M24C)

Coke Oven: DNAPLO018 (D18CO) and DNAPL019 (D19CO)

Methods:

All solvents used were of analytical grade purchased from Fisher Scientific
(Loughborough, U.K.) and D10Hhenanthrene, which was used as an injection
standard, was purchased from SigAldrich (Gillingham, U.K.). BSTFA with 1%
TMCS was purchased from SigrAddrich (Gillingham, U.K.). D10Hphenanthrene,
D8H-Naphthalene, D10Hfluorene, D10KFluoranthene and D1GRyrene, which
were used as recovery standards, were purchased from-8Iidneh (Gillingham,

U.K.)

Extraction was performed using an Accelerated Solvent Extraction system (ASE 350
Dionex, Camberley, UK) wusing 10 mL stainless steel extraction cells.
Approximately 0.5g of tar was mixed with an equal amount of diatomaceous earth
(NaSO,) in a 1:1 ratio. Prior to extraction the samples were spiked a recovery
standard. Extraction cells were lined with 2 Dionex glass fibre filter papers and
packed with 3g of silica gel 60 deactivated with 10% water. The sample mixture was
then loadednto the cells and any residue was recovered with excess diatomaceous
earth. Dichloromethane was used as the extracting solvent for all extractions. ASE
was performed at 168 and 10 MPa, using one dynamic (7 min) and two static (5
min each) extractions. Aush volume of 150% and purge time of 60 s was used. The
extracts were concentrated to 1 mL using a BYchi Syramatyst (Oldham, U.K).
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The extracts were then made up to exactly 10 mL usihgxane. A 1 mL aliquot
was then transferred to an auto sampial prior to analysis and spiked with D1OH
Phenanthrene. All samples weterivatizd using 100ul of BSTFA with 1% TMCS
placed in an oven at 70 for 1 hour.

GCxGC TOFMS analysis was performed using a Leco Pegasus 4D (St. Joseph,
Michigan) time of fligit mass spectrometer, connected to an Agilent 7890A gas
chromatograph equipped with a LECO thermal modulator. The TOF ion source
temperature was 2QC and the mass range 45 and 500u was scanned at a rate of
200 spectra/second. The detector voltage waat 46t00V with a electron ionisation
voltage of 7CeV.

All standards and extracts were analysed with the following primary oven
temperature programme: 60;C isotherm fomihute, then ramp at 10;jC/min to
110jC, then ramp at 3jC/min to 3]G, and isothenal at 310;C for 15 minutes. The
secondary oven and modulator temperatures were programmed gCaofffet
relative to the primary oven. The modulation period waed®nds with a 1.8econd

hot pulse time and a cool time of 1.7 seconds. The injectidrigraperature was set

to 250;C and set to split injection with a split ratio of 50 and an injection volume of

1pl. Helium was used as the carrier gas, with a flow rate ahL/énin.

The reversed polarity column set that was used comprised of-patardy TR-50
MS supplied by Thermo Scientific (30! 0.25mm i.d.! 0.25um film thickness)
as the primary column and a npaolar Rtx5SilMS supplied by Thames Restek
(2.5m! 0.25mm i.d.m! 0.25um film thickness) as the secondary column,
connected via #hames Restek Pretight connector.

The chromatograms from each sample were processed using Leco ChromaTOF
software (Version 4.50.8.0) to search for, identify and align all peaks with a-signal
to-noise ratio greater than 10. As it would be impracticgburchase standards of
every compound present within the samples any concentration comparisons are

relative comparisons of the peak area for each compound adjusted for sample weight
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and recovery. Only direct like for like compound comparison will beedms the

detector response will remain equivalent.

Results and Discussions

Low Temperature Horizontal Retort (LTHR):

The total number of hydroxylated PAHs present in the LTHR tar samples varies
greatly with D9L containing 203 and D16L containing yon60 individual
compounds. The relative concentration of the compounds varies greatly with D16L
containing 196% more Phenol than DOL. D9L however contains 217% more 0
Cresol, 136% more fresol and 168% more-@resol. With increasing molecular
weight tre difference in relative concentrations increases greatly with D9L
containing 2821% more Naphthal@rol, 7388% more of the only Gdlaphthalenol
found in both samples and 2509% moré&ydiroxyfluorene. Phenol is the only
hydroxylated PAH present in a higheoncentration in D16L compared to DIL.
When the database is considered as a whole, DIL is the only sample that contains
detectable Hydroxychrysene and-8¢droxychrysene. GBRlydroxyflourene is also
found in DIL and was only detected in sample D9L aA@\Dand no other samples.

The heterocylic composition of both samples varies greatly in both the number of
compounds and concentrations. D9L contains a greater number of all of the
heterocyclic types with 194 PANHSs, 146 PAOHs and 233 PASHs. D16L centain
far fewer heterocyclic compounds with only 88 PANHSs, 103 PAOHs and 78 PASHSs.
While D16L contains less individual PANHs than DIL the relative concentrations of
the majority of shared compounds are higher in D16L than D9L. For example D16L
contains 436% more Benzonitrile, 254% more Quinoline, 214% mote
Naphthalenecarbonitrile and 111% more Carbazole. This suggests that the nitrogen
content of the coal used to produce sample D16L contained significantly higher
nitrogen content. DIL however contains malifferent types of compounds that are

not found in D16L such as Indole, Didole and C2Andole. D2V is the only other
sample in the database that does not contain Indole or at least one Alkyl Indole
compound. D9L is the only sample outside of the &R that contains Pyridine and
Methyl Pyridine, which was not detected in any CWG, VR or CO tar samples.

")



"#S%&" () (((CCCCCCaeato&' &) +&,-.1.0.)&,"1,2"#$"3(-), *(,.,4%-&,%.(5&,"1,2".6./.%)

While DOL does contain Pyridine it is in minor concentrations relative to the other

tars that also contain it with sample D7H containing 5312% mare BOL and
sample D10H containing 12650% more. The PAOH content of the LTHR tars
follows the same trend as the PANHs in terms of the number of compounds with
DIL containing more PAOHSs, than D16L. However, unlike the PANHSs, in almost
all cases the relatvconcentrations of PAOHs detected in DIL are higher with for

example 578% times more Benzofuran and 352% times meBeG4ofuran.

The PASH composition of the samples follows the same trend as the PAOHSs, with
sample D9L containing both the highestatee concentrations and the largest
number of individual compounds. Sample DIL contains higher concentrations of
every compound that the samples share with for example, 1126% more
Benzo[b]thiophene and 1170% more Dibenzothiophene. This again suhgesiet

coal used to produce sample DIL was significantly different to that used to produce
sample D16L. Since sample DIL contains 535% more EPA 16 B#tés sample

D16L this suggests the parent coal used to produce D16L contained significantly
more Nitogen than that which produced DOL. This is due to the fact sample D16L
contains higher concentrations of PANHSs relative to DIL, despite the fact it likely
contains far less tar. The opposite is true of sulphur compounds with significantly
higher concemations found in DIL relative to D16L suggesting the coal used to
produce DIL had a higher sulphur content. The difference in PAOHSs present within
the sample suggests that the coals likely had similar oxygen contents. While the
locations of the sites amonfidential it should be noted that they would not have
received coal from the same coalfields and so the type of coal used may have
differed.

Horizontal Retort (HR):

Later horizontal retorts allowed for higher operational temperatcagable of
exceeding 100" and so greater decomposition of the organic compounds within
the tar. The large surface area present within horizontal retorts allowed for a greater
opportunity for contact of the gases with the heated retort sides andwof@ila
greater degree of thermal crackifg
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The overall number of hydroxylated PAHs in each sample is fairly consistent with
D7H containing 132, D8H containing 152, D10H containing 120 and D17H
containing 108 individual compounds. The only two samplgth more
hydroxylated PAHs than the HR tars are D20V and D9L and of all the sample types
HR tars have the most consistently high number of hydroxylated PAHs. While
sample D8H contains the most individual hydroxylated PAHSs it does not contain the
highestrelative concentrations of the hydroxylated PAHs shared by the HR tars.
Sample D7H contains thd“most individual hydroxylated PAHs of the HR tars and
generally the highest concentrations. For example sample D7H contains 599% more
Phenol than D8H, 188%nore than D10H and 551% more than D17H. It also
contains 330% more-Greosol than D8H, 115% more than D10H and 470% more
than D17H. Sample D17H contains the least hydroxylated PAHs overall and
generally contains the lowest concentrations of the shaoedpaunds. One
important point of note is that the water solubilityOs of the phenolic compounds
decreases with increasing molecular weight therefore in samples such as D8H and
D10H, which are both waterlogged DNAPL, the original tar may have contained
morePhenol and Cresol, as these are the most water soluble phenolics.

High phenolic content is a major characteristic of low temperature coal taP€}650

and medium temperature coal tars BD®. While this is the case for the LTHR

tars, which are pragted at temperatures around 8DQit also applies to the HR tars
which were produced at temperatures in excess of °0080ggesting that high
phenolic content is not entirely temperature dependent and retort type plays a role.
The high amount of oxygemd water vapour available within the horizontal retort
may explain the presence of abundant pherf8licdt should also be noted the
production process used to produce the middle temperature coal tar analysed by Shi
et al., 2012, the Lurgi process, isignificantly different to any of the production
processes used to produce any of the samples within the database. The high pressure
used in the Lurgi process would likely affect the overall composition of the tar

produced.
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The heterocyclic compositions the HR tars varies greatly with the greatest number

of compounds found in D8H which contains 594 compounds including 187 PANHS,
133 PAOHSs, 263 PASHs and 12 mixed Heterocycles. Sample D7H contains 570
compounds including 200 PANHs, 153 PAOHs and 211 PASHd 6 mixed
heterocycles and sample D17H contains 539 compounds including 181 PANHSs, 134
PAOHSs, 213 PASHs and 11 mixed heterocycles. Sample D10H contains the least
number of Heterocycles, as well as the least number of compounds overall, with 374
compounds including 141 PANHs, 80 PAOHs, 143 PASHs and 10 mixed
Heterocycles. As previously mentioned samples D7H, D10H and D9L are the only
samples to contain pyridine and methyl pyridine. They are also the only samples that
contain Aniline, Pyridine and MeyhPyridine as while the coke oven tars (D18CO
and D19CO) both contain aniline they do not contain Pyridine or Methyl Pyridine.
Sample D8H also contains methyl pyridine and Aniline but lacks pyridine itself.
Sample D10H contains the most Pyridine witlB#3 more than D7H and also
contains the most aniline with 174% more aniline than D7H and 928% more aniline
than D8H. The coke oven tars D18CO and D19CO also contain aniline and contain
relatively more aniline than D8H but less than both D7H and D10H.

Sampe D17H contains the lowest relative concentrations of the PANHs shared by
the HR tars with few exceptions. Sample D7H contains both the largest number of
individual PANHs as well as the highest relative concentrations of the PANHs
shared by the sampldfl@ugh this is not the case for every compound. For example
sample D7H contains 115% more Indole than D8H and 113% more Indole than
D10H and 136% more Quinoline than D8H and 130% more Quinoline than D10H.
This trend is not observed for Carbazole witmgke D7H containing 123% more
Carbazole than D10H and D8H contains 113% more Carbazole than D7H. As a
general rule sample D17H contains significantly lower concentrations of PANHSs
relative to the other 3 HR tars, whereas the remaining 3 HR tars havar simil
concentrations with a degree of variability in the concentration and number of
PANHSs.
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The PAOH composition of the samples varies greatly and as with the PANHs sample
D17H contains the lowest relative concentrations of the PAOHs that the HR tar
sanples share. Unlike the PANHs sample D8H contains the highest concentrations
of PAOHSs, but not the largest number of individual compounds. For example
sample D8H contains 174% more Benzofuran than D7H and 139% more than D10H.
This trend is reversed forilRenzofuran with 125% more than D7H and 175% more
than D10H. As a general trend sample D7H contains higher concentrations of
PAOHSs than D10H. This means the order of concentration goes from D8H to D7H
to D10H and finally D17H. The concentrations of PAOWIthin the HR samples
follows the same concentration trend as the EPA16 PAmih sample D8H
containing the highest concentrations and D17H the lowest. This is not the case for
the PANHs as sample D8H contains the highest concentrations of PANHisshat t

not the case for the EPA16 PAHs. This suggests that the oxygen content of the coals
used to produce the HR tars were similar with the Nitrogen content varying to a

greater degree.

One compound of note is 9Huoren9-one, which is present in lgconcentrations

in sample D17H with 1052% more than D7H, 1468% more than D8H and is entirely
absent in D10H. This high concentration is completely at odds with the EPA16 PAH
concentrations for the HR tars and this could be down to the source of theucaimpo
Sample D17H also contains 1560% more YAhthracenedione than D7H, 1856%
more than D8H and with 9,18nthracenedione being completely absent from D10H.
Finally sample D17H contains 48yclopenta[deflphenathreftone which is not
detected within anof the other HR tars. These compounds are of particular interest
as Fluorenone can be produced from the metabolism of Fldérear
Fluoranthen®. Increased concentrations of Fluorenone and - 4H
Cyclopenta[def]phenathreftone have been reported durinige degradation of
creosote, a coal tar distillate, contaminated Sbilas well as increasing
concentrations of Fluorenone and 9AmMhracendione during the degradation of
coal tar oil (Steinhart, 1997). This could suggest that sample D17H may have
undergone significant microbial degradation relative to the other HR tars and could
provide evidence for microbial activity within tar DNAPL.
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When the database is considered as a whole sample D17H contains the highest
relative concentrations of 4Bycloperia[deflphenathred-one and 9,10
Anthracenedione but not 9Huoren9-one, with D17H being the second highest.
Sample D16L contains the highest concentrations ofFRidren9-one in the
database while containing th82owest concentration of EPA16 PAHs This is

likely down to the nature of the sample as sample D16L is a tarry soil and so
microbial breakdown of the tar is more likely to occur than in a pure DNAPL.
Sample D20V contains the second highest concentrations of 4H
Cyclopenta[def]phenathreftone, at 51% of the concentration found in D17H, and
9,10Anthracenedione, at 29% the concentration found in D17H. Sample D20V also
contains the "8 most 9HFluoren9-one, at 35% the concentration found in D16L.
Of all the samples in the database D16l,7B and D20V contain the most 4H
Cyclopenta[deflphenathreftone, 9,16Anthracenedione and 9Huoren9-one
within the database. Both D17H and D20V are in the form of pure DNAPL, with
D17H being taken from inside a tar tank, which suggests that bacteiabolism

may be occurring within the DNAPL.

The PASHSs content of the samples varies greatly with both the largest number, 263,
and highest concentrations found in sample D8H. Sample D8H also contains the
second largest number of PASH compounds in dhtabase with only D14C
containing more PASHs, with 280. For example, sample D8H contains 222% more
Benzol[b]thiophene than D7H, 162% more than D10H and 512% more than D17H.
Sample D17H contains the smallest number of individual PASHs of the HR tars and
as with the PANHs and PAOHSs the lowest relative concentrations. Samples D7H
and D10H contain similar numbers of PASHs with sample D10H containing 137%
more Benzol[b]thiophene than D7H and 227% more Benzenethiol. This trend
reverses as the molecular weigitreases with sample D7H containing 109% more
Dibenzothiophene than D10H; 157% more NaphthebltRiophene; 156% more
Naphtho[2,1b]thiophene; and 168% more Naphthoft]thiophene/Naphtho[2;3
c]thiophene. This suggests that the original parent caaptioduced D7H contains
more high molecular weight PASHs, whereas D10H contained more lower molecular
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weight PASHs. Sample D8H may have been produced from a feedstock coal with a
significantly higher Sulphur content than the other HR tars. Sample D1&H m
contain relatively less tar than the other samples or the Sulphur content of the
feedstock coal may have been significantly lower.

Vertical Retort Tars (VR):

Vertical retort tars are those that were produced from vertical retorts, which were an
advancement on horizontal retorts that rotated the retort Byal@wing for the
continuous generation of gas. While vertical retorts operated at high temperatures
similar to horizontal retorts their unique design led to significantly different tars
being produced. Vertical retort t& should contain-@ times as much tar acids as
coke oven tars and-@times as much as Horizontal retort tarswhile theoverall
phenoliccontentof VR tars is highthe phenol content in VR tars is low making up
only 6%, wth small amounts of Cresol, whereas phenol accounts for 25% of the tar
acid content of HR tars and 18% of fhteenoliccontent for CO tars.

The total number of hydroxylated PAHSs in the VR tars varies greatly with sample
D2V containing 2; D3V comtining 1; D4V containing 75; D5V containing 21; D6V
containing 31; and D20V containing 231. Sample D20V contains the most
hydroxylated PAHs within any sample within the database but is also the only
sample in the database in which Phenol was not detetitelbes however contain

133 alkylated phenols between C1 and C8, although it only contains #rel @@

Cresol isomers and no-risomer. Sample D4V contains th& thost hydroxylated
PAHs in the VR tars and contains 4399% mor€resol, 934% more -Lrel,

142% more Ethyl Phenol and 253% more of aR®2nol isomer than sample D20V,
however for every other compound the samples share the concentrations are
significantly higher in sample D20V. It should also be noted that when the database
is taken as a wdle the concentrations of Phenol and the 3 Cresol isomers in sample
D4V are small with sample D17H, the HR tar with the lowest abundance of Phenol
and the 3 Cresol isomers, containing 6185% more Phenol, 2267% rresal,
1970% more rCresol and 7763% me p-Cresol than D4V. D20V is also the only

VR sample containing GAnthrol (which was only found in D20V, D7H and D8H).
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D20V is also the only sample in the database containingi\@Boxyfluorene and
C3-Hydroxybenzothiophene. The wide range of the numdierdetivitisable
compounds in D:D6V is also interesting as all samples come for the same site and
the difference in compositions may further reinforce the complex site history the

samples came from.

A main characteristic of VR tars is the presencelafge abundance of high boiling,
those above GPhenot’, phenolic compoundsnd this is clearly seen in D20V with

the sample containing 124 phenolic compounds within this range. Of the 124
phenolic compounds present within D20V that boil aboveP@@nol41 are unique

to sample D20V. While D20V contains a large number of individual high boiling
phenols it does not contain the highest concentrations &?Hefol or C&henol

1DB. However for the alkylated phenols in the C4 range and higher the relative
concentrations present with sample D20V are higher than all other samples in the
database with the exception of D9L. Sample D9L shares 74 alkylated Phenols with
sample D20V of which only 13 are present in higher concentrations in sample D20V.
This suggest that while a large abundance of high boiling phenolic content is
indicative of a VR tdrit also applies to LTHR tars. While the literature does state
that VR tars should have a higher tar acid content than HF tais is likely
referring to HR tarand not LTHR tars, as these would have been long phased out by
the 19500s. When the high boiling phenolic content is compared to the HR tars
higher concentrations of the majority of the high boiling phenolics are present in

D20V, as the literature suggsshould be the case.

The overall heterocyclic composition of the VR tars varies greatly with sample
D20V containing significantly more heterocyclic compounds than the other VR tars
with 498 individual heterocycles detected including 220 PASI3S, PANHSs, 132
PAOHSs and 11 mixed heterocycles. Sample®®/ come from the same sample
site with sample D2V containing 200 individual heterocyclic compounds with 151
PASHSs, 17 PANHSs, 31 PAOHs and 1 mixed heterocycle. Sample D3V contains 262
individual heterocyclic compounds with 181 PASHs, 21 PANHSs, 59 PAOHs and 1
mixed heterocycle. Sample D4V contains 404 individual heterocyclic compounds
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with 205 PASHSs, 94 PANHSs, 103 PAOHs and 2 mixed heterocycle. Sample D5V
contains 292 individual heterocyclic cooynds with 157 PASHs, 60 PANHSs, 73

PAOHs and 2 mixed heterocycles. Sample D6V contains 290 individual
heterocyclic compounds with 139 PASHs, 67 PANHs, 82 PAOHs and 2 mixed

heterocycles.

Sample D20V contains the most PANHs within the VR tars withds3#ell as the
highest relative concentrations overall. Sample D4V contains the most PANHs of
the VR tars from the same site {D®BV) with on average concentrations an order of
magnitude larger than D2V and D3V and significantly higher concentrations than
D5V and D6V. Sample D20V however contains an order of magnitude larger
concentrations, on average, than sample D4V. For example sample D20V contains
1055% more Carbazole than D4V; 2422% more than D5V; 2585% more than D6V,
9851% more than D2V; and 1023##ore than D6V. One major exception to this
trend is Indole which was only detected within VR tars D4V and D20V with sample
D4V containing 731% more Indole than D20V. However, when the database is
considered as a whole the concentrations of Indole in B4Vminor with similar
concentrations to DIL but significantly lower concentrations than both the HR tars
and CO tars. This suggests that Indole is not found within VR tars, or LTHR tars, in
significant concentrations with the higher concentrations dble within D4V
possibly coming from a source other than the VR tar, as it is only detected within 1
sample from the same site. When the database is considered as a whole the
concentrations of Carbazole present within D20V are higher than LTHR tars and
CWG tars but significantly lower than HR tars and CO tars. This trend applies to
other PANH compounds such asNapthalenecarbonitrile, Benzo[h]quinolone,
Benzo[def]carbazole, Benzo[c]carbazole, Dibenzo(a,g)carbazole and Naphtho[2,3

b]carbazole.

The PAOH composition of the VR tars follows a similar trend to the PANHs with
the highest concentrations and total number of compounds found in sample D20V,
followed by D4V. While the concentrations, and total number, of PAOHs within
sample D4V are relativelyigher compared to the other samples from the same site
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(D2V-D6V) they are, on average, at least an order of magnitude lower than those
present within sample D20V. For example, sample D20V contains 208% more
Benzofuran than D4V; 390% more than D5V; 7601%renthan D6V; 8000% more

than D3V; and 10116% more than D2V. It also contains 1392% more Dibenzofuran
than D4V; 3110% more than D5V; 3992% more than D6V; 6383% more than D3V,
and 6902% more than D2V. When the database is considered as a whole sample
D20V contains relatively low concentrations of Benzofuran aneB€dzofuran but
relatively high concentrations of Dibenzofuran and Benzo[b]naphthd]#8an,

similar to those founds in the HR tars.

Acetophenone was detected within D2V but was not detegtnin other VR tars,

and was also detected in all the HR tars and CWG tars but neither the CO tars or
LTHR tars. The relative concentrations of Acetophenone are higher in sample D2V
relative to D7H (140%) and D18CO (299%) but lower relative to D8H {5&40H

(38%), D13C (79%) and D14C (34%). The concentration of Acetophenone present
within sample D2V is high when the database is considered as a whole as the tar
content of D2V is likely to be very low due to the nature of the sample. As
Acetophenone @as not detected in any of the other samples within the same site this
suggests that it may come from another source other than the VR tar that makes up
the bulk of the sample.

The total number of PASHs present within the VR tars is relatively highsainple
D20V containing the most with 220 and sample D2V containing the least, of the VR
tars, with 151 individual PASHs. Of the 220 PASHs present within VR 50 are not
found in any other VR tars. Of the 170 remaining compounds 125 individual PASHs
are pesent within sample D20V at higher concentrations than any of the other VR
tars. A total of 45 PASHSs are present in lower concentrations in sample D20V than
in at least one of the remaining VR tars suggesting that overall D20V contains both
more individud PASHs and higher relative concentrations. The majority of the
compounds present in lower concentrations in D20V are alkylated PASH isomers
including 3 C1Benzothiophene isomers; 6 &2&nzothiophene isomers; 3 C1
Dibenzothiophene isomers; and 10-Diberzothiophene isomers. Sample D6V is
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the only sample in the database that lacksT@Bphene, although it does contain
many alkylated Thiophenes above C2.

The large difference in the PASH, PAOH and PANH content of samplesi/
suggests the samples nmagve a complex history. As the samples all came from the
same site they likely used the same source of feedstock alttedugh the exact
composition of the coal may have changed over.tims the PANH, PAOH and
PASH content of coal tars is determineg their presence within the parent coal
used, with a degree of temperature alteration, then the samples would be expected to
have relatively similar heterocyclic compositions but this is not the case. This
suggests that some of the compounds present amag &rom sources other than the
original VR tar or could possibly point to changes in feedstock composition over
time. The complex nature of samples DR@V suggests that sample D20V may be
more indicative of a pure VR tar with samples BR@V likely conaminated with

other forms of tar. This is further reinforced by the presence of a large number of
high boiling Phenols present within D20V relative to the other VR tars.

Coke Oven tars:

Coke ovens are the only modern day source of coal tar stillaratpn within the
UK?. Two distinct forms of coke oven tars exist, with low temperature coke ovens
tars produced at <700 producing phenolic compounds as well as PARH& he
other form of coke oven tar comes from high temperature coke ovens, whicteop

in excess of 70 and in the case of metallurgical coke between°®@0énd
1095C?3, with PANHs being converted into ammonia, hydrogen cyanide, pyridine
bases and nitrogén

The total number of hydroxylated PAHs within the coke oven tars aréaswith
sample D18CO containing 49 and sample D19CO containing 68. The larger number
of individual Phenolics present with D19CO is likely down to the lower temperature
used®. A total of 43 hydroxylated PAHs are shared between the CO tars and as
expectd all are present in higher relative concentrations within sample D19CO. For
example sample D19CO contains 253% more Phenol; 350% rroresol; 630%
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more mCresol; 132% more-gresol; and 426% more Naphthal2ol. The main
reason for the different nurab of compounds in each sample is that D19CO
contains more branched isomers of hydroxylated PAHs than D18CO as well as
containing 1 Phenanthrol and 3 Anthrol compounds, which were not detected within
D18CO. While Anthrol is present in many samples throughthe database
Phenanthrol was only detected in D19CO, D7H, D8H and DIL and is entirely absent
from CWG and VR tars, although sample D19CO contains the lowest concentration
of Phenanthrol within the database.

Both coke oven tars contain a large numbkemdividual heterocyclic compounds

with 50% of the total individual compounds present in D18CO being present in the
form of heterocycles and 47% within D19CO. As both samples were produced from
the same feedstock coal any difference in the heterocgoheposition is likely

down to the difference in the coke ovens themselves, although there may be variation

within the feedstock coal itself.

As sample D18CO is a high temperature coke oven tar it would be expected to
contain large abundances of pyridires the above 780 PANHSs are converted into,
although not exclusively, pyridine baes While both samples have the same
number of alkylated pyridines, although not the same individual compounds, the
concentrations of alkylated pyridines present witbk®CO are significantly higher.

A total of 4 alkylated pyridines are shared by the samples with 2 C2 Pyridines, which
are present in 624% and 1609% higher concentrations in D19CO, and 2 C3
Pyridines, which are present in 113% and 239% higher concengratidd19CO.

These results suggest that low temperature coke ovens produce pyridines whereas
while higher temperature coke ovens may destroy them. This suggests that pyridines
are among the compounds produced below@Ghd so may not be a good marker

for coke oven operational temperature.
Sample D19CO is a low temperature coke oven tar and would be expected to have
higher concentrations of PANEfs This is not the case for the individual number of

PANHs present within each sample as D18Ca@nhtains 171 PANHSs, whereas
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D19CO contains only 161. In total the samples share 135 PANHs 65 of which are
present in higher concentrations in D19CO relative to D18CO. A total of 69 PANHSs
are present in higher concentrations in D18CO relative to D190 rdmaining
shared compound, Indole, is present in essentially the same concentration. There are
several concentration trends present within the shared PANHs with sample for
example D18CO containing relatively more; Aniline (114%), Benzonitrile (167%)),
Methyl Benzonitrile (133L55%), Quinoline (118%), Carbazole (127%) and Acridine
(131%). As a general trend sample D18CO contains higher concentrations of nitrile
containing PANHs and parent PANHs. Sample D19CO contains relatively higher
concentrations oflkylated PANHs such as C1 and C2 Indole; C1, C2 and C3
Quinoline, C1 and C2 Carbazole; and C1 and C2 Acridine. These results suggest
that at higher temperatures the alkylated PANHs are lost in favour of parent PANHs

and nonrheterocyclic nitrogen compousduch as those containing nitrile.

The PAOHSs follow the same general trends as the PANHS with D18CO dominated
by parent PAOHSs such as Benzofuran (163%) and Dibenzofuran (125%), as well as
compounds such as phenyl benzofurans and phenyladihegans. Sample D19CO

is dominated by alkylated PAOHs such as-B&Ehzofuran (158%), C2 and C3
Benzofuran; C1 and C2 Dibenzofuran; and C1, C2 and C3 Benzonaphthofuran.
Sample D18CO contains 107 individual PAOHs and D19CO contains 108 with 86
PAOHSs sharethetween the samples. Of the@ftared compounds 51 are present in
higher relative concentrations in D19CO. These results suggest that higher
temperature coke ovens result in tars with lower alkylated PAOH contents and higher
parent PAOH content.

The number of PASHSs in the two CO tars is similar with sample D18CO containing
128 and sample D19CO containing 133. In total the samples share 105 PASH
compounds of which 63 are present in higher concentrations in D19CO relative to
D18CO. As with the PANHsnd PAOHs sample D18CO is dominated by parent
PASHs such as Benzo[b]thiophene (147%), Dibenzothiophene (152%) and
Phenanthro[2/b]thiophene (189%). Sample D18CO also contains relatively more
phenyl thiophene, phenyl benzothiophene, Benzodithiophene and
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Phenanthrothiophene. Sample D19CO contains relative meiiéh©phene; C1, C2

and C3 Benzothiophene; and C1, C2 andDi#nzothiophene. This suggests that

the higher temperature increases the relative abundances of parent PASHs while
decreasing the reige abudance of alkylated isomers. The two CO tars are also the
only samples within the database that lackT@®phene, or any Thiophenes in
general larger than C2.

Carbureted Water Gas (CWG):

The Carbureted water gas process is another gas prodpaiimess which used both
coal, usually in the form of coke, and oil to manufacture gas. It was developed from
the water gas process with the addition of oil being sprayed onto the gas produced in
order to enrich its calorific value. This means that ttgalmic compounds present
within the tar produced come primarily from the oil used in the process, as the water
gas process alone did not produce significant amounts 3f tdhis results in a
chemical signature that is significantly different to tarsveek for coal. For example

oil, generally, has a lower nitrogen content than coal with only <0.5% of the content
of crude petroleum being present in the form of PANHSs, whereas this number goes
up to between 1% and 2% in ccals

D13C contains only 7 hydxylated PAHs whereas D14C contains 94. The relative
concentrations of the 7 compounds hydroxylated PAHs present in both samples
varies greatly with D14C containing 18890% more Phenol, 33417% more of a C2
Phenol, 18878% more of a &henol and 1603% tinsemore of a CLhenol. The
relative concentration different of the heavier hydroxylated PAHSs is less with 1103%
more oBiphenylol, 1100% moreHydroxyacenaphthene and 910% more 4
Hydroxyfluorene. The relatively low number, and concentrations, of hydtexyla
PAHs present in D13C is likely down to the fact the sample came from a
groundwater contamination plume, whereas D14C came from a tar storage tank. The
size of the relative difference between the individual shared compounds suggests that
the original L.3C tar had a significantly different hydroxylated PAH composition to
that of D14C. While sample D14C contains significantly more Phenol than sample
D13C when the database is considered as a whole the concentration is small and with
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the exception of the R tars all tar types contain more Phenol than the CWG tars,
and the same is true for the 3 Cresol isomers.

The heterocyclic composition of the two CWG samples varies greatly with D13C
containing 48 PANHs, 100 PAOHs and 251 PASHs and 2 mixed hetrscyc
D14C contains 102 PANHs, 105 PAOHs and 280 PASHs and 2 mixed heterocycles.
The relative compositions of the Heterocyclic compounds are interesting as it gives
important forensic information about the samples. The PANH content of both
samples is lowvith sample D14C containing significantly higher concentrations of
the 32 PANHSs that the CWG samples share. For example sample D14C contains
708% more Carbazole; 2086% more Acridine; and 1472% more Benzo|c]carbazole.
When the database is considered alethowever the concentrations of PANHS in
D14C are low with higher concentrations overall than the VR tars and LTHR tars but
significantly lower concentrations than the CO and HR tars. This is in spite of the
fact LTHR and VR tars are both produced frooal and therefore should have a
higher nitrogen content within the tar produced.

The total number of PAOHs within both samples is similar, however the
concentrations of PAOHs are vastly different with sample D14C containing higher
concentrations of 58f the 71 PAOHs the samples share. Despite the fact sample
D13C likely contains significantly less tar relative to D14C, as the sample comes
from groundwater, 14 PAOHSs are present in higher concentrations in D13C relative
to D14C. With the exemption of gingle compound, a Naphthofuran isomer, the
PAOHs found in higher concentrations in D13C over D14C are alkylated
Benzofuran between C1 and C4. This suggests that the original tar that sample
D13C came from containing significantly higher concentratiomsaliylated
Benzofurans, which may suggest differences in the production process or could be
down to the feedstock oil used.

Both CWG tars contains a large number of PASHs with 251 in D13C and 280 in
D14C. Sample D14C contains the most PASHSs in the ds¢alwith only D8H

(263) containing more than D13C. Of the 198 PASHSs that the CWG tars share only
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a single compound is present in higher concentrations in D13C relative to D14C, a
C3-Thiophene 1DB isomer, with all other compounds being present in higher
concentrations in D14C. When the database is considered as a whole sample D14C,
which is more indicative of a pure CWG tar DNAPL, contains significant
concentrations of PASHs with the highest concentrations of Benzo[b]thiophene,
Dibenzothiophene and GBerrothiophene isomers.

When the database considered as a whole significant concentrations of PASHs are
present in D14C, D20V, D7H, D8H, D10H, D18CO and D19CO. Theese samples
share 60 PASHSs, ranging from m/z 111 to m/z 284, with D14C containing the
highest relative concentrations of 37 of the 60. The samples share 23 compound
with an m/z of 222 or higher of which 17 are present in higher concentrations in at
least one sample relative to D14C, which suggests the CWG tar contains
significantly more PASHsbelow m/z 222. This high PASH content may be
explained by the use of oil within the process, which may have a higher organic
sulphur content than many of the coals used to produce the other samples. The
quality of coal or oil used to produce the manufesdl gas will have a large impact

in the relative amounts of PASHs presents within the samples.

Conclusion

Coal tars that are produced using different feedstocks and production processes
produced tars with significantly different heteroay@nd hydroxylated contentdn

total 865 heterocyclic and 359 hydroxylated PAHs were detected. The phenolic
content of coal tars varies greatly depending on the production process used to
produce the tars and the phenolic content of tars can forrmportant piece of
forensics information. The presence of absence of phenolic compounds within coal
tar samples can also potentially provide information on the environmental
degradation of the samples, for example if the production process is known to
produce a high phenol content but a high phenol content is not detected this may
suggest the phenol has been lost to the environment. This is of particular importance
when assessing samples that have been exposed to water as phenol is the most water
soluble & the phenolic compounds with increased molecular weight decreasing
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solubility. The presence of high boiling phenolics, those boiling abovEheol,

can also be used to suggest what retort type was used to produce a specific tar. The
data produced byhe two coke oven tars is of particular forensic interest as the two
tars were produced by the same feedstock coal but operated at different temperatures
and so clearly demonstrate the effect temperature has on the phenolic content of tars
produced withouthe affect of different retorts, as the coke ovens donOt have retorts.
The results clearly showed that the lower temperature coke oven tar contained
significantly more individual hydroxylated phenolics as well as higher individual
concentrations. This ggests that the higher the temperature that the tar is exposed
to the greater the destruction of phenolics is.

The heterocyclic content of coal tars is also important as it can provide information
on the feedstock used to produce the tars. The conensraof individual
heterocylic compounds varied greatly, even within tars produced by the same
production process. Again the data produced by the coke oven tars if of particular
forensics interest. The information provided by these two samples caredbeous
suggest what affect temperature has on the tars produced. At temperatures greater
than 706C PANHSs are converted into, although not exclusively, pyridine bases and
so it would be expected that the higher temperature coke oven tar would contain
highe concentrations of pyridines. This however is not the case and the low
temperature coke oven contains significantly higher concentrations of the shared
alkylated pyridines. It should be noted that pyridine itself was not detected within
either coke oventar sample and the concentration data suggest the higher
temperature resulted in the destruction rather than production of pyridines. It is also
expected that lower temperature coke ovens contain higher concentrations of PANHs
and of the 135 PANHSs sharég the two coke oven tars 65 were present in higher
concentrations in the higher temperature oven with 69 present at higher
concentrations in the lower temperature oven, with 1 equal compound. The results
suggest that the statement that lower temperatake oven tars contain higher
concentrations of PANHSs is not strictly true and a more accurate statement is that
higher temperatures result in the loss of alkylated PANHSs in favour of parent PANHs
and nonrheterocyclic nitrogen compounds such as thoseagung nitrile groups.
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This is also the case for PAOHs and PASHs with higher temperatures resulting in the
loss of alkylated PAOHSs with higher parent PAOH content.

-"&((# #0121 (3#L(#/1A(#5/&(%4(68&%& 7% (1&8B&'#/(749%$4:.61(%"#%(92;"%(5&(4<(2.%& ¢
<4(1:;;&1%2.;(524/4;27#/(#7%282%0(32%"2.(%"&(%o#' (1#9%/ & RO (&R (5 &(
A<($H'%27:1#'(2.%&' & 1% (#1(2%(7#.(5&($'46:7&6(50(%"&(9&%#54/219(4<(54%" (</:4'&.&
#.6(</4'#.%"&.&(#.6(3#1(<4:.6(2.(1#9%/&(A*BC(2.(74.7&.%'#%24.1(<#'(2.(&D7&11(
4<(7495#'#5/&(YoHIHIS/&1=((-"&(74.7&.%'#%24. 1 (#' &(749%/&%&/0(#%(466 1 (32%"(
%"&(EFG*)(FGC(74.7&.%'#%24.1(<4'(%"&(CH(%#'1=((1#9%/&(A*BC(#/14(14.%#2.1(
Cyclopenta[def]phenathreftone which was not detected within any of the other

HR tars and has been reported during #gradation of coal tar distillate within
contaminated soils. This suggests that significant biological degradation of sample

D17H may have occurred and this could provide evidence for microbial activity

within tar DNAPL as the sample itself is pure DNARIken from a tar tank.

Biological activity may also have affected sample D16L as this contains the highest
concentrations ob/:4'&. AM.&J("43&8&'(#1(%"&(1#9$/&(21(%#'(32%"2.(142/(%"&.(
524/4;27#/(6&;'#6#%24.(21(.4%#1(: 1:#/(#1(%"#%($'&1&.%(32% A BLLOSIE(
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6.5 Bridge- Woodall-Duckham Inclined Chamber Tar:

Sections 6.2, 6.3 and 6.4 presenhaue comprehensive database of coal tars
produced by 5 different production process. The database however does not
included every production process that produced coal tar and one such process is the
WoodallDuckham Inclined Chamber Plant.

DNAPLO50(D50) is a sample of tar from a WoodBluckham Inclined Chamber

Plant (ICP) constructed in the North West of England, UK. The site also operated a
CWG plant so there is also a potential for petrogenic material to be present within
the tar. The sample wanalysed by GCxGC and a database of compounds present
within the sample was produced as well as PCA and HCA analysis. The sample was
run bothderivatizd and nosderivatizd. The WoodalDuckham Inclined Chamber
Plant was designed to produce coke,aya$ coal tar and operated in a large chamber
similar to coke ovens, but operated on an incline similar to an inclined retort. The
chamber was designed so that coal of any variety or size could be used and gas and
residuals could be produced in larger ditges than in horizontal retorts as the

chamber can be efficiently steamed at the end of the carbonizing period (Anon.,
1928). The WoodalDuckham Inclined Chamber Plant also had the advantage of
being able to produce good quality coke from poorly cokmgjs and so increasing

the field of coal supply available (Anon., 1928).

A total of 1349 compounds were detected withindbgvatizd run with 110
aliphatic, 541 eomatic, 119 ®ygen containing aromatics, 203lighur containing
aromatics, 170itrogen containing aromatics, 6 mixed heterocycles and 192
derivatizedcompounds. In the nedterivatizd run a total of 55 hydroxylated PAHs
were detected. A total of 8 hydroxylated PAHSs that could ndebeatiz2d were
also detected within theerivatization run including 2,&limethyl phenol, 2thyl-6-
methytphenol, 2,4,&rimethyl phenol, 3 C4henol isomers and 2 ihenol

isomers. These compounds could notlervatizd due to steric hindranc&teric
hindrance is the process by which compoundsdbatiain active hydrogen may not
bederivatizd due to the hindrance of tlerivatization reaction around the hydroxyl
group. This applies t®,4,6trimethyl phenodue to the fact that no matter were the
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hydroxyl group falls within the ring it will alwa/have a methyl group on either side
protecting it fromderivatization. 2,6dimethyl phenol can also not derivatizd

due to the OH group being protected by two methyl groups on either side of it. As
the number of alkyl groups increases the possihteten of sterically hindered
isomers increases. Sample D50 is significantly different from coke oven tars with
D18CO containing 824 compounds and D19CO containing 872 with the total
number of compounds falling within the Horizontal Retort range-(&17

compounds).

The PANH composition of DNAPLO50 is similar to the coke oven samples, although
with significant differences in the concentration of the compounds. Sample D18CO
generally has higher relative abundances of PANHSs relative to D19CO with D50
having higher relative abundances of PANHSs relative to D18CO. For examfile, D5
contains 279% moreenzonitrile than D18CQO163% more indole and 116% more
quinoline. Pyridine was detected within D50 and was not detected in either D18CO
or D19CO and was onlyetected within D7H, D10H and DOL. Aniline is present in
significantly higher concentrations than the coke oven samples with 2312% more
than D18CO and 2624% more than D19CO. The PANH composition of D50 to the
HR tars is also similar, although D50 has lessvidual PANHs than D7H, D8H and
D17H and so only has more than D10H in terms of overall number of compounds.
Sample DB contains 137% moreypdine and 641% meraniline than D10H

(which has the highest concentration of both pyridine and aniline iHEhtars).

While sample D8H has the highest general concentrations of PANHs within the HR
tars sample D50 has generally higher concentrations of the PANHS thawib8H

for example 283% more indole, 234% more quinoline and 135% radiazole.

This datasuggests that while the ICP produced fewer different types of PANHs the
overall quantities of the compounds produced by the process were greater, or it could
also be down to variations in the parent coal used to produce the ICP samples
relative to the Col Oven tars.

The PAOH composition of D50 is similar relative to the coke oven samples, again
with the exception of relative abundance. A total of 119 PAOHs were detected in
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D5VO0 with 100 detected in D18CO and 105 detected in D19CO. The larger number
of compounds is mainly down to the preseaté&l C4benzofurans in D50 whereas
only 1 was detected in D19CO and none were detected in D18CO. Sample D50
contains a significantlhigher relative abundance aéiwofuran with 911% more
Benzofuran than D18Cnd 1484% more than D19CO. BEnzofuran is also

present in significantly higher coantrations with 2275% more &nzofuran in

D5VO relative to D18CO and 1442% more relative to D19CO. The PAOH
composition of D50 relative to the HR tars shows that DS0rélatively less

compounds overall, again with the exception of D10H. However, the concentrations
of PAOHSs found within D50 are higher relative to the HR tars. For exampleQ D5V
contains 172% moreemzofuran than D8H, 239% than D10H, 299% than D7H and
1553% than D17H. It also contains 201% en@tbenzofuran than D8H, 362%

more than D10H, 372% more than D7H and 1355% more than B3 T¢Il as

135% more dbenzofuran than D8H, 169% more than D7H, 236% more than D10H
and 342% more than D17H. This suggdisét while the ICP may produce a smaller
number of PAOHSs it produces them in larger quantities than HR tars and this is
likely down to the different production process used or possibly the composition of
feedstock coal used as the ICP would likely usaddar range of coals than

horizontal retorts.

The PASH composition of D50 is significantly different to the coke oven samples
with 203 PASHSs detected in D50 and only 128 in D18CO and 133 in D19CO
respectively. The larger number of PASHSs present withid iBSlue to the presence

of a larger number of alkylated isomers. For example, samples D18CO and D19CO
only contain asingle alkylated thiophene (&Riophene) whereas D50 contains 30
alkylated thiophenes between C2 and C5. Sample D5VO also containghela

higher concentrations of PASHs with for example 185% rherzo[b]thiophene

than D18CO and 273% more than D19CO. This suggests that the ICP produced
more sulphur compounds than coke ovens, although it is possible that differences in
the parent coalsed may also have an effect. The total number of PASHs present
within D50 falls within the range of the Horizontal Retort tars (283) suggesting

that the sulphur content of the tar is more similar to a HR tar than a CO tar. Sample
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D50 contains relately higher concentrations of PASHs than D7H, D10H and D17H

but not D8H, although some compounds such as benzenethiol (158%) are present in
higher concentrations in D50 relative to D8H the majority of compounds shared by

the sample are present in highencentrations in D8H.

The most significant difference between D50 and D18CO and D19CO is the
aliphatic composition of the samples. Sample D18CO contains only 2 aliphatics
whereas D19CO contains 9. Sample D50 contains 110 aliphatic compounds
including alkanes, alkenes, alkgyclopentanes, alkydyclopentenes and alkyl
cyclohexanes. The presence of atigglohexanes is important as these compounds
are petrogenic in origin (Saber et al., 2006). This suggests that a degree of
petrogenic material isrpsent within the sample.-alkenes, as well as branched
alkenes, were detected between C10 and C25 with a total of 22 compounds detected.
n-alkanes were detected between the range of C11 and C33, with only sample D6V
and D20V containing-alkanes upd, and beyond, C33. Theatkane distribution

if significantly different to D18CO which only contains the C11 and Gakane

and D19CO containing alkanes between C11 and C17. The presence of a CWG
plant on the site may suggest that an amount of CW{S peesent within the

sample. Figure 6.3 shows thalkane distribution of sample D50 and shows low
molecular weight ralkanes dominate with a maximum at C12 and limited
abundances above C19. Figure 6.4 shows the alkyl cyclohexane distribution of

sampk D50 with a maximum at C5.

D50

I"HSYHE HY' () %6*+%
# .

Figure 6.3Dn-alkane distribution DNAPLO050
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The nalkane distributions of the Horizontal Retort tar are shown in figure 6.5 and
the alkyl cyclohexane distributions are shown in figure 6.6. Sabfiteshows the
greatest abundance of botlalkanes and alkydyclohexanes with sample D50
containing relatively more-alkanes and alkgyclohexanes than the remaining HR
tars (D7H, D10H and D17H). The presence of large amounts of alkyl cyclohexanes
in bath D8H and D50 suggests that they contain relatively more petrogenic material
than D7H, D10H and D17H and it is possible that some of-di&anes present in

D8H and D50 are derived from petrogenic material rather than the coal tar itself.

Another ggnificant difference between the coke oven samples and D50 is the
hydroxylated PAH composition, derivatizedcompounds composition. Sample
D18CO contains 4€erivatizedcompounds and D19CO contains 68 whereas sample
D50 contains 192. D50 contains sigrantly more alkylated phenols than the coke
oven tars in both number of individual compounds and their relative abundances.
Sample D18CO contains 18 alkylated phenols ranging between C1 and C3 and
sample D19CO contains 24 alkylated phenols betweem@C4 whereas sample

D50 contains 75 alkylated phenols between C1 and C6 (1DB). Sample D50 contains
191% more phenol than D19CO and 481% more than D18CO as well as
significanty greater abundances of ther@sol isomers ranging between 291% more
up to 1®6% higher abundances for the 3 isomers. The increased abundance of the
derivatizedcompounds applies to almost all compounds that the 3 samples share.

This higher phenolic content may be explained by the temperature of the inclined
chamber plant as\otemperature coke overg0FC produce phenolic compounds

and PANHs (Hamper, 2006), similar to low temperature retorts. This suggests the
sample came from a lower temperature process, as the relative concentrations are
significantly higher than the higlemperature CO tar (D18CQO) and more similar to

the low temperature CO tar (D19CO), although still at significantly higher
concentrations overall. It is also possible that a differences in feedstock may also
have an impact as both D18CO and D19CO wereymexdi using the same

feedstock, on the same site using different ovens, whereas D50 was not produced on

*+*



"#S%&" () (((CCCCCCaeato&' &) +&,-.1.0.)&,"1,2"#$"3(-), *(,.,4%-&,%.(5&,"1,2".6./.%)

the same site and so may have used significantly different feedstock coals as the
WoodallDuckham Inclined chamber was designed to make good coke frony po

coking coals so a wider field of coal supply was availéhten., 1928).

Sample D50 also contains more individdativatizedcompounds than any of the

HR tars, with the largest amount being present in D8H with 152 compounds
detected. While sampID50 contains more individual compounds than D7H it does
not contain larger concentrations of the compounds shared between the samples.
Sample D50 does contain relatively larger concentrations than the remaining 3 HR
tars however. The only sample prengty analysed that contains more individual
derivatizedcompounds than D50 is sample DIL. The high boiling phenolic content,
those that boil above C2, of D50 includes 56 alkylated phenols, 42 of which are
shared with D20V and 39 with DIL. In all cases toncentrations of the higher
boiling phenolics are higher in DIL relative to D50. Sample D50 contaghsih
concentrations of the Gghenols (7)and C3phenols 1DBadanol (2) relative to

DIL, however for the remaining compounds are present at higheewtrations in

DIL and the overall high boiling phenolic content of D20V is similar to the HR tars,
and significantly different to CO tars with a greater number of compound and higher

relative concentrations.

The PAH composition of D50 is also impartaashigh temperature coke ovens
operated in temperatures in excess ofZQ@roducing tars with high PAH contents
(Hamper, 2006). This means that if the D50 tar sample was produced at a lower
temperature it would be expected to contain a lower PAH obniéhe total number

of PAHs, and alkyl PAHs, detected within D50 is 541 whereas D18CO has only 360
and D19CO 387 with sample due to sample D50 having significantly more alkylated
PAHs. The concentrations of EPA16 PAHs within the samples is important as
D18CO contains 183% more EPA16 PAHs than D50 and D19CO contains 119%
more. This data again suggests that the D50 sample was produced as a lower
temperature as at a higher temperature more alkylated isomers have been lost and
more parent PAHs produced.
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The relative PAH compositions of D18CO, D19CO and D50 are shown in figure 6.7.
Both D18CO and D19C@re dominated byhenanthrene making up between 17.0%
and 19.92% of the total composition whereas if Pienanthrene only accounts for
4.96% of theotal compositbns. The same also applies tmhwacene, which makes

up 6.72% and 6.21% of the total composition of D18CO and D19CO respectively
but only accounts for 1.70% of the total composition of D50. All of the other PAHs
fall roughly into the samranges with the exception ochphthalene in D50, which

only makes up 15.40% relative to 9.31% (D18COQO) and 8.55% (D19CO) respectively.
The other exceptiong@benzo[b]fluoranthene an@mezo[k]fluoranthene which

make up a significant portion of D50 witl.29% and 10.85% respectively but only
account for between 5.90% and 2.93% for D18CO and 4.78% and 2.5% for D19CO.
It should be noted that while sample D%htains relatively more

benzo[b]fluoranthene is higher in D50 the absolute abundance is sligittrin
D18COwhich contains 102% moreshzo[b]fluoranthene, although D50 does have
195% more than D19CO. D50 does however contain significantly higher
coneentrations of bnzo[k]fluoranthene with 207% more than D18CO and 393%
more than D19CO. Figure 6sBows the relative EPA16 PAH compositions for HR
tars versus D& and while aphthalene is the most abundant compound in both the
HR tars and the ICP tar sample@&ontains far lessaphthalene than the HR tars,

as well as far more benzol[b]fluoranthene &enzo[k]fuoranthene. Sample D50

also containg relatively low abundance of phenanthrene ambdracene relative to

both the HR and CO tars. Both figures suggest that the ICP process produces tar
with a unique EPA16 PAH composition, which is differemboth Coke Oven and
Horizontal Retort tars.
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Figure 6.8 Relative EPA 16 PAH compositions Horizontal Retort Tars
(DNAPLOO7, DNAPLOO8, DNAPD10 and DNAPL017) and DNAPLO50

Multivariate statistical analysis using PCA and HCA was performed on sample D50
using the dataset produced in McGregor et al., 2012. The PCA results, shown in
Figure 6.9, clearly show the sample falling within the horiZzaetart region and not
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the coke oven region. This suggests that the ICP produces tar more similar to a retort

tar than a coke oven tar. This also suggests that the PCA is not capable of
discriminating an ICP tar from a HR tar, although since the ICRRntarould be less
common in the UK than a HR the PCA will still likely give accurate results when
analysing a UK based coal tar. The HCA analysis, showing in Figure 6.10, shows
that the sample is most similar to samples D8H and D17H, which are bothAR ta
followed by D18CO and D19CO, which are both coke oven tars. This further
suggests that the tar produced by the ICP process falls in between a HR tars and a

Coke oven tar, although with a greater degree of similarity to HR tars.

7.5
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Figure 6.9DPCA DNAPLO50 using covariance matri&€O = Coke Oven, HR =
Horizontal Retort, LTHR = Low Temperature Horizontal Retort, VR = Vertical
Retort, CWG = Carbureted Water Gas, CR = Creosote, ICP = Inclined Chamber
Plant)
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Figure 6.1(BHCA DNAPLO50using Eucldean distance and complete linkage
mechanisms (A=Vertical Retort, B = Horizontal Retort, C = Low Temperature
Horizontal Retort, D = Creosote, E = Carbureted Water Gas, F = Coke oven, L =
Inclined Chamber Plant)

Inclined Chamber Plant tar has never presipbeen analysed using the statistical
methods developed within McGregor et al., 2012. Another production process that
has never previously been analysed using these methods is the Pintsch Gas process.
Chapter 7 will provide an in depth analysis of at&h gas tar, as well as statistical

analysis of other new samples.

Reference:

Anon, The Book of the Woodhall Duckham Companies (2nd edition), The
Woodhall Duckham Vertical Retort and Oven Construction Company (1920) Ltd,
London, 1928
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Chapter 7

ApplicationsbUnique production process

7.1 Preface

This chapter contas an original journal articleubmitted for publication in the

journal of Environmental Science & TechnolagySeptember 2016The paper

focuses on the analysis of a Pintsch Gas Tdhisnonique to the scientific literature

as a database of compounds present within a Pintsch Gas tar has never previously
been published. C. Gallacher as the main author was responsible for all the analysis
and data interpretation and writing of the paple. Kalin and R. Lord, as project
supervisors, provided support with the research as well as assistance with preparation
and review of the manuscript. R. Thomas, as the industrial supervisor, provided
expert knowledge in the field of coal tar and mactidred gas as well as reviewing

the manuscript. J. A. van Leeuwen provided the sample that was analysed as well as
providing expert local knowledge of the site and expertise in the field of coal tar

research, as well as reviewing the manuscript.

Chapte 6 presented a comprehensive database of compounds detected within coal
tars with 2373 individual compounds detected within 16 tar samples from 5 different
production processes. Chapter 6 also presented the analysis of a unique tar type
produced by an klined Chamber Plant. Chapter 7 presents the analysis of a Pintsch
Gas tar, a form of oil gas that has never previously been analysed. The database of
compounds produced is unique to the scientific literature as a full composition
Pintsch Gas tar has r&awpreviously been published, with limited literature on
composition coming from the early 2@entury. In total 946 individual compounds
were identified within the Pintsch gas tar many of which are of potential

toxicological interest.Chapter 7 also psents the PCA and HCA analysis of several
tar samples that had not previously been analysed using G@x{a(list of the

compounds found within the sample can be found in Appendix B.
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7.2 Qualitative analysis of a Pintsch Gas Tar using comprehensitt@o-
dimensional gas chromatography
Authors: Christopher Gallachet* Johan van Leeuw&rRussell Thoméds Richard
Lord", Robert M. Kalirl
! Department of Civil and Env. Eng., University of Strathclyde, 75 Montrose St.
Glasgow, UK
2SBNS / Stichting Bodesanering NS, Catherijnesingel 47, Utrecht, NL
3 WSP/ Parsons Brinckerhoff, Kings Orchard, 1 Queen St, Bristol, UK
*Corresponding Author: Christopher Gallachaeristopher.gallacher@strath.ac.uk

Abstract

Pintsch gas was a form of manufactured oil gas used extensively in the lighting of
railway coaches in the late 19th and early 20th century. It is unique to other
manufactured gases due to its ability to be stored inprigbsure vessellhe

process thermally degraded oil in special retorts not only producing gaseous
hydrocarbons fixed in the gas phases, but also resulting in the formation of by
products such as distilled naphtha and espite Pintsch gases extensive usage,

and therefore agamination with Pintsch gas tar may be expected along many
railways it, has not been extensively studied. This is due to a lack of awareness of the
Pintsch gas process and itOs difference to other conventional gas making processes.
These sites are alsoten located on disused sites or beneath rail infrastruciume.

paper presents the analysis of a Pintsch gas tar from a former Pintsch gas production
site located in the Netherlands using {imensional gas chromatography thofe

flight mass spectromst (GCxGGTOF). An analysis of a known Pintsch gas tar

using mass spectrometry has never previously been publi$heddata produced

from the GCxGETOFMS was able to produce a qualitative database of compounds
present within the tar with 946 individuedmpounds detected’his compounds

ranged from aliphatic-alkanes to heterocyclic sulphur compounds with PAHs and
alkyl PAHs dominating the chemical signature.
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Introduction
Pintsch gas was a form of oil gas, which produced distilled Naphtha fronhepetro
or shale oil, and was used extensively in the lighting of railway cohchée late
19" and early 20 century. Pintsch gas unlike coal gas could readily be compressed
under pressure and stored in small gasholders on rail carriages. As histooods
of the locations of former gasworks associated with the rail industry were often not
kept, estimating the number of global Pintsch gas plants is very difficult. Due to the
wide use of gas lighting in railways around the world it is likely thamynunknown
Pintsch gas plant sites exist with between 100 and 150 estimated to have existed in
the US between 1882 and 186 he overall composition of Pintsch gas varied
depending on the temperature of the process and the feedstock oil used with
increasing temperature resulting in higher percentages of Benzene and Foluene

The process itself operated using a double ratoetning that the feedstock oil was
first run on to a tray at one end of a retort, the upper retort. It was then passed
through o the other end of that retort into a retort of similar shape and size placed
below the first retort, the lower retdrtThe oil was introduced to the upper retort in

a thin continuous stream from a micrometer cock, through a siphon pipe, falling
directly onto the iron tray at the bottom of the retort in order to prevent the cold
stream of oil coming into direct contact with the hot retort Wallg1 the upper retort
the oil was vaporized with the vapours passing through a neck into the lower retort,
andthen subjected to a high temperature of nearly A®®m heat radiated from

the sides of the retSrt The temperature increased gradually as the vapours passed
through the retort, and surface contact with the high temperature sides was largely
avoided. The use of a double retort ensured that the highest possible temperature
acted upon every portion of the vaporized oil, without undue exposure to the heated
surface of the retort. The temperature of the Pintsch gas process was significantly
higher therthe Carbureted Water Gas process (CWG), which operated at between
650°C and 708C°.

A furnace heated the retort itself with the flame from the furnace acting directly on
all parts of the retort, so that no parts are oveunderheated. The quantityof tar
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produced by the process varied depending on the temperature maintained within the
retorts as well as the quality of oil uéedVhen the retorts were irregularly heated a
larger quantity of tar was produéedThere was also great variation in the t
produced by different oils with some classes yielding very light OthinO tar, which was
lighter than water, while other oils produced heavy tars, which were heavier than
watef’. Within the siphons and condensers tar was deposited in amounts equal to

around onethird of the volume of oil used in the procéss

Different feedstock oils produced different tars for example Scotch Oil, most likely
shale oil, produced tar that consisted mainly of higher molecular weight paraffin
(alkane) and olefine (alkensgries, with about orfgth of the volume as aromatic
hydrocarbon$ Two distinct forms of tar were produced during the Pintsch process
with the tar deposited from the process prior to collection in dnglaer, amounting

to around 5 gall. Per 1000ft gas containing no acidic compounds, such as
phenolics, or basic compounds, such as aniline or pyridine, and little or no benzene
hydrocarbon% It was mostly in the form of undecomposed petroleum hydrocarbons,
and so likely had the same compositionhesfeedstock oil with some degree of

temperature alteratién

The other form of tar produced was commonly referred to as OhydrocarbonO and was
mainly free of paraffinOs (alkanes) and consisted mainly of benzene and toluene, as
well as dimethyl and trimrethylbenzene, Naphthalene and hydrocarbons of the

olefin (alkene) series and the OpseolgfineO series (e.g. amylene) and the Opseudo
acetyleneO series (e.g dimethyletieane) as well as cyclopentadien@his tar

amounts to less than 1gall. Per 1@00f compressed gas and was not used by tar
distillers, as it was too difficult to separate the benzene and toluene from other
hydrocarbons and, within the UK, was often exported to Belgium to be used for

varnishmakingd’.
Only a single paper has beaubfished analysing a possible Pintsshusing a GC
method. The sample analysed in Wanior and Ripper., 1888 a mixture of waste

oils taken from a former Pinstgbil GmbG i.L refinery site in Hanau, Germany.
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The waste oil analysed was found to beoamatographically unresolved and mainly
alkanes and branched alkanes were detected. NMR analysis showed very low levels
of aromatics mostly in the form of BTEX. The lack of similarity to either of the tar
types the Pintsch gas process produces sugbedisrtis not comparable to the
sample presented within this study. A complete analysis of the compounds present
within a Pintsch oil gas tar using a GC, or GCxGC, has never been published with
only limited literature from the early 2@entury on the amposition of a Pintschil
tar being published®

Materials and Methods

Samples and Standards:

A sample of tar produced by tRentsch oil gas procesgas extracted using ASE.

The sample was sealed and stored@tptior to analysis. All solventsad were of
analytical grade purchased from Fisher Scientific (Loughborough, U.K.) and D
Phenanthrene was purchased from Sigdaich (Gillingham, U.K.). Calibration
standards were prepared using a standard mixture containing all 16 EPA PAHs
purchasedrom Thames Restek (Saunderton Bucks, U.K.) and 4 Deuterated PAHs
purchased from Sigmaldrich (Gillingham, U.K.).

The sample was obtained from a contaminated site in the Netherlands and was
located beside the Amersfoort railway station with the comatad site covering an
area of roughly 15,000m The tar is a dense nagueous phase liquid (DNAPL),

which was produced at a Pinstch Gas factory that operated from 1910 to 1954. The
tar was produced as a byproduct of the Pintsch gas process usingligasoil

diesel) and was discarded on site, at first in a ditch and later within dug out lagoons.
From the ditch and lagoons the tar could freely sink into the subsurface and pure
phase tar accumulated at an aquitard at arousi® Xfieters below ground dace

(mbgs). The sample was taken from a fully filtrated monitoring well (AO10F)
situation near the former lagoons. 6m of tar was present within the wiglh{bgs)

at the time of sampling with the sample obtained from the bottom of the well.
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Extraction:
Extraction was performed using an ASE 350 Accelerated Solvent Extraction system
(Dionex, Camberley, UK) using 10 mL stainless steel extraction cells using the
following method:

Approximately 0.5g of tar was mixed with equal amounts of sodium sulphate
(NaSQ) and diatomaceous earth in a 1:1:1 ratio. This removes any water present
within the tar and results in a fine powder than can be quantifiably transferred into
the extraction cells and ensures there is no loss of sample. The sample was spiked
with arecovery standard prior to extraction.

Extraction cells were lined with 2 filter papers (to ensure unwanted particulate matter
did not collect in the extract) and packed vathof silica gel 60 deactivated with

300 | of water. The sample mixture wa®thloaded into the cells and excess
diatomaceous earth was added until the cell was well packed to ensure that there is
no void spaceDichloromethane was used as the extracting solvent for all
extractions. ASE was performed at {0&nd 10 MPa, using omlynamic (7 min)

and two static (5 min each) extractions. A flush volume of 150% and purge time of

60 s was used. The extracts were concentrated to 1 mL using a BYchi "Syncore
Analyst (Oldham, U.K). The extract was then made up to exactly 10 mL mtsing
hexane. A 1 mL aliquot was then transferred to an auto sampler vial prior to analysis.
Prior to analysis the extracts were spiked witgBhenanthrene to be used as an
internal standard.

GCxGGTOFMS:

All GCxGC TOFMS analysis were performed usingexd (St. Joseph, Michigan)

time of flight mass spectrometer, model Pegasus 4D, connected to an Agilent 7890A
gas chromatograph equipped with a LECO thermal modulator. The TOF ion source
was fixed at 20QC and masses between 45 and 500u were scanned@t a 2
spectra/second rate. The detector voltage was set av1a0@ the applied electron

ionisation voltage was set at &V.
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All standards and extracts were analysed with the primary oven temperature
programmed with a hold at 75;C maintained fanihute,12;C/min to 120;C, then
at 3jC/min to 31QC hold 10 minutes. The secondary oven and modulator
temperatures were programmed at gQRoffset relative to the primary oven. The
modulation period was $econds with a 1.8econd hot pulse time and a cooldiof
1.7 seconds. The injection port temperature was set tg280d set to split
injection with a split ratio of 50. One microliter of sample was injected for each run
using an MPS2 twister augampler (Gerstel). Helium was used as the carrier gas,
with a flow rate of 1.0nL/min.

The reversed polarity column set that was used comprised ofpafaidty TR-50
MS supplied by Thermo Scientific (30 x 0.25mm i.d.x 0.25um film thickness) as
the primary column and a ngolar Rtx5SiIMS supplied by Thaes Restek

(2.5m! 0.25mmi.d.m! 0.25um film thickness) as the secondary column,
connected via a Thames Restek Ptegd connector.

Data Collection and Prgrocessing:

The chromatograms from each sample were processed using Leco ChromaTOF
software Yersion 4.50.8.0) to search for and identify all peaks with a sigrabise

ratio greater than 10, which is the limit of quantification. Statistical analysis was
carried out using Microsoft Excel (Version 14.3.7), Minitab version 16 and Matlab
R2013a. The initial pilot work did not quantify the PAHs and these will be

guantified when the samples are rerun at a later date with the correct calibration mix.

Principle component analysis was carried out using 156 peaks and combined with a
previously anaised data sktontaining coal tar samples from various different
production processes, e.g. Carbureted Water Gas, Coke Ovens. Prior to PCA
analysis all peak areas were normalized by dividing the peak area by the sample
weight and then the 4@ Phenanthrem peak area and taking the fourth root of the
normalized value. 1Root data formation is required as without datapraeessing

the large range of peak intensities within the dataset results in small peaks
contributing less towards the principle compots regardless of their chemical
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importanc& Taking the fourth root also allows the analysis to focus on the
presence/absence of contaminants rather than their concentration and so relates the
data to the primary production method used instead of changelative

concentration, which may have occurred due to environmental factors.

Quiality Control:

To ensure the accuracy of the data produced strict quality control measures were
employed including: The use of reagent and procedural blanks, inglatia

recovery standar(D8-Naphthalene, DX&luorene, D1&Fluoranthene, D1®yrene),
an injection standard (DiPhenanthrene) and calibration standards (EPA16 PAHS)
for the GCxGEGTOFMS. The recovery of the recoveries standards fall within the
range sugested by US EPA method 8800B of between 70% and 4 30¢blanks
used were clean and free of contamination and all standard calibrations obtained

were linear.

Results and Discussion

Overall composition:

A total of 946 individual compounds were detectathin the sample with 120

aliphatic compounds, 559 PAHs and alkyl PAHs, 49 Oxygen containing compounds
(PAOH), 15 Nitrogen containing compounds (PANH) and 203 Sulphur containing
compounds (PASH). The vast majority of Oxygen, Nitrogen and Sulphur iogtai
compounds are present in the form of heterocycles. A heterocyclic compound is a
compound that contains more than 1 element within the aromatic ring. Aromatic
rather than aliphatic compounds heavily dominate the tar sample. The complete list
of conpounds detected can be found in the supplementary information.

Aliphatic:

A total of 120 aliphatic compounds were detected within the sample wittanes

ranging from C11 to C25. -Alkenes were also detected within the sample ranging
from C10 to C17.The presence of both alkanes and alkenes suggests that the tar is a
mixture of both forms of tar produced by the process. This is further suggested by

the presence of cyclopentadienes as both alkenes and cyclopentadienes are found
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within the Ohydrocarin® tar produced by the Pintsch gas process. The
OhydrocarbonO tar produced however is mainly fre@lines and so the presence
of alkanes suggests that the first form of tar is also present. The presence of alkenes
is also interesting in the contedftthe feedstock used as alkenes are rarely present in
crude petroleum but may be present in petroleum products and are formed during the
refining procesS. This suggests that the Pintsch gas process produced alkenes
similar to the refining process, lattugh it is also possible that alkenes are present
within the feedstock oil used if the feedstock oil has been refined prior to use.

Figure 7.1 shows the-@kane distribution of the sample with figure 7.2 showing the

alkyl cyclohexane distribution. Alk-cyclohexanes are commonly associated with

being derived from petrogenic sourteskaplan et al., 1997 published ralkane

and alkyl cyclohexane distributions of various different petroleum products with both
distributions for DNAPLO043 being most silaui to Diesel #1. This suggests that the
original feedstock oil used to produce the Pintsch gas was a diesel oil, although it is
also possible that the oil used was a blend of different distillates and this would have
been driven by economic factors adivas availability™. It is also possible that the
feedstock used during the Pintsch gas process changed over time as the site operated

for several decades.

The ratio of the C17-alkane to pristane can be used to indicate how weathered an
oil sanple is with a ratio of <1.0 showing that the oil has been highly weatttered
The ratio of RC17/Pristane was found to be 3.34 suggesting that the sample is not
highly weathered. The-alkane distribution of the sample also suggests that it has
not undegone significant weathering due to the presence of low molecular weight n

alkanes.
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Figure 7.2DAlkyl cyclohexane distribution of Pintsch Gas tar

PAHs/Alkyl PAHSs:

PAHs and alkylated PAHs ake up an important group of compounds found within
fossil fuels and environmental samples. Two important groups of PAHs and
alkylated PAHs often used for environmental forensics analysis are the EPA16 and
EPA34 PAHS’. PAHSs consist of fused aromaticgsand persist within the
environment due to the dense clouds$-@lectrons on both sides of the ring

structuré®. The toxicity of PAHs varies greatly with the number of rings witantl
5-ring PAHSs tending to be carcinogenic and/or mutagenic ammb&AHs tending

to be substantially mutagehic Alkylated PAHs ag also important as they can
contribute substantially to the toxicity of PAH mixtures, and can account for up to
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80% of the toxic burdéfl In diesel fuel parent PAHOs only make up around 2.7% of
the total toxic burden from parent PAHs, whereas alkyl Pridke up 97.39%.
This suggests that alkyl PAHs may contribute significantly to the toxic burden from
Pintsch oil gas tars.

The largest group of compounds present within the sample comes in the form of
PAHs with a total of 559 compounds. The lowestenular weight PAH present

within the sample is Styrene {ds) and the highest molecular weight PAH is the 5
Dibenzopyrene (&H14) isomers. All of the EPA16 PAHs were detected and
quantified, shown in figure 7.3, with Phenanthrene having the highestraoation
present followed by Naphthalene. Of the EPA34 PAHSs all 34 compound types were
detected within the sample. It should be noted that EPA34 does not represent 34
compounds but rather 34 compound types, as alkylated isomers are present in many
different combinations. Of the hundreds of potential EPA34 compounds that could
be detected 151 were detected with the largest numbers of isomers being C4
Naphthalene and CRluorene both with 18 isomers each.

Alkylated Benzenes are potential compoundognsic interest as hardly any are

present within the first type of tar produced by the précddswever they are

present within the OhydrocarbonO tar and so the presence of alkylated benzenes again
suggests the tar is a mixture of the two types. & w57 alkylated benzenes

ranging between C3 and C7 were detected with the largest number of isomers

present in the form of 17 GBenzene isomers. It is likely that significant

concentrations of BTEX are present within the sample as Benzene and Twarene

the main components of the lighting gas produced and considerable quantities of the
illuminating gas dissolved in the OhydrocarBaiiough these were not detected

due to the GCxGC temperature program used.
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Figure 7.3DEPA16 PAH concentrains Pintsch Gas tar

Various different diagnostic ratios can be applied to PAHs in order to provide
forensic information about a sample. Diagnostic ratios for a Pintsch gas tar have
never previously been published. The ratio of Phenanthrene to Anthracene
(Phen/Ant) is often used to determine whether a sample is petrogenic or pyrolytic in
origin. A Phen/Ant ratio of >10 indicates the samples are petrogenic in origins
whereas a ratio of <10 indicates the samples are pyrdgefiice ratio of Phen/Ant

within the Pintsch gas sample is 3.67, which falls into the pyrolytic range. However
the sample is not pyrolytic in origin and this can be explained using the ratio of
Fluoranthene to Pyrene. The ratio of Fluoranthene to Pyrene is 0.75, which falls into
therange of a petrogenic sample, and both ratios must be taken into account in order
to give an accurate interpretatfdand when the ratios are both taken together this
points to the sample being petrogenic in origin.

The ratio of Ant/(Ant+Phen) can beed to suggest if a sample is petrogenic or
pyrogenic with a ratio of <0.1 indicating the sample is petrogenic and a ratio of >0.1
pyrogenié’. The ratio of Ant/(Ant+Phen) is 0.21, which is within the pyrogenic

range. This suggests that this ratio alsonot be accurately applied to Pintsch gas,

as the high temperature of the production process likely affects the ratio. The ratio of
Benzo[a]anthracene/(Benzo[a]anthracene+Chrysene) has also been used to provide
forensic information about samples withaéio of <0.2 being petrogenic and >0.35
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representing combustiéh The ratio of BaA/(BaA+Chr) for the sample is 0.53
suggesting that the production process increases the ratio similar to the effect of
combustion. This also applies to other diagnostiogsauch as Ind/(Ind+B[ghi]P)
which has a ratio of 0.35 for the sample. This value falls into the range for Diesel oil
of 0.120.71* as well as diesel combustion 0-0HF>.

PANH:

A relatively small numbers of PANHs are present within the sampleonlith15
compounds detected all in the form of heterocycles. This is likely down to the low
nitrogen content of oil relative to coal with only <0.5% of content of crude petroleum
being present as PANHSs, whereag% of the content of coal is in the forrh 0

PANHS?. While PANHs are present in lower concentrations relative to their
corresponding PAFanalogue they are more environmentally mobile due to their
higher water solubiliti€s. PANHs are also highly stable relative to their
corresponding PAHanalogie?® and can persist through severe thermal conditions
meaning they are likely to survive the Pintggs production process.

Nitrogen containing compounds present in gas oils are present in the form of basic
(e.g. pyridine) and neutral (e.g. carbazalenpound®. However the tar produced

by the Pintsch gas process should be free of basic comfoukitlef the PANH
compounds present within the tar are neutral PANHs with Carbazpléy(@Q,

which is the lowest molecular weight PANH present, and CICGi#h@arbazole

isomers dominating. Benzo[def]carbazole and Benzo[a]carbazole,
Benzol[b]carbazole and Benzo|c]carbazoleK{ziN), which are the highest

molecular weight PANHs detected, make up the remaining PANH compounds
detected. Only-3and 4ring PANHswere detected within the sample.

PAOH:

Oxygen containing compounds can be toxic, carcinogenic and mutagenic and are
more environmentally mobile than their corresponding Redlogues due to their
increased water solubility. The oxygen camtag compounds found in tar produced
by coal carbonization are generally determined by the composition of the feedstock
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coal usedf, although with a degree of temperature altern&tiomhis also likely
applies to the tars produced by the Pintsch gasepsowith the PAOH composition

determined by parent oil used, with a degree of temperature dependent alteration.

A total of 49 PAOHs were detected within the sample ranging from Aniset&QJ

to 3 Benzobisbenzofuran isomersdd;00,). Anisole is tle only ring PAOH

present within the sample and the only ether detected. The largest group of PAOHSs
detected was those with 3 rings containing 22 compounds dominated by
dibenzofuran and alkylated dibenzofuran isomers. Of theridigZ?AOHs detected

all are present in the form of Benzofuran and alkylated Benzofuran isomers. A total
of 12 4ring PAOHs were detected with the largest group being-7 C1
Benzonaphtofuran isomers. Only 3ibg PAOHSs were detected in the form of
benzobisbenzofuran isomers aré also the only compounds present within the
sample containing 2 Oxygens. Heterocyclic PAOHs dominate with a handful of

aromatic ketones making up the remainder, and a single ether compound.

PASH:

The occurrence of a wide range of PASHSs within fdsgls and the environmental

has been widely reported as well their potential mutagenic and carcinogeni¢®ffects
PASHSs exist in a greater variety of structure relative to their corresponding PAH
analogues due to the presence of sulfur within the thagtsire. This results in a

larger number of isomers and particularly alkylated isomers, which can make it
extremely difficult to quantify and identify individual PASH isonférsA large

number of PASHs were detected within the sample with a total oPASBS

ranging from Benzenethiol ¢8sS) to Benzo[4,5]triphenylono[1,12cd]thiophene
(Ca0H10S).

Middle distillates, such as diesel oil, mainly contain dialiphatic sulfides; alky
substituted benzothiophenes and dibenzothiophenes is8métsile no didiphatic

sulfides were detected, as they may be lost during the Pintsch gas process, alkyl
benzothiophenes and alkyl dibenzothiophenes dominate the PASH composition. Of
the 203 PASHSs detected 40 are in the form of alkyl benzothiophenes between C1 and
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C5 & well as 42 alkyl dibenzothiophenes between C1 and C4BeG4othiopene
makes up the largest group of individual isomers with 15 isomers detected. 2 and 3
ring PASHs make up the dominant groups of PASHs with-6A2PASHs and 74
3-ring PASHSs detectedithin the sample. Of the remaining compounds 4thg
PASHSs, 21 Iring PASHS, 4 &ing PASHSs and finally 1-6ing PASH were detected.
The vast majority of PASHs present within the sample are in the form of
heterocycles with the exception of Benzendtlid-Benzenethiol and
Naphthalenethiol.

Among the 3ring PASHSs detected Naphtha[dhkhiophene has been shown to be
mutageni¢’. Phenanthro[3;#]thiophene is the most mutagenic of the PASIdad

was detected within the sample. The positéthe sulphur within the ring structure
directly influences the potential mutagenic effect as phenanthsb[thi®phene, an
isomer of Phenanthro[3d]thiophene, that was not detected within the sample, has a
significantly lower mutagenic effect tham&hanthro[3,4]thiophené".
Benzo[2,3]phenanthro[4,bcd]thiophene was also detected and has been shown to
be an extremely powerful mutagen and is an even stronger mutagen than itOs

corresponding PAH analogue benzo[a]pyréne

Biomarkers:

Biomarkers hat are commonly detected within crude oil include terpenes, such as
hopanes, and SterafiesNo hopanes or Steranes were detected and this may be
down to the feedstock used to produce the Pintsch gas. During the refining process
high molecular weight bmarkers, such as hopanes, are removed from the crude
oil*?* thus further suggesting that diesel oil was used to produce the Pintsch gas. It is
also possible that the Pintsch gas production process itself removes hopanes and
Steranes due to the high temgtere of the procesalkenes are also rarely present
within crude oil but may be present in petroleum products, having been formed
during the refining proce¥s The alkenes detected within the sample may have been
present in the original feedstock dikesi used to produce the tar or may have also

been produced during the Pintsch gas production process itself.
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Multivariate statistics:
Multivariate statistical analysis of the samples was carried out using the method
published in McGregor et al., 208 2The data for DNAPL043 was added to the
existing British dataset and HCA and PCA analysis was performed. The HCA
analysis, shown in figure 7.4, clearly shows that the Pintsch gas sample is most
similar to the CWG tars found within the British datababkis would be expected,
as the CWG process is also anlmked process and so would produce similar
compositions of tars. PCA analysis, shown in figure 7.5, shows the Pintsch gas
sample clustering with the CWG samples with 81.5% of the total variantzeresgp
within the first 2 PCOs.

These results suggest that while the multivariate statistical analysis is capable of
distinguishing the coal gas and coke oven tar samples from oil based tar samples it is
not capable of discriminating between Pintschayjas CWG samples. The CWG
process and Pintsch gas process likely produce tars of similar compositions as the
composition of CWG tars is dominated by the feedstock oil used and Pintsch oil gas
solely uses oil. The results also suggest that the differapetatures of the

processes do not significantly affect the statistical analysis as the CWG process
generally operated between 860and 708C, whereas the Pintsch gas process
operated at temperatures of nearly f0
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Figure 7.4bDendrogram of the eighth root, mealised data including Pintsdlar
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Retort, B = Horizontal Retort, C = Low Temperature Horizontal Retort, D =
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Figure 7.9DPrinciple Component Aalysis of existing British data sefth Pintsch
Tar added(CO = Coke Oven, HR = Horizontal Retort, LTHR = Low Temperature
HorizontalRetort, VR = Vertical RetorCWG = Carburetd Water Gas, CR =
Creosote, B PintschTar)
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7.3 BridgebAdditional tar sample statistics
Section 7.2 provides an in depth comprehensive analysis of a Pintsch Oil gas tar, a
unique tar type that has never previously been analysed using GCxGC. Both
chapters 6 and 7 provide information on tar samples that have never preverrsly b
analysed. Several other samples were received over the course of the PhD and
multivariate statistical analysis was performed, although not a full database of

compounds. The results are presented below.

DNAPLO47 was obtained from a former manufaetligas plant operating in

Scotland, UK. The sample was analysed using GGXGEMS and PCA and HCA
analysis using the database developed by McGregor et al., 2012 was performed.
PCA analysis, shown in figure 7.6, shows the sample clearly falling into the
horizontal retort region with HCA analysis, shown in figure 7.7, showing the sample
is most similar to sample D21 (LTHR), followed by the two coke oven tars (D18 and
D18) and then Horizontal retort and Vertical retort tars. While these results suggest
thatthe sample is from a Horizontal retort the site ceased operation in 1901 and so a
Low Temperature Horizontal Retort may be more likely.

7.54

5.01

2.54

0.0

Second Component

-2.54

-5.0

Frst Component
Figure 7.6DPCA DNAPLO047 using covariance mat{&O = Coke Oven, HR =
Horizontal Retort, LTHR = Low Teperature Horizontal Retort, VR = Vertical

Retort, CWG = Carbureted Water Gas, CR = Creosote, CSa = Central Scotland Tar
a)
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Figure 7.7/DHCA DNAPLO47using Euclidean distance and complete linkage
mechanisms (A=Vertical Retort, B = Horizontal Retort, Cow Temperature
Horizontal Retort, D = Creosote, E = Carbureted Water Gas, F = Coke oven, | =
Central Scotland Tar a)

DNAPLO048 was obtained from the site of a former manufactured gas plant in
Arnhem, Holland. The sample was analysed using GCXGEMS anl PCA and

HCA analysis using the database developed by McGregor et al., 2012 was
performed. PCA analysis, shown in figure 7.8, clearly shows the sample falling
outside of the production process clusters and into a cluster of itOs own. This
suggests thahe sample may be from a production process that has never previously
been analysed. HCA analysis, shown in figure 7.9, shows the sample is most similar
to samples D8 (HR) and D17 (HR) followed by several other HR and LTHR samples
(D7, D9, D10 and D16)This suggests that the process used may have been similar
to, but not the same as, a horizontal retort process.

The sample site has a complex history with a mixture of horizontal retorts, vertical
retorts and chamber ovens, which were neither vedicabrizontal but somewhere
in between. In 1923 the site contained 16 half generator ovens with 8 horizontal

retorts 3m in length and 6 full generator chamber ovens with 6 vertical retorts of 5m
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in length. In 1924 8 of the horizontal retorts were remavigidl the remaining 8
horizontal retorts removed in 1928. In 1932 the site was expanded with all old ovens
replaced with 4 chamber ovens which were neither vertical nor horizontal but
somewhere in between. The PCA analysis suggests that the sample naither a
HR or VR tar and therefore likely came from the 4 chamber ovens added inli932.
is also possible that the sample represents a mixture of several different tar types
although as the other tar types that would have been produced on the ¥iReard
HR tars then if this was the case the PCA results would be expected to fall between
the HR and VR regions rather than the HR and CO regions. This may further
suggest that the tar came from the chamber ovens as the process was somewhere
between dnorizontal retort and a coke ovenmhis is the first example of a chamber
oven tar analysed using this multivariate statistical method.

7.5
lg “19 3y CO
5.0 ‘-
S )Am
. ,
e
g P 07
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& _ . CWG/CR
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Figure 7.8DPCA DNAPLO048 using covariance mat(&O = Coke Oven, HR =
Horizontal Retort, LTHR = Low Temperaturorizontal Retort, VR = Vertical
Retort, CWG = Carbureted Water Gas, CR = Creosote, Arn = Arnhem Tar)
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Figure 7.9DHCA DNAPLO048using Euclidean distance and complete linkage
mechanisms (A=Vertical Retort, B = Horizontal Retort, C = Low Temperature
Horizontal Retort, D = Creosote, E = Carbureted Water Gas, F = Coke oven, J =
Arnhem Tar)

DNAPL49 was also obtained from a former manufactured gas plant that operated in
Scotland, UK. The PCA analysis of the sample is shown in figure 7.10 and clearly
shows he sample falling with the LTHR region. The HCA analysis is shown in
figure 7.11 and shows the sample is most similar to the Coke oven tars followed by
horizontal and low temperature horizontal retorts. This suggests that the HCA is
unable to provide coect information about the process that produced the tar, as the
site was a manufactured gas site and not a coke oven site. The PCA analysis
suggests that the sample was produced by a LTHR, although a higher temperature
HR cannot be excluded due to hows# the other HR region the sample falls on the
PCA.
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The PCA analysis of the full database of samples, including all new samples, is
shown in figure 7.12 with the individual sample interpretations largely unaffected.
The exception to this trend is sample D49 that falls within the LTHR region when
the PCA analysis is performed without the other new samples (D40, D43, D47, D48
and D50) excluded. However, the inclusion of the other new tar samples moves D49
into the HR tar region suggesting that the sample may be derived from a HR process
rather than a LTHR process. In both cases the sample falls near to the edge of the
production process regions, which may suggest the result is borderline between the
LTHR and HR regions. It is possible that sample D49 is in fact a mixture of both
LTHR and HR tar and therefore plots close to each of these regions. The HCA
analysis of the full database of samples, including all new samples, is shown in

figure 7.13.
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Chapter 8

Conclusions

8.1 Research Aims and Objectives

The following research aims and objectives were outlined in Chapter 1:

1. To apply existing coal tar GCxGC analysis methods, including multivariate
statistical analysis, to samples produced by production processes that have
not been previously analysed.

2. The apply existing coal tar GCxGC analysis methods developed using British
based coal tars, including multivariate statistical analysis, to tar samples
produced from outside of the UK.

3. The development of a post extraction derivatization method to increase the
number of compounds, particularly hydroxylated PAHs, which can be
detected within coal tar.

4. The development of a database of compounds present within coal tars and the
evaluation of the differences produced by different production processes.

5. The expansion of the existing coal tar database for the multivariate statistical
analysis of coal tar and the assessment of the influence of additional samples

on data interpretation.

Aim and objective no. 1 was achieved within the work presented in chapter 1 with
the samples from Florida USA, as well as in chapter 6 with the Woodall-Duckham
Inclined Chamber Plant tar and chapter 7 with the Pintsch Oil Gas tar. Both the
Florida and Pintsch gas samples fell within the regions that would be expected with
both tar types being oil-based tars falling close to the CWG region in the PCA
analysis. The Inclined Chamber Plant tar fell within the HR tar region on the PCA
analysis suggested that the PCA analysis is not capable of distinguishing an ICP tar
from a HR tar.
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Aim and Objective no. 2 was achieved within the work presented in chapter 1, with
the Florida samples from the USA, and chapter 7, with the Pintsch Gas tar from the
Netherlands. Chapter 7 also presents the PCA and HCA analysis of samples from
Arnhem, the Netherlands. In all cases the statistical analysis developed using British

coal tars could be applied to samples produced from outside of the UK.

Aim and Objective no. 3 was achieved within the work presented in chapter 5 with
post extracted derivatization applied to a sample of Creosote, with 255 derivatized
hydroxylated PAHs detected. The vast majority of the derivatized compounds
detected within the creosote sample analysed in chapter 5 would not be detectable
without derivatization. Post extraction derivatization was also applied to the samples
presented within chapter 6, with a database of 16 tars produced from 5 different

production processes as well as a single Inclined Chamber Plant tar.

Aim and Objective no. 4 was achieved within the work presented in chapter 6 with a
database of 16 tar samples produced from 5 different production processes. The total
number of detectable compounds is also presented in chapter 4, Creosote, and
Chapter 7, Pintsch Gas tar. The database of compounds presented in chapter 6
contains 2373 unique compounds detected within at least 1 of the tar samples. The
database of compounds presented in chapter number 7 is unique, as the overall

composition of a Pintsch Gas tar has never previously been published.

Aim and Objective no. 5 was achieved within the work presented within chapter 7
with all new samples added to the existing British database for PCA and HCA
analysis. With the addition of 6 new samples including the Arnhem tar, Inclined
Chamber Plant tar, Perth tar, Falkirk Tar, Pintsch Gas tar and the average of the
Florida tar samples the PCA analysis remains intact and capable of discriminating

between different tar types.

This thesis presents the refinement of existing methods for analysis of coal tar using

GCxGC, as well as the development of new methods, and expands the scope of using
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GCxGC for the analysis of coal tar. The database of compounds produced is unique
to the scientific literature, as the samples cover a wide range of production processes
from a wide range of locations. The analysis of a Pintsch Gas tar is of particular
note, as a full analysis of a Pintsch gas tar has never been published with the vast
majority of the literature coming form the early 20™ century. The work presented

within this thesis fulfills all of the aims and objectives put forward for the project.

8.2 Future Work

The comprehensive database of compounds detected within tars produced by varying
production processes is unique and could be further expanded upon by the addition
of samples from other production processes. The data presented within this thesis
also presents the compounds detected within Inclined Chamber Plants and by the
Pintsch Gas processes but addition production processes such as X could be included
to further expand the database and increase it’s novelty. The database could be
further expanded by the inclusion of tars produced in countries other than the UK as
the feedstock coals used to produce the tars may vary greatly depending on the

country of production.

The work presented in chapter 4 on the application of the existing statistical methods
to a US based tar could be further expanded on by the addition of additional samples
from the US. The tar analysed in chapter 4 came from the CWG process and the
analysis of US coal gasification tars would further validate the method for the
analysis of non-UK tars. Additional CWG tars from the US would also be important
to analyse in order to assess how the different potential feedstock oils used affected

the overall tar composition and the interpretation of the PCA results.

The derivatization method presented in chapter 5 could be further expanded upon by
the use of additional derivatization techniques as well as the assessment of additional
silylation reagents. BSTFA with 1% TMCS was used to derivatize all samples,
however other silylation reagents are available such as MTBSFTA and MSTFA.
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Chapter 8 Conclusions

These could be assessed to see which reagent produces the best results for analysing
coal tar. Alkylation could also be an importaetivatization reactio that could be

applied to coal tars in an effect to detect fatty acids. Alkylation using BF3 methanol
produces converts fatty acids into fatty acids methyl esters and produces a permanent
derivatizd product. This can be used in tandem with silylatigth, alkylation

being used first, in order to increase the potential number of compounds that could

be detected.

Column chromatography is commonly used for the analysis of coal tars using GC
MS as this allows for different chemical classes to be seyuhasid analysed using
GC-MS without the need for GCxGC separation. However this could be applied to
samples that are to be analysed using GCxGC to increase the potential number of
compounds that can be detected. Currently the potential number of cormploaind

can be detected are limited by the concentration of the largest peak within the
sample, usually Naphthalene or Phenanthrene in the case of coal tars. The current
method for the analysis of coal tar uses 1ul of sample taken from 10ml with a split
ratio of 50. This means that 1/500006f the original concentration of the

compounds reaches the detector and in some cases is still close to the point of
detector saturation, and so potentially damaging it. If a column separation method
could be develogd that separates the PAHs from other compound types, such as
heterocycles and hydroxylated PAHs, the PAH fraction could be run under the same
conditions but the other fraction/s could be run at a lower dilution factor and

therefore increase the potentiimber of compounds detected.

Another possible column chromatography application method would be the use of
amide impregnated silica gel to extract acidic compounds, with an aim of analysing
fatty acids, from the coal tar samples and so increasing thet@btscope of the
analysis method.
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Appendices

A comprehensive database of compounds detected within the thimesented in
chapter 6, is shown below in Appendix A.

Appendix Bis in the form of a digital excel fileontaining the compounds database
information for all samples as well as the statistical values used for all multivariate

statistical analysis
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Appendix A

Compound Formula m/z | Retention time
C10-Alkene C10H20 55 | 5.1, 1.820
C10-Alkene C10H20 55 | 5.3, 1.735
C10-Alkene C10H20 55 | 5.5, 1.845
C10-Alkene C10H20 55 | 5.7, 1.790
C11-Alkene C11H22 55 | 6.3, 1.865
C11-Alkene C11H22 55 | 6.6, 1.830
C11-Alkene C11H22 55 | 7.1, 1.890
C12-Alkene C12H24 55 | 7.9, 2.105
C12-Alkene C12H24 55 | 8.2, 2.050
C12-Alkene C12H24 55 | 8.5, 2.080
C13-Alkene C13H26 55 | 9.0, 2.305
C13-Alkene C13H26 55 | 9.8, 2.495
C13-Alkene C13H26 55 | 10.2, 2.540
C13Alkene C13H26 55 | 10.5, 2.570
C14Alkene C14H28 55 | 11.5, 3.095
C14Alkene C14H28 55 | 12.2, 2.985
C14Alkene C14H28 55 | 12.7, 2.995
C15Alkene C15H30 55 | 15.0, 3.405
C15Alkene C15H30 55 | 15.5, 3.400
C15Alkene C15H30 55 | 15.9, 3.420
C16-Alkene C16H32 55 | 18.1, 3.715
C16-Alkene C16H32 55 | 18.7, 3.670
C16-Alkene C16H32 55 | 19.1, 3.835
C17-Alkene C17H34 55 | 21.4, 3.980
C17-Alkene C17H34 55 | 21.7, 4.025
C17-Alkene C17H34 55 | 21.9, 3.885
C17-Alkene C17H34 55 | 22.4, 3.860
C18-Alkene C18H36 55 | 24.7,4.035
C18-Alkene C18H36 55 | 25.2, 4.000
C18-Alkene C18H36 55 | 25.7, 3.945
C19-Alkene C19H38 55 | 27.9, 4.120
C19-Alkene C19H38 55 | 28.5, 4.055
C20-Alkene C20H40 55 | 31.1, 4.175
C20-Alkene C20H40 55 | 31.6, 4.095
C21-Alkene C21H42 55 | 34.2, 4.200
C21-Alkene C21H42 55 | 34.7, 4.125
C22-Alkene C22H44 55 | 37.1, 4.250
C22-Alkene C22H44 55 | 37.6, 4.155
C23-Alkene C23H46 55 | 40.0, 4.255
C23-Alkene C23H46 55 | 42.0, 4.345
C24-Alkene C24H48 55 | 42.7, 4.295
C25-Alkene C25H50 55 | 45.4, 4.290
C26-Alkene C26H52 55 | 48.0, 4.245
C27-Alkene C27H54 55 | 50.4, 4.305
C28-Alkene C28H56 55 | 52.8, 4.335
C29-Alkene C29H58 55 | 55.1, 4.345
C11 nalkane C11H24 57 | 6.2,1.920
C12 nalkane C12H26 57 | 7.8, 2.150
C13 nalkane C13H28 57 | 9.6, 2.710
C14 nalkane C14H30 57 | 119, 3.260
C15 nalkane C15H32 57 | 14.7,3.730
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Compound Formula m/z | Retention time
C16 nalkane C16H34 57 | 17.7, 4.085
C17 nalkane C17H36 57 | 21.0, 4.265
C18 nalkane C18H38 57 | 24.3, 4.385
C19 nalkane C19H40 57 | 27.5,4.40
C20 nalkane C20H42 57 | 30.7, 4.500
C21 nalkane C21H44 57 | 33.8,4.525
C22 nalkane C22H46 57 | 36.7,4.520
C23 nalkane C23H48 57 | 39.5,4.525
C24 nalkane C24H50 57 | 42.3, 4.550
C25 nalkane C25H52 57 | 44.9, 4.535
C26 nalkane C26H54 57 | 47.5, 4.560
C27 nalkane C27H56 57 | 50.0, 4.610
C28 nalkane C28H58 57 | 52.3, 4.545
C29 nalkane C29H60 57 | 54.6, 4.535
C30 nalkane C30H62 57 | 56.8, 4.565
C31 nalkane C31H64 57 | 59.1, 4.550
C32 nalkane C32H66 57 | 61.2,4.575
C33 nalkane C33H68 57 | 63.1, 4.565
C34n-alkane C34H70 57 | 65.2,4.550
C11 Branched Alkane C11H24 57 | 5.2,1.950
C11 Branched Alkane C11H24 57 | 5.6, 1.970
C12 Branched Alkane C12H26 57 | 6.5, 2.005
C12 Branched Alkane C12H26 57 | 6.9, 2.010
C11 Branched Alkane C11H24 57 | 7.1, 2.000
C12 Branchedlkane C12H26 57 | 7.2,2.050
C13 Branched Alkane C13H28 57 | 7.8, 2.265
C13 Branched Alkane C13H28 57 | 8.2, 2.445
C13 Branched Alkane C13H28 57 | 8.3,2.395
C13 Branched Alkane C13H28 57 | 8.6, 2.475
C14 Branched Alkane C14H30 57 | 8.7, 2.630
C14 Branched Adane C14H30 57 | 9.8, 2.850
C14 Branched Alkane C14H30 57 | 10.6, 3.045
C14 Branched Alkane C14H30 57 | 10.9, 3.250
C14 Branched Alkane C14H30 57 | 11.1, 3.140
C14 Branched alkane C14H30 57 | 11.7, 3.375
C15 Branched Alkane C15H32 57 | 13.0, 3.750
C15 Branchd alkane C15H32 57 | 13.3, 3.580
C15 Branched Alkane C15H32 57 | 13.4, 3.665
C15 branched alkane C15H32 57 | 13.7, 3.555
C15 Branched Alkane C15H32 57 | 15.6, 4.180
C16 Branched alkane C16H34 57 | 15.8, 4.015
C16 Branched Alkane C16H34 57 | 16.2,4.105
C16 Branched Alkane C16H34 57 | 16.3, 4.090
C16 Branched Alkane C16H34 57 | 16.7, 4.040
C16 Branched alkane C16H34 57 | 17.0, 4.205
C16 Branched alkane C16H34 57 | 17.7, 4.260
C16 Branched Alkane C16H34 57 | 18.6, 4.465
C17 Branched Alkane C17H36 57 | 18.9, 4.295
C17 Branched Alkane C17H36 57 | 19.5, 4.350
C17 Branched Alkane C17H36 57 | 19.9, 4.300
C17 Branched Alkane C17H36 57 | 21.7, 4.620
C18 Branched Alkane C18H38 57 | 22.8, 4.490
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Compound Formula m/z | Retention time
C18 Branched Alkane C18H38 57 | 23.2,4.620
C18 Branched Alkane C18H38 57 | 24.7,4.730
C19 Branched Alkane Dimethyl C19H40 57 | 26.0, 4.535
Heptadecane, 2,6,10/1dtramethy C21H44 57 | 26.3,4.870
C19 branched alkane C19H40 57 | 26.4,4.785
C19 Branched Alane C19H40 57 | 27.2,4.745
C19 Branched Alkane C19H40 57 | 28.6, 4.625
C20 Branched Alkane C20H42 57 | 28.9,4.610
C20 branched alkane C20H42 57 | 29.3,4.810
C20 Branched Alkane C20H42 57 | 29.6, 4.515
C20 Branched Alkane C20H42 57 | 31.7, 4.645
C21 Branched Kkane C21H44 57 | 34.7,4.615
C21 branched alkane C21H44 57 | 35.4,4.855
C21 branched alkane C21H44 57 | 35.8,4.820
C22 Branched Alkane C22H46 57 | 37.6, 4.630
C22 branched alkane C22H46 57 | 38.3,4.840
Pristane C19H40 57 | 20.2, 4.665
Phytane C20H42 57 | 23.7,4.745
C4-Cyclohexane C10H20 55 | 5.8,1.720
C5-Cyclohexane C11H22 55 | 7.4,1.845
C6-Cyclohexane C12H24 55 | 9.2,2.320
C7-Cyclohexane C13H26 55 | 11.5,2.810
C8-Cyclohexane C14H28 55 | 14.4,3.230
C9-Cyclohexane C15H30 55 | 17.5, 3.580
C10-Cyclohexane C16H32 55 | 20.9, 3.755
C1i1-Cyclohexane C17H34 55 | 24.3, 3.925
Cl12Cyclohexane C18H36 55 | 27.8, 3.975
C13-Cyclohexane C19H38 55 | 31.1, 4.020
Cl4Cyclohexane C20H40 55 | 34.3,4.075
C15Cyclohexane C21H42 55 | 37.4,4.085
Cl6-Cyclohexane C22H44 55 | 40.4, 4.095
C5-Cylcopentadiene isomer C10H16 136| 5.2, 1.365
C5-Cylcopentadiene isomer C10H16 136 | 5.4, 1.660
C5-Cylcopentadiene isomer C10H16 136 | 5.6, 1.640
C5-Cylcopentadiene isomer C10H16 136 | 5.9, 1.605
C5-Cylcopentadiene isomer C10H16 136 | 6.3, 1.600
C5-Cylcopentadiea isomer C10H16 136 | 6.4, 1.605
C5-Cylcopentadiene isomer C10H16 136| 6.7, 1.595
C5-Cylcopentadiene isomer C10H16 136 | 6.8, 1.595
C5-Cylcopentadiene isomer C10H16 136 7.1, 1.580
C5-Cylcopentadiene isomer C10H16 136 7.3, 1.620
C5-Cylcopentadiene isomer C10H16 136| 7.7, 1.675
C5-Cylcopentadiene isomer C10H16 136 7.8, 1.690
C5-Cylcopentadiene isomer C10H16 136 7.9, 1.700
C5-Cyclopentene isomer C10H18 138 5.3, 1.680
C5-Cyclopentene isomer C10H18 138 5.7, 1.685
C5-Cyclopentene isomer C10H18 1381 5.9, 1.690
C5-Cyclopentene isomer C10H18 1381 6.2, 1.670
C5-Cyclopentene isomer C10H18 138 6.4, 1.665
C5-Cyclopentene isomer C10H18 138 7.2, 1.650
C5-Cyclopentene isomer C10H18 138 7.7,1.740
1,1-Bicyclopentyl C10H18 138 6.7, 1.675
C6-Cylcopentadiene isomer C11H18 150| 6.4, 1.685
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Compound Formula m/z | Retention time
C6-Cylcopentadiene isomer C11H18 150 6.7, 1.695
C6-Cylcopentadiene isomer C11H18 150 6.9. 1.700
C6-Cylcopentadiene isomer C11H18 150| 7.2, 1.685
C6-Cylcopentadiene isomer C11H18 150| 7.4, 1.730
C6-Cylcopentadiene isomer C11H18 150| 7.7, 1.775
C6-Cylcopentadiene isomer C11H18 150 8.1, 1.855
C6-Cylcopentadiene isomer C11H18 150| 8.4, 1.885
C6-Cylcopentadiene isomer C11H18 150 8.7, 1.915
C6-Cylcopentadienésomer C11H18 150 8.8, 1.925
C6-Cylcopentadiene isomer C11H18 1501 9.1, 1.970
C6-Cyclopentene isomer C11H20 152 6.5, 1.790
C6-Cyclopentene isomer C11H20 152 6.8, 1.740
C6-Cyclopentene isomer C11H20 152 7.1,1.735
C6-Cyclopentene isomer C11H20 152 7.3,1.795
C6-Cyclopentene isomer C11H20 152 | 7.4, 1.805
C6-Cyclopentene isomer C11H20 152 7.8, 1.865
C6-Cyclopentene isomer C11H20 152 8.2,1.915
C6-Cyclopentene isomer C11H20 152 9.1, 2.060
C11H22 ?2?? 154 6.4, 1.850
C11H22 ?2?? 154 7.3, 1.875
C7-Cylcopenadiene isomer C12H20 164 | 8.5, 2.010
C7-Cylcopentadiene isomer C12H20 164 | 8.9, 2.075
164, 149 C12H20 | 164| 7.6,1.835
164, 149 C12H20 | 164 | 10.0, 2.140
164, 149 C12H20 | 164 | 10.9, 2.215
164, 149 C12H20 | 164 | 11.1,2.240
164, 135 C12H20 | 164 | 11.4,2.290
C7-Cyclopentene isomer C12H22 166 | 6.8, 1.875
C7-Cyclopentene isomer C12H22 166| 7.2, 1.850
C7-Cyclopentene isomer C12H22 166| 7.8, 1.735
C7-Cyclopentene isomer C12H22 166 | 8.0, 2.055
C7-Cyclopentene isomer C12H22 166 | 8.1, 2.065
C7-Cyclopentene isomer C12H22 166 | 8.4, 2.105
C7-Cyclopentene isomer C12H22 166 | 8.9, 2.170
C7-Cyclopentene isomer C12H22 166 | 9.2, 2.205
C7-Cyclopentene isomer C12H22 166 | 9.5, 2.270
C7-Cyclopentene isomer C12H22 166 | 9.9, 2.305
C7-Cyclopentene isomer C12H22 166 | 10.2, 2.315
1,1-Bicyclohexyl C12H22 166 | 11.8, 2.525
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Compound Formula m/z | Retention time
Toluene C7H8 91 | 5.2,1.030
Styrene C8H8 104 | 5.2, 1.320
Ethylbenzene C8H10 106 | 5.2, 1.235
Indene C9H8 116 8.3, 1.430
Methyl Styrene C9H10 118 6.6, 1.360
Benzene, Zropenyt C9H10 118 6.8, 1.345
Benzene, cyclopropyl C9H10 118 7.4, 1.390
Indane C9H10 118 7.7, 1.425
Benzene, dethyl2-methyt C9H12 120 5.2, 1.420
C3-Benzene C9H12 120 5.7, 1.430
C3-Benzene C9H12 120 | 5.9, 1.400
C3-Benzene C9H12 120 | 6.3, 1.420
C3-Benzene C9H12 120 | 6.5, 1.395
C3-Benzene C9H12 120 7.1, 1.390
Naphthalene C10H8 128| 12.3,1.735
1,2-dihydronapthalene C10H10 130 10.3, 1.705
1,4-dihydronapthalene C10H10 130 10.6, 1.705
Methyl Indene C10H10 130| 11.1,1.745
C4-Benzene 1DB C10H12 132 6.7, 1.430
C4-Benzene 1DB C10H12 132 7.0, 1.420
C4-Benzene 1DB C10H12 132 | 7.4, 1.460
C4-Benzene 1DB C10H12 132 7.6, 1.480
C4-Benzene 1DB C10H12 132 | 8.0, 1.560
C4-Benzene 1DB C10H12 132 | 8.2, 1.570
C4-Benzene 1DB C10H12 132 | 8.4, 1.580
C4-Benzene 1DB C10H12 132 | 8.6, 1.655
C4-Benzene 1DB C10H12 132 9.2, 1.670
C4-Benzene 1DB C10H12 132 9.6, 1.720
Methyl Indane C10H12 132 9.9, 1.740
1,2,3,4tetrahydreNapthalene C10H12 132 10.6, 1.745
C4-Benzene C10H14 134 | 6.4, 1.495
C4-Benzene C10H14 134 | 6.5, 1.480
C4-Benzene C10H14 134 | 6.7, 1.440
C4-Benzene C10H14 134 | 7.2, 1.460
C4-Benzene C10H14 134 | 7.4, 1.480
C4-Benzene C10H14 134 | 7.6, 1.510
C4-Benzene C10H14 134 | 7.8, 1.540
C4-Benzene C10H14 134 | 8.0, 1.560
C4-Benzne C10H14 134 | 8.2, 1.575
C4-Benzene C10H14 134 | 8.5, 1.665
C4-Benzene C10H14 134 | 8.7, 1.670
C4-Benzene C10H14 134 9.6, 1.755
1H-Indene, lethylidene C11H10 141 | 14.0, 1.950
1H-Indene, lethylidene C11H10 141 | 14.4, 1.940
1H-Indene, lethylidene C11H10 141 | 14.7, 1.955
1H-Indene, lethylidene C11H10 141 | 14.9, 1.945
2-Methyl Naphthalene C11H10 142 | 15.2, 2.030
1-Methyl Naphthalene C11H10 142 | 16.2, 1.960
Dimethyl Indene C11H12 1441 10.2, 1.755
Dimethyl Indene C11H12 1441 10.7, 1.790
Benzene, icyclopentenl-yl- C11H12 144 11.0, 1.820
Ethenyl Dihydro Indene C11H12 144| 11.2, 1.865
Ethenyl Dihydro Indene C11H12 144 | 11.4, 1.885
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Compound Formula m/z | Retention time
Ethenyl Dihydro Indene C11H12 144 | 11.6, 1.895
Dimethyl Indene C11H12 1441 12.0, 1.920
Dimethyl Indene C11H12 1441 12.1, 1.865
Dimethyl Indene C11H12 1441 12.7, 1.960
Dimethyl Indene C11H12 1441 12.8, 1.920
Dimethyl Indene C11H12 144 13.0, 1.965
Dimethyl Indene C11H12 144 | 13.4, 1.955
Methyl Dihydro Naphthalene C11H12 144 | 13.6, 2.050
Dimethyl Indene C11H12 144 | 13.9, 2.000
2-Ethyl-1-H-Indene C11H12 144 | 14.1,1.980
Dimethyl Indene C11H12 144 | 14.3, 2.015
Dimethyl Indene C11H12 144 | 14.8, 1.990
Dihydro, dimethyl Indene Cl11H14 146| 8.1, 1.640
Dihydro, dimethyl Indene Cl11H14 146 | 8.4, 1.645
Dihydro, dimethyl Indene Cl11H14 146 | 8.6, 1.660
Dihydro, dimethyl Indene Cl11H14 146 8.9, 1.705
Dihydro, dimethyl Indene Cl11H14 146 9.1, 1.740
Dihydro, dimethyl Indene Cl11H14 146 9.3, 1.750
Dihydro, dinmethyl Indene Cl11H14 146 9.7, 1.810
C5-Benzene 1DB Cl1H14 146 | 10.0, 1.825
Dihydro, dimethyl Indene Cl11H14 146 | 10.2, 1.875
Dihydro, dimethyl Indene Cl11H14 146 | 10.4, 1.875
C5-Benzene 1DB Cl1H14 146 | 10.6, 1.885
Dihydro, dimethyl Indene Cl11H14 146 10.7, 1.885
C5-Benzene 1DB C11H14 146 | 11.1,1.915
C5-Benzene 1DB C11H14 146 | 11.3,1.935
C5-Benzene 1DB C11H14 146 | 11.4,1.965
C5-Benzene 1DB C11H14 146 | 11.9, 1.965
Dihydro, dimethyl Indene Cl11H14 146 | 12.2, 2.060
C5-Benzene 1DB Cl1H14 146 | 12.4, 2020
Dihydro, dimethyl Indene Cl11H14 146 | 12.7, 2.050
Dihydro, dimethyl Indene Cl11H14 146 | 12.9, 2.050
Naphthalene, 1,2,3;tetrahydre5-methyt Cl11H14 146 | 13.1, 2.045
Naphthalene, 1,2,3;tetrahydre6-methyt Cl11H14 146 | 13.4, 2.085
C5-Benzene C11H16 148 | 7.6, 1.605
C5-Benzene C11H16 1481 7.8, 1.650
C5-Benzene C11H16 148 7.9, 1.635
C5-Benzene C11H16 148 8.0, 1.630
Benzene, pentamethyl C11H16 1481 8.2, 1.660
C5-Benzene C11H16 1481 8.9, 1.770
C5-Benzene C11H16 1481 9.0, 1.790
C5-Benzene C11H16 1481 9.1,1.810
C5-Benzene C11H16 1481 9.3, 1.825
C5-Benzene C11H16 148| 9.4, 1.835
C5-Benzene C11H16 1481 9.6, 1.850
C5-Benzene C11H16 1481 10.0, 1.875
C5-Benzene C11H16 148 10.2, 1.915
C5-Benzene C11H16 148 10.6, 1.935
C5-Benzene C11H16 148 | 11.0, 1.950
C5-Berzene C11H16 148 | 11.5,1.995
Acenaphthylene C12H8 152 | 22.2,2.015
Acenaphthene C12H10 154 | 23.0, 2.100
Biphenyl C12H10 154 | 18.5, 2.035
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Naphthalene, 2theny} C12H10 154 | 19.7,2.095
C12H12 C12H12 156 | 15.7, 2.100
C12H12 C12H12 156 | 17.0, 2.145
C12H12 C12H12 156 | 17.3, 2.165
C12H12 C12H12 156 | 17.5, 2.195
C12H12 C12H12 156 | 17.7, 2.165
C12H12 C12H12 156 | 18.0, 2.185
Naphthalene, 2thyk C12H12 156 | 18.2, 2.175
2,6 and 2,7 Dimtyl Naphthalene C12H12 156 | 18.5, 2.225
Naphthalene, -ethyk C12H12 156 | 18.7, 2.130
1,6 and 1,7 and 1,3 Dimethyl Naphthalene C12H12 156 | 19.2, 2.195
2,3 Dimethyl Naphthalene C12H12 156 | 19.4, 2.210
1,4 Dimethyl Naphthalene C12H12 156 | 20.0, 2.220
1,5Dimethyl Naphthalene C12H12 156 | 20.3, 2.175
1,2 Dimethyl Naphthalene C12H12 156 | 20.5, 2.170
1,8 Dimethyl Naphthalene C12H12 156 | 21.0, 2.175
C3-Indene isomer C12H14 158 | 13.2, 2.070
C3-Indene isomer C12H14 158 | 13.4, 2.095
C3-Indene isomer C12H14 158 | 136, 2.080
C3-Indene isomer C12H14 158 | 13.8, 2.100
C3-Indene isomer C12H14 158 | 14.1, 2.130
C3-Indene isomer C12H14 158 | 14.3, 2.090
C3-Indene isomer C12H14 158 | 14.8, 2.125
C3-Indene isomer C12H14 158 | 15.1, 2.120
C3-Indene isomer C12H14 158 | 15.4, 2.150
C3-Indene isomer C12H14 158 | 15.8, 2.165
C3-Indene isomer C12H14 158 | 15.9, 2.265
C3-Indene isomer C12H14 158| 16.1, 2.245
C3-Indene isomer C12H14 158 | 16.5, 2.225
C3-Indene isomer C12H14 158| 16.7, 2.235
C3-Indene isomer C12H14 158 16.9, 2.245
C3-Indeneisomer C12H14 158 | 17.6, 2.245
C3-Indene isomer C12H14 158 | 18.0, 2.245
C3-Indene isomer C12H14 158 | 18.5, 2.240
C3-Indene isomer C12H14 158 | 18.7, 2.260
C3-Indene isomer C12H14 158 | 18.9, 2.250
C3-Indene isomer C12H14 158| 19.1, 2.255
C3-Dihydro indene C12H16 1601 9.1, 1.800
C3-Dihydro indene C12H16 1601 9.9, 1.910
C3-Dihydro indene C12H16 160| 10.1, 1.925
C3-Dihydro indene C12H16 160 | 10.4, 1.920
C2-Tetrahydro Naphthalene C12H16 160 | 10.7, 1.985
C2-Tetrahydro Naphthalene C12H16 160 | 10.9, 2.020
C3-Dihydro indene C12H16 160| 11.2, 1.975
C3-Dihydro indene C12H16 160 | 11.5, 2.030
C3-Indane C12H16 160 | 11.7, 2.065
Benzene, cyclohexyl C12H16 160 | 11.8, 2.045
C3Indane C12H16 160| 11.9, 2.025
C2-Tetrahydro Naphthalene C12H16 160| 12.0, 2.130
C3-Indare C12H16 160| 12.1, 2.045
C3-Indane C12H16 160 | 12.4, 2.110
C3Indane C12H16 160 | 12.6, 2.095
C3Indane C12H16 160| 12.8, 2.150
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C2-Tetrahydro Naphthalene C12H16 160| 13.1, 2170
C2-Tetrahydro Naphthalene C12H16 160 | 13.2, 2.140
Ethyl Tetrahydro Naphthalene C12H16 160 | 13.5, 2.155
C3-Indane C12H16 160 | 13.6, 2.220
C3-Dihydro indene C12H16 160 | 13.8, 2.190
C2-Tetrahydro Naphthalene C12H16 160 | 14.1, 2.330
C2-Tetrahydro Napthalene C12H16 160 | 14.2, 2.205
Benzene, cyclohexyl C12H16 160 | 14.3, 2.235
C2-Tetrahydro Naphthalene C12H16 160 | 14.4, 2.205
C2-Tetrahydro Naphthalene C12H16 160 | 14.7, 2.180
C2-Tetrahydro Naphthalene C12H16 160 | 14.9, 2.200
C2-Tetrahydro Naphthate C12H16 160 | 15.1, 2.220
C3-Indane C12H16 160 | 16.7, 2.320
C2-Tetrahydro Naphthalene C12H16 160| 17.1, 2.275
C2-Tetrahydro Naphthalene C12H16 160 | 17.6, 2.360
C6-Benzene C12H18 162 9.3, 1.880
C6-Benzene C12H18 162| 9.4, 1.885
C6-Benzene C12H18 162 | 9.5, 1.920
C6-Benzene C12H18 162 9.6, 1.925
C6-Benzene C12H18 162 9.8, 1.970
C6-Benzene C12H18 162 | 10.0, 1.985
C6-Benzene C12H18 162 | 10.4, 2.040
C6-Benzene C12H18 162 | 10.6, 2.025
C6-Benzene C12H18 162 | 10.8, 2.065
C6-Benzene C12H18 162 | 11.0,2.080
C6-Benzene C12H18 162 | 11.2, 2.110
C6-Benzene C12H18 162 | 11.4, 2.135
C6-Benzene C12H18 162 | 11.6, 2.155
C6-Benzene C12H18 162 | 12.0, 2.180
C6-Benzene C12H18 162 | 12.2, 2.200
C6-Benzene C12H18 162 | 12.4, 2.135
C6-Benzene C12H18 162 | 12.6, 2.20
C6-Benzene C12H18 162 | 12.8, 2.210
C6-Benzene C12H18 162 | 13.7, 2.195
C6-Benzene C12H18 162 | 14.5, 2.275
C6-Benzene C12H18 162 | 15.1, 2.295
Fluorene C13H10 166 | 26.6, 2.170
1H-Phenalene C13H10 166 | 25.8,2.170
Benz[x]indene? C13H10 166 | 27.0, 2.130
Benz[x]indene? C13H10 166 | 27.8, 2.130
Benz[x]indene? C13H10 166 | 28.4,2.125
Benz[x]indene? C13H10 166 | 28.6, 2.140
Diphenylmethane C13H12 167 | 20.5, 2.055
C1-Biphenyl C13H12 168 | 18.5, 2.135
C1-Biphenyl C13H12 168 | 19.3, 2.165
C1-Biphenyl C13H12 168 | 215, 2.200
C1-Biphenyl C13H12 168 | 21.6, 2.225
C1-Biphenyl C13H12 168 | 21.9, 2.175
C1-Biphenyl C13H12 168 | 22.3,2.180
C3-Naphthalene 1DB C13H12 168 | 23.1, 2.215
C3-Naphthalene 1DB C13H12 168 | 23.3, 2.200
C3-Naphthalene 1DB C13H12 168 | 23.8, 2.385
C1-Bipheryl C13H12 168 | 24.3,2.230
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C1-Biphenyl C13H12 168 | 24.7,2.225
C3-Naphthalene 1DB C13H12 168 | 25.2,2.230
C3-Naphthalene 1DB C13H12 168 | 25.5, 2.235
C3-Naphthalene 1DB C13H12 168 | 25.7, 2.260
C3-Naphthalene 1DB C13H12 168 | 26.6, 2.225
C1-Biphenyl C13H12 168 | 27.0, 2.210
C3-Naphthalene 1DB C13H12 168 | 27.2,2.205
C3-Naphthalene C13H14 170 20.0, 2.270
C3-Naphthalene C13H14 170| 21.3, 2.295
C3-Naphthalene C13H14 170| 21.7,2.335
C3-Naphthalene C13H14 170 21.9, 2.275
C3-Naphthalene C13H14 170| 22.1, 2.295
C3-Naphthalene C13H14 170| 22.5,2.275
C3-Naphthalene C13H14 170| 22.6, 2.325
C3-Naphthalene C13H14 170| 22.8, 2.340
C3-Naphthalene C13H14 170 23.0, 2.305
C3-Naphthalene C13H14 170 | 23.3, 2.250
C3-Naphthalene C13H14 170| 23.6, 2.340
C3-Naphthalene C13H14 170| 24.3, 2.320
C3-Naphthalene C13H14 170| 24.5, 2.315
C3-Naphthalene C13H14 170| 25.3, 2.275
C3-Naphthalene C13H14 170| 25.6, 2.290
C3-Naphthalene C13H14 170| 26.4, 2.275
C4-Indene C13H16 172 14.8, 2.245
C3-Dihydro Naphthalene C13H16 172 | 15.5, 2.270
C3-Dihydro Naphthalene C13H16 172 | 15.7,2.270
C3-Dihydro Naphthalene C13H16 172 16.1, 2.320
C4-Indene C13H16 172 | 16.4, 2.350
C4-Indene C13H16 172 | 16.6, 2.305
C3-Dihydro Naghthalene C13H16 172 16.9, 2.290
C3-Dihydro Naphthalene C13H16 172 17.1, 2.330
C3-Dihydro Naphthalene C13H16 172 17.8, 2.325
C4-Indene C13H16 172 | 18.0, 2.325
C3-Dihydro Naphthalene C13H16 172 18.2, 2.395
C4-Indene C13H16 172 | 18.3, 2.350
C4-Indere C13H16 172 18.7, 2.355
C4-Indene C13H16 172 18.9, 2.360
C3-Dihydro Naphthalene C13H16 172 19.0, 2.350
C4-Indene C13H16 172 | 19.3, 2.405
C3-Dihydro Naphthalene C13H16 172 19.7, 2.460
C3-Dihydro Naphthalene C13H16 172 19.9, 2.395
C3-Dihydro Naplthalene C13H16 172 20.2, 2.335
C3-Dihydro Naphthalene C13H16 172 20.8, 2.470
C3-Dihydro Naphthalene C13H16 172| 21.1,2.435
C4-Dihydro Indene C13H18 174 | 12.4,2.225
C4-Dihydro Indene C13H18 174 13.0, 2.215
C4-Dihydro Indene C13H18 174 13.3, 2.250
C4-Dihydro Indene C13H18 174 | 13.6, 2.265
C4-Dihydro Indene C13H18 174 13.7, 2.300
C4-Dihydro Indene C13H18 174 13.9, 2.315
C4-Indane C13H18 174 14.1, 2.260
C4-Dihydro Indene C13H18 174 | 14.4, 2.295
C4-Indane C13H18 174 14.8, 2.310
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C3-Tetrahydro Naphthalene C13H18 174 | 14.9, 2.345
C3-Tetrahydro Naphthalene C13H18 174 | 15.3, 2.340
C3-Tetrahydro Naphthalene C13H18 174 | 15.4, 2.385
C3-Tetrahydro Naphthalene C13H18 174 | 15.6, 2.375
C4-Indane C13H18 174 | 15.8, 2.345
C4-Indane C13H18 174 16.0, 2.290
C4-Indane C13H18 174 | 16.3, 2.545
C4-Indane C13H18 174 16.9, 2.395
C3-Tetrahydro Naphthalene C13H18 174 17.0, 2.470
C4-Indane C13H18 174| 17.3, 2.450
C4-Indane C13H18 174 | 17.5, 2455
C3-Tetrahydro Naphthalene C13H18 174 | 17.7, 2.455
C3-Tetrahydro Naphthalene C13H18 174 | 18.4, 2.450
C3-Tetrahydro Naphthalene C13H18 174 | 18.6, 2.455
C4-Indane C13H18 174 | 19.2, 2.450
C7-Benzene C13H20 176 | 11.4, 2.175
C7-Benzene C13H20 176 | 12.1, 2285
C7-Benzene C13H20 176 | 12.6, 2.335
C7-Benzene C13H20 176 | 13.0, 2.370
C7-Benzene C13H20 176 | 13.3, 2.380
C7-Benzene C13H20 176 | 13.5, 2.395
C7-Benzene C13H20 176 | 13.8, 2.440
C7-Benzene C13H20 176 | 14.0, 2.410
C7-Benzene C13H20 176 | 14.1, 2.490
C7-Berzene C13H20 176 | 14.4, 2.465
C7-Benzene C13H20 176 | 14.8, 2.460
C7-Benzene C13H20 176 | 15.6, 2.505
Phenanthrene C14H10 178 | 34.9, 2.135
Anthracene C14H10 178 | 35.1, 2.150
C1-Fluorene C14H12 180 | 26.8, 2.225
C1-Fluorene C14H12 180 | 27.7, 2.265
1,1-Bipheny, 4-etheny} C14H12 180 | 27.8, 2.205
C1-Fluorene C14H12 180 29.2, 2.210
C1-Fluorene C14H12 180 | 29.4, 2.285
C1-Fluorene C14H12 180 30.1, 2.275
C1-Fluorene C14H12 180 30.3, 2.270
C1-Fluorene C14H12 180 | 30.6, 2.260
C1-Fluorene C14H12 180 | 31.3, 2.230
C1-Fluorene C14H12 180 | 31.7, 2.250
C1-Fluorene C14H12 180 | 31.9, 2.240
C1-Fluorene C14H12 180 32.1, 2.235
C1-Fluorene C14H12 180 | 32.4, 2.235
C1-Fluorene C14H12 180 | 32.8, 2.195
C1-Fluorene C14H12 180 | 33.1, 2.200
C1-Fluorene C14H12 180 33.3, 2.215
C1-Fluorene C14H12 180 | 33.5, 2.195
C1-Fluorene C14H12 180 | 33.8, 2.190
C1-Fluorene C14H12 180 | 34.0, 2.185
Phenanthrene, 9,idihydro- C14H12 180 30.1, 2.185
Anthracene, 9,1@ihydro- C14H12 180 | 30.8, 2.180
C2-Biphenyl Cl14H14 182 | 18.6, 2.215
C2-Biphenyl Cl4aH14 182 19.3, 2.240
C2-Biphenyl Cl14H14 182 | 20.5, 2.215
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C2-Biphenyl C14H14 182 21.6, 2.220
C2-Biphenyl C14H14 182| 21.8, 2.260
C2-Biphenyl Cl14H14 182 | 22.0, 2.275
C2-Biphenyl Cl4H14 182 22.2,2.235
C2-Biphenyl C14H14 182 23.1, 2.230
C2-Biphenyl Cl14H14 182 | 23.7,2.135
C2-Biphenyl C14H14 182 23.9, 2.310
C2-Biphenyl Cl14H14 182 | 24.9, 2.255
C2-Biphenyl C14H14 182| 25.2,2.280
C2-Biphenyl C14H14 182 | 25.4,2.275
C2-Biphenyl Cl4aH1 182 | 25.8, 2.285
C2-Biphenyl Cl14H14 182 | 26.1, 2.305
C2-Biphenyl C14H14 182 26.7, 2.320
C2-Biphenyl Cl14H14 182 | 27.1, 2.260
C2-Biphenyl Cl14H14 182 | 28.1, 2.365
C2-Biphenyl Cl14H14 182 | 29.1, 2.465
C2-Biphenyl Cl14H14 182 | 29.5, 2.310
C2-Biphenyl Cl14H14 182 | 29.8, 2.285
C2-Biphenyl C14H14 182 30.0, 2.335
C2-Biphenyl Cl14H14 182 | 30.5, 2.315
C2-Biphenyl C14H14 182 31.2,2.330
C2-Biphenyl C14H14 182 31.6, 2.300
C2-Biphenyl C14H14 182 32.0, 2.325
C2-Biphenyl C14H14 182 32.3, 2.300
C4-Naphthalene C14H16 184 | 22.8, 2.400
C4-Naphthalene C14H16 184 | 23.4, 2.440
C4-Naphthalene C14H16 184 | 24.0, 2.370
C4-Naphthalene C14H16 184 | 24.3, 2.415
C4-Naphthalene C14H16 184 | 24.7, 2.460
C4-Naphthalene C14H16 184 | 25.0, 2.415
C4-Naphthalene C14H16 184 | 25.2, 2.460
C4-Naphhalene C14H16 184 | 25.4, 2.405
C4-Naphthalene C14H16 184 | 25.7,2.420
C4-Naphthalene C14H16 184 | 25.9, 2.425
C4-Naphthalene C14H16 184 | 26.1, 2.355
C4-Naphthalene C14H16 184 | 26.4, 2.415
C4-Naphthalene C14H16 184 | 26.8, 2.435
C4-Naphthalene C14H16 184 | 27.1, 2.405
C4-Naphthalene C14H16 184 | 27.6, 2.450
C4-Naphthalene C14H16 184 | 28.2, 2.455
C4-Naphthalene C14H16 184 | 28.4,2.420
C4-Naphthalene C14H16 184 | 28.7, 2.405
C4-Naphthalene C14H16 184 | 29.3, 2.410
C4-Naphthalene C14H16 184 | 29.5, 2.405
C4-Naphthaler C14H16 184 | 29.7, 2.415
C4-Naphthalene C14H16 184 | 30.6, 2.375
C4-Indene isomer C14H18 186 | 15.3, 2.415
C4-Indene isomer C14H18 186 | 17.7, 2.415
C4-Indene isomer C14H18 186 | 17.9, 2.485
C4-Indene isomer C14H18 186 | 18.6, 2.450
C4-Indene isomer C14H18 186 | 18.8, 2.460
C4-Indene isomer C14H18 186 | 19.2,2.435
C4-Indene isomer C14H18 186 | 19.7, 2.555
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C4-Indene isomer C14H18 186 | 20.0, 2.530
C4-Indene isomer C14H18 186 | 20.4, 2.535
C4-Indene isomer C14H18 186 | 20.6, 2.500
C4-Indene isomer C14H18 186 | 20.8, 2.550
C4-Indene isomer C14H18 186 | 21.6, 2.495
C4-Indene isomer C14H18 186 | 21.9, 2.470
C4-Indene isomer C14H18 186 | 22.0, 2.450
C4-Indene isomer C14H18 186 | 22.9, 2.485
C4-Indeneisomer C14H18 186 | 23.5, 2.520
C4-Indene isomer C14H18 186 | 24.0, 2.495
C4-Indene isomer C14H18 186 | 25.1, 2.490
C4-Indene isomer C14H18 186 | 25.5, 2.470
C4-Indane isomer C14H20 188 | 14.5, 2.460
C4-Indane isomer C14H20 188 | 15.5, 2.510
C4-Indane isomer C14H20 188 | 16.4, 2.520
C4-Indane isomer C14H20 188 | 16.7, 2.510
C4-Indane isomer C14H20 188 | 17.0, 2.545
C4-Indane isomer C14H20 188 | 17.2, 2.535
C4-Indane isomer C14H20 188 | 17.7, 2.550
C4-Indane isomer C14H20 188 | 18.1, 2.560
C4-Indane isomer C14H20 188 | 18.6, 2.585
C4-Indane isomer C14H20 188 | 18.7, 2.540
C4-Indane isomer C14H20 188 | 19.3, 2.570
C4-Indane isomer C14H20 188 | 19.6, 2.575
C4-Indane isomer C14H20 188 | 19.9, 2.520
C4-Indane isomer C14H20 188 | 20.1, 2.580
C4-Indane isomer C14H20 188 | 20.4, 2.610
C4-Indane isomer C14H20 188 | 21.0, 2.690
C4-Indane isomer C14H20 188 | 22.0, 2.580
1,4,5,6 Tetramethyl 1,2,3 4etrahydronapthalene C14H20 188 | 21.2, 2.480
4H-Cyclopenta[deflphenanthrene C15H10 190 | 39.4, 2.190
Cyclopropa[b]anthracene or Benz[fg]lacenaplaehg C15H10 190 | 40.5, 2.155
Cyclopropa[b]anthracene or Benz[fg]lacenaphthylene C15H10 190 | 41.6, 2.140
C8Benzene C14H22 190 | 14.3, 2.540
C8Benzene C14H22 190 | 14.7, 2.595
C8Benzene C14H22 190 | 14.8, 2.620
C8Benzene C14H22 190 | 15.2, 2.615
C8Benzene C14H22 190 | 15.5, 2.640
C8Benzene C14H22 190 | 16.4, 2.670
C8Benzene C14H22 190 | 16.9, 2.730
C8Benzene C14H22 190 | 17.2, 2.760
C8Benzene C14H22 190 | 17.3,2.725
C8Benzene C14H22 190 | 17.5,2.725
C8Benzene C14H22 190 | 17.9, 2.675
Phenyl Indene C15H12 192 | 31.8, 2.260
Phenyl Indene C15H12 192 | 32.6, 2.135
Phenyl Indene C15H12 192 33.6, 2.135
Phenyl Indene C15H12 192 | 34.3, 2.315
Phenyl Indene C15H12 192 | 35.2, 2.280
Phenyl Indene C15H12 192 | 35.9, 2.350
Phenyl Indene C15H12 192 36.9, 2.185
Phenylindene C15H12 192 37.3, 2.170
Phenyl Indene C15H12 192| 37.5, 2.250
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C1-Phenanthrene C15H12 192 38.1, 2.215
C1-Phenanthrene C15H12 192 38.3, 2.220
C1-Phenanthrene C15H12 192 | 38.5, 2.235
C1-Anthracene C15H12 192 39.0, 2.220
C1-Anthracene C15H12 192 | 39.2, 2.180
C1-Anthracene C15H12 192 | 39.4, 2.190
C15H12 C15H12 192 | 40.8, 2.170
C2-Flourene C15H14 194 | 29.0, 2.335
C2-Flourene C15H14 194 | 30.2, 2.320
C2-Flourene C15H14 194 | 31.1, 2.285
C2-Flourene C15H14 194 | 31.5, 2.265
C2-Flourene C15H14 194 | 32.3, 2.280
C2-Flourene C15H14 194 | 32.6, 2.330
C2-Flourene C15H14 194 | 33.1, 2.340
C2-Flourene C15H14 194 | 33.5, 2.370
C2-Flourene C15H14 194 | 33.7, 2.395
C2-Flourene C15H14 194 | 33.8, 2.355
C2-Flourene C15H14 194 | 34.1, 2.355
C2-Flourene C15H14 194 | 34.4, 2.330
C2-Flourene C15H14 194 | 34.7, 2.320
C2-Flourene C15H14 194 | 35.0, 2.340
C2-Flourene C15H14 194 | 35.2, 2.310
C2-Flourene C15H14 194 | 35.4, 2.355
C2-Flourene C15H14 194 | 35.7, 2.330
C2-Flourene C15H14 194 | 36.2, 2.300
C2-Flourene C15H14 194 | 36.7, 2.295
C2-Flourene C15H14 194 | 37.0, 2.335
C2-Flourene C15H14 194 | 37.2,2.270
C2-Fluorene C15H14 194 | 38.0, 2.240
C2-Flourene C15H14 194 | 38.2, 2.285
C3-Biphenyl C1l5H16 196 | 25.0, 2.305
C3-Biphenyl C15H16 196 | 25.2, 2.340
C3-Biphenyl C15H16 196 | 26.3, 2.325
C3-Biphenyl C15H16 196 | 26.8, 2.220
C3-Biphenyl C15H16 196 | 27.7, 2.390
C3-Biphenyl C15H16 196 | 28.0, 2.340
C3-Biphenyl C15H16 196 | 28.3, 2.345
C3-Biphenyl C15H16 196 | 28.7, 2.350
C3-Biphenyl C15H16 196 | 29.0, 2.385
C3-Biphenyl C15H16 196 | 30.5, 2.340
C3-Biphenyl C15H16 196 | 30.9, 2.395
C3-Biphenyl C15H16 196 | 32.0, 2.365
C5-Naphthalene C15H18 198 | 26.6, 2.570
C5-Naphthalene C15H18 198 | 27.1, 2.520
C5-Naphthalene C15H18 198 | 27.3, 2.540
C5-Naphthalene C15H18 198 | 27.5, 2.545
C5-Naphthalene C15H18 198 | 28.0, 2.500
C5-Naphthalene C15H18 198 | 28.4, 2.535
C5-Naphthalene C15H18 198 | 28.8, 2.480
C5-Naphthalene C15H18 198 | 28.9, 2.570
C5-Naphthalene C15H18 198 | 29.1, 2.500
C5-Naphthalene C15H18 198 | 29.3, 2.525
C5-Naphthalene C15H18 198 | 29.6, 2.535
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C5-Naphthalene C15H18 198 | 29.8, 2.555
C5-Naphthalene C15H18 198 | 30.3, 2.535
C5-Naphthalene C15H18 198 | 30.5, 2.535
C5-Naphthalene C15H18 198 | 30.7, 2.500
C5-Naphthalene C15H18 198 | 31.1, 2.520
C5-Naphthalene C15H18 198 | 33.4, 2.495
C5-Naphthalene C15H18 198 | 35.3, 2.475
Fluoranthene C16H10 202 | 44.5, 2.165
Pyrene C16H10 202 | 46.7, 2.135
Acenaphenantlytene/aceanthrylene C16H10 202 | 45.5, 2.130
Acenaphenanthrylene/aceanthrylene C16H10 202 | 46.2,2.120
Anthracene, @&thenyt C1l6H12 204 | 37.2,2.110
Phenyl Naphthalene C1l6H12 204 | 41.0, 2.155
Phenyl Naphthalene C1l6H12 204 | 42.6, 2.240
Acephenanthrylene, 3dihydro- C1l6H12 204 | 42.7, 2.265
Phenyl Naphthalene C1l6H12 204 | 42.8, 2.235
Phenyl Naphthalene C1l6H12 204 | 43.2,2.200
Naphthalene, 1;8i-1-propynt C1l6H12 204 | 43.3, 2.250
Phenyl Naphthalene C1l6H12 204 | 43.4,2.215
Phenyl Naphthalene C1l6H12 204 | 43.6, 2315
Pyrene, 4,5ihydro- C1l6H12 204 | 46.2, 2.155
Phenyl Naphthalene C1l6H12 204 | 46.3, 2.165
Phenyl Naphthalene C1l6H12 204 | 46.6, 2.170
C2-Phenanthrene Cl6H14 206 | 34.8, 2.345
C2-Phenanthrene Cl6H14 206 | 35.7,2.185
C2-Phenanthrene Cl6H14 206 | 36.2, 2.175
C2-Phenanthrene Cl6H14 206 | 38.8, 2.320
C2-Phenanthrene Cl6H14 206 | 39.9, 2.270
C2-Phenanthrene Cl6H14 206 | 40.2, 2.260
C2-Phenanthrene Cl6H14 206 | 40.6, 2.280
C2-Phenanthrene Cl6H14 206 | 41.1, 2.290
C2-Phenanthrene Cl6H14 206 | 41.4, 2.290
C2-Phenanthrene Cl6H14 206 | 41.6, 2.290
C2-Anthracene Cl6H14 206 | 42.2, 2.265
C2-Anthracene Cl6H14 206 | 42.4, 2.280
C2-Anthracene Cl6H14 206 | 42.7,2.270
C2-Anthracene Cl6H14 206 | 42.9, 2.265
C2-Anthracene Cl6H14 206 | 43.2,2.235
C2-Anthracene Cl6H14 206 | 43.5, 2.350
C2-Anthracene Cl6H14 206 | 43.8, 2.230
Ethyl Anthracene Cl6H14 206 | 44.3, 2.230
C3-Fluorene C16H16 208 | 29.0, 2.310
C3-Fluorene C16H16 208 | 29.6, 2.325
C3-Fluorene C16H16 208 | 31.5, 2.245
C3-Fluorene C16H16 208 | 32.5, 2.275
C3-Fluorene C16H16 208 | 33.2, 2.380
C3-Fluorene C16H16 208 | 33.6, 2.395
C3-Fluorene C16H16 208 | 34.1, 2.395
C3-Fluorene C16H16 208 | 33.9, 2.280
C3-Fluorene C16H16 208 | 35.6, 2.330
C3-Fluorene C16H16 208 | 35.8, 2.340
C3-Fluorene C16H16 208 | 36.1, 2.415
C3-Fluorene C16H16 208 | 36.5, 2.425
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C2-Dihydro Anthracene C16H16 208 | 37.0, 2.465
C3-Fluorene C16H16 208 | 37.1, 2.430
C3-Fluorene C16H16 208 | 37.4, 2.405
C2-Dihydro Anthracene C16H16 208 | 37.7,2.430
C3-Fluorene C1l6H16 208 | 37.8, 2.400
C2-Dihydro Anthracene C16H16 208 | 37.9, 2.405
C2-Dihydro Anthracene C16H16 208 | 38.4, 2.390
C2-Dihydro Anthracene C16H16 208 | 38.7, 2.390
C3-Fluorene C1l6H16 208 | 39.0, 2.400
C2-Dihydro Anthracene C16H16 208 | 39.3, 2.385
C3-Fluorene C1l6H16 208 | 39.6, 2.295
C3-Fluorene C16H16 208 | 40.1, 2.355
C4-Biphenyl C16H18 210 28.3, 2.345
C4-Biphenyl C16H18 210 29.3, 2.295
C4-Biphenyl C16H18 210 29.9, 2.270
C4-Biphenyl C16H18 210| 31.5, 2.400
C4-Biphenyl C16H18 210| 31.8, 2.435
C4-Biphenyl C16H18 210 | 33.1, 2.475
C4-Biphenyl C16H18 210 33.7, 2.460
C4-Biphenyl C16H18 210 | 34.4, 2.430
C4-Biphenyl C16H18 210 34.9, 2.400
C4-Biphenyl C16H18 210| 35.0, 2.445
C4-Biphenyl C16H18 210 35.3, 2.460
C4-Biphenyl C16H18 210 | 35.5, 2.465
C4-Biphenyl C16H18 210| 359, 2.435
C4-Biphenyl C16H18 210| 36.7, 2.415
C4-Biphenyl C16H18 210 | 37.2,2.440
C4-Biphenyl C16H18 210 38.8, 2.480
C1-Fluoranthene/Pyrene C17H12 216 | 47.5, 2.230
C1-Fluoranthene/Pyrene C17H12 216 | 47.6, 2.245
C1-Fluoranthene/Pyrene C17H12 216 | 48.7, 2.B5
C1-Fluoranthene/Pyrene C17H12 216 | 48.9, 2.180
C1-Fluoranthene/Pyrene C17H12 216 | 49.2,2.180
C1-Fluoranthene/Pyrene C17H12 216 | 49.4, 2.185
C1-Fluoranthene/Pyrene C17H12 216 | 49.7, 2.180
C1-Fluoranthene/Pyrene C17H12 216 | 50.6, 2.170
C1-Fluoranthene/frene C17H12 216 | 50.9, 2.165
C1-Fluoranthene/Pyrene C17H12 216 | 51.2,2.135
C1-Fluoranthene/Pyrene C17H12 216 | 51.8, 2.165
218, 203 C17H14 C17H14 | 218 37.8,2.215
Anthracene, 92-propenyl} C17H14 218 | 40.1, 2.165
218, 203 C17H14 C17H14 | 218 40.2,2.185
Phenyl Methyl Naphthalene C17H14 218 40.3, 2.215
Phenyl Methyl Naphthalene C17H14 218 | 40.6, 2.225
Anthracene, 91-propenyl} C17H14 218 | 40.7, 2.185
Phenyl Methyl Naphthalene C17H14 218 | 41.4, 2.180
Phenyl Methyl Naphthalene C17H14 218 | 42.2,2.060
Phenyl Methyl Naphthalene C17H14 218 | 42.5,2.120
Phenyl Methyl Naphthalene C17H14 218 | 44.0, 2.215
Phenyl Methyl Naphthalene C17H14 218 | 44.2,2.215
Phenyl Methyl Naphthalene C17H14 218 | 44.4, 2.220
Phenyl Methyl Naphthalene C17H14 218 | 44.8,2.175
Phenyl Mehyl Naphthalene C17H14 218 | 45.1, 2.185
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Phenyl Methyl Naphthalene C17H14 218 | 46.4, 2.280
Phenyl Methyl Naphthalene C17H14 218 49.0, 2.235
4H-Benz[de]anthracene, 5dhydro C17H14 218 | 49.5, 2.245
4H-Benz[de]anthracene, 5dhydro C17H14 218 | 50.0, 2.190
4H-Benz[de]anthracene, 5dhydro C17H14 218| 50.3, 2.225
C3-Phenanthrene/Anthracene C17H16 220 | 43.5,2.345
C3-Phenanthrene/Anthracene C17H16 220| 43.8,2.345
C3-Phenartirene/Anthracene C17H16 220 | 44.2,2.320
C3-Phenanthrene/Anthracene C17H16 220 | 44.3, 2.360
C3-Phenanthrene/Anthracene C17H16 220 | 44.5, 2.345
C3-Phenanthrene/Anthracene C17H16 220 | 44.7, 2.380
C3-Phenanthrene/Anthracene C17H16 220| 45.0, 2.340
C3-Phenantlene/Anthracene C17H16 220 | 45.2,2.345
C3-Phenanthrene/Anthracene C17H16 220 | 45.5,2.315
C3-Phenanthrene/Anthracene C17H16 220 | 45.7, 2.365
C3-Phenanthrene/Anthracene C17H16 220 | 45.8, 2.325
C3-Phenanthrene/Anthracene C17H16 220| 46.0, 2.320
C3-Phenantlene/Anthracene C17H16 220 | 46.4, 2.315
C3-Phenanthrene/Anthracene C17H16 220 | 46.7, 2.340
C3-Phenanthrene/Anthracene C17H16 220| 46.9, 2.350
C3-Phenanthrene/Anthracene C17H16 220| 47.1, 2.325
C3-Phenanthrene/Anthracene C17H16 220 | 47.4,2.390
C3-Phenanthnmee/Anthracene C17H16 220| 48.4,2.290
9(10H)Pheanthrenonediazo C14H8N20 | 220 | 53.0, 2.025
C5-Biphenyl C17H20 224 | 37.7, 2.490
C5-Biphenyl C17H20 224 | 35.9, 2.470
C5-Biphenyl C17H20 224 | 36.4, 2.530
C5-Biphenyl C17H20 224 | 36.5, 2.500
C5-Biphenyl Cl7HD 224 | 37.0, 2.530
C5-Biphenyl C17H20 224 | 37.2,2.510
C5-Biphenyl C17H20 224 38.0, 2.470
C5-Biphenyl C17H20 224 | 38.3, 2.500
C5-Biphenyl C17H20 224 | 38.5, 2.490
C5-Biphenyl C17H20 224 | 39.2, 2.640
C5-Biphenyl C17H20 224 | 39.4, 2.595
Benzo[ghi]fluoranthea C18H10 226 | 54.8, 2.150
C18H12 C18H12 228 | 48.4, 2.180
C18H12 C18H12 228 | 49.5, 2.205
C18H12 C18H12 228 50.3, 2.235
C18H12 C18H12 228 51.0, 2.190
C18H12 C18H12 228 | 53.8, 2.275
Benzo[c]Phenanthrene C18H12 228 | 55.0, 2.100
Benzo[a]anthracene C18H12 228 | 56.4, 2.140
Chrysene C18H12 228 | 57.0, 2.115
Tiphenylene/Napthacene C18H12 228 | 57.4, 2.150
230, 215, 152 C18H14 C18H14 230 45.6, 2.115
m-Terphenyl C18H14 230 | 46.4, 2.145
p-Terphenyl C18H14 230 | 47.7, 2.160
230, 204 C18H14 230 48.2, 2.190
Naphthaceneq,12dihydro- C18H14 230 | 49.5, 2.150
C2-Fluoranthene/Pyrene C18H14 230 | 49.4, 2.210
5,6-Dihydrochrysene C18H14 230 | 50.4, 2.325
C2-Fluoranthene/Pyrene C18H14 230 | 50.5, 2.305
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C2-Fluoranthene/Pyrene C18H14 230 | 50.9, 2.380
C2-Fluoranthene/Pyrene C18H14 230 | 51.2,2.295
o-Terphenyl C18H14 230 | 51.5, 2.160
C2-Fluoranthene/Pyrene C18H14 230 | 51.6, 2.260
C2-Fluoranthene/Pyrene C18H14 230 | 51.9, 2.240
Naphthacene, 5,1@ihydro- Cl8HH4 230 | 52.0, 2.175
C2-Fluoranthene/Pyrene C18H14 230 | 52.2,2.250
C2-Fluoranthene/Pyrene C18H14 230 | 52.5, 2.235
C2-Fluoranthene/Pyrene C18H14 230 | 52.7,2.335
C2-Fluoranthene/Pyrene C18H14 230 | 53.1, 2.235
C2-Fluoranthene/Pyrene C18H14 230 | 53.3, 2.250
C2-Fluoranthene/Pyrene C18H14 230 | 53.6, 2.225
C2-Fluoranthene/Pyrene C18H14 230 | 54.2,2.225
C2-Fluoranthene/Pyrene C18H14 230 | 54.5, 2.220
C2-Fluoranthene/Pyrene C18H14 230 | 54.7,2.215
C2-Fluoranthene/Pyrene C18H14 230 | 55.1, 2.210
C2-Fluoranthene/Pyrene C18H14 230 | 55.4, 2.225
C2-Fluoranthene/Pyrene C18H14 230 | 55.8, 2.225
Dimethyl, Phenyl Naphthalene C18H16 232 | 42.3,2.170
Dimethyl, Phenyl Naphthalene C18H16 232 | 42.7,2.210
Dimethyl, Phenyl Naphthalene C18H16 232 | 43.0, 2.180
Dimethyl, Phenyl Naphthane C18H16 232 | 43.8, 2.175
Dimethyl, Phenyl Naphthalene C18H16 232 | 44.6, 2.080
Dimethyl, Phenyl Naphthalene C18H16 232 | 44.8, 2.195
Dimethyl, Phenyl Naphthalene C18H16 232 | 45.1, 2.130
Dimethyl, Phenyl Naphthalene C18H16 232 | 45.6, 2.195
Dimethyl, Phegl Naphthalene C18H16 232 | 46.0, 2.105
Dimethyl, Phenyl Naphthalene C18H16 232 | 46.4, 2.275
Dimethyl, Phenyl Naphthalene C18H16 232 | 47.0, 2.270
C4-Phenanthrene/Anthracene C18H18 234 | 46.7, 2.375
C4-Phenanthrene/Anthracene C18H18 234 | 47.0, 2.465
C4-Phenathrene/Anthracene C18H18 234 | 47.2,2.430
C4-Phenanthrene/Anthracene C18H18 234 | 47.4, 2.440
C4-Phenanthrene/Anthracene C18H18 234 | 47.9, 2.420
C4-Phenanthrene/Anthracene C18H18 234 | 48.1, 2.410
C4-Phenanthrene/Anthracene C18H18 234 | 48.4, 2.405
C4-Phenarttrene/Anthracene C18H18 234 | 49.0, 2.420
C4-Phenanthrene/Anthracene C18H18 234 | 49.3, 2.420
C4-Phenanthrene/Anthracene C18H18 234 | 49.6, 2.380
C4-Phenanthrene/Anthracene C18H18 234 | 50.0, 2.405
C4-Phenanthrene/Anthracene C18H18 234 | 50.4, 2.310
C4-Phenantrene/Anthracene C18H18 234 50.9, 2.325
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 57.5, 2.240
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 58.3, 2.250
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 58.5, 2.275
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 59.2, 2.265
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 59.6, 2.200
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 60.4, 2.250
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 60.7, 2.240
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 61.0, 2.225
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 62.3, 2.220
9H-Cyclopenta[a]pyrene isomer C19H12 240 | 62.9, 2.195
Phenyl Fluorene C19H14 242 | 49.0, 2.125
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C1-Chrysene C19H14 242 | 50.9, 2.145
Phenyl Fluorene C19H14 242 | 51.6,2.165
Phenyl Fluorene C19H14 242 | 52.0, 2.170
C1-Chrysene C19H14 242 | 53.1, 2.080
C1-Chrysene C19H14 242 | 53.5, 2.180
C1-Chrysene C19H14 242 | 54.2,2.205
C1-Chrysene C19H14 242 | 54.9, 2.200
C1-Chrysene C19H14 242 | 55.4, 2.230
C1-Chrysene C19H14 242 | 56.5,2.185
C1-Chrysene C19H14 242 | 57.6, 2.200
C1-Chrysene C19H14 242 | 58.4, 2.150
C1-Chrysene C19H14 242 | 58.7, 2.215
C1-Chrysene C19H14 242 | 59.1, 2.210
C1-Chrysene C19H14 242 | 59.2,2.215
C1-Chrysene C19H14 242 | 59.4, 2.185
C1-Chrysene C19H14 242 | 59.7,2.18
C1-Chrysene C19H14 242 | 59.9, 2.235
C1-Chrysene C19H14 242 | 60.2, 2.175
C1-Chrysene C19H14 242 | 60.5, 2.195
C1-Chrysene C19H14 242 | 60.9, 2.180
C1-Chrysene C19H14 242 | 61.2,2.165
8,9-Dihydro-7H-cyclopenta[a]pyrene C19H14 242 | 60.8, 2.205
Dihydro, Methy Benz[a]anthracene C19H16 244 | 54.4, 2.365
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 54.6, 2.310
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 55.0, 2.305
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 55.2,2.290
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 55.4, 2.305
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 55.5, 2.280
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 55.6, 2.320
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 55.7, 2.280
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 55.9, 2300
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 56.1, 2.295
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 56.6, 2.265
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 56.8, 2.330
Dihydro, Methyl Benz[a]anthracene C19H16 244 | 57.1, 2.265
Dihydro, MethylBenz[a]anthracene C19H16 244 | 57.3, 2.265
Benzo[b]fluoranthene C20H12 252 | 64.7, 2.165
Benzo[K]fluoranthene C20H12 252 | 64.9, 2.165
Benzo[x]fluoranthene C20H12 252 | 65.1, 2.135
Benzo[x]fluoranthene C20H12 252 | 65.6, 2.155
Benzo[x]fluoranthene C20H12 252 | 65.8, 2.210
Benzo[e]pyrene C20H12 252 | 67.2,2.125
Benzo[a]pyrene C20H12 252 | 67.5,2.130
Perylene C20H12 252 | 68.4, 2.105
Binaphthalene C20H14 254 | 57.5, 2.075
Binaphthalene C20H14 254 | 57.7,2.145
Binaphthalene C20H14 254 | 60.5, 2.135
Binaphthalene C20H14 254 | 61.1, 2.125
Binaphthalene C20H14 254 | 61.4, 2.140
Binaphthalene C20H14 254 | 61.7, 2.155
Binaphthalene C20H14 254 | 63.0, 2.230
Phenyl Phenanthrene C20H14 254 | 61.8, 2.215
Phenyl Phenanthrene C20H14 254 | 62.1, 2.205
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Dihydro Benzo(a)Pyrene C20H14 254 | 62.8, 2.295
Dihydro Benzo(a)Pyrene C20H14 254 | 63.0, 2.320
Dihydro Benzo(a)Pyrene C20H14 254 | 63.3, 2.295
Phenyl Anthracene C20H14 254 | 66.4, 2.185
Phenyl Anthracene C20H14 254 | 68.3, 2.110
C2-Chrysene C20H16 256 | 56.8, 2.315
C2-Chrysene C20H16 256 | 58.9, 2.235
C2-Chrysene C20H16 256 | 59.3, 2.210
C2-Chrysene C20H16 256 | 59.4, 2.220
C2-Chrysene C20H16 256 | 59.8, 2.205
C2-Chrysene C20H16 256 | 60.0, 2.210
C2-Chrysene C20H16 256 | 60.3, 2.235
C2-Chrysene C20H16 256 | 60.5, 2.265
C2-Chrysene C20H16 256 | 61.1, 2.245
C2-Chrysene C20H16 256 | 61.3, 2.265
C2-Chrysene C20H16 256 | 61.5, 2.245
C2-Chrysene C20H16 256 | 61.8, 2.265
C2-Chrysene C20H16 256 | 61.9, 2.275
C2-Chrysene C20H16 256 | 62.0, 2.260
C2-Chrysene C20H16 256 | 62.1, 2.335
C2-Chrysene C20H16 256 | 62.3, 2.235
C2-Chrysene C20H16 256 | 62.5, 2.260
C2-Chrysene C20H16 256 | 62.7, 2.250
C2-Chrysene C20H16 256 | 62.9, 2.240
C2-Chrysene C20H16 256 | 63.2, 2.225
C2-Chrysene C20H16 256 | 63.5 2.225
C2-Chrysene C20H16 256 | 64.1, 2.225
C2-Chrysene C20H16 256 | 64.6, 2.295
4H-Benzo[def]cyclopenta[mno]chrysene C21H12 264 | 69.5, 2.250
11H-Cyclopenta[ghi]perylene C21H12 264 | 70.6, 2.190
11H-Indeno[2,1,7cde]pyrene C21H12 264 | 71.4,2.190
C1-Benzdx]fluoranthene isomer C21H14 266 | 66.7, 2.230
C1-Benzolx]fluoranthene isomer C21H14 266 | 67.0, 2.260
C1-Benzolx]fluoranthene isomer C21H14 266 | 67.1, 2.230
C1-Benzolx]fluoranthene isomer C21H14 266 | 67.3, 2.250
C1-Benzolx]fluoranthene isomer C21H14 266 | 67.5, 2.215
C1-Benzolx]fluoranthene isomer C21H14 266 | 67.9, 2.205
C1-Benzolx]fluoranthene isomer C21H14 266 | 68.2,2.240
C1-Benzolx]fluoranthene isomer C21H14 266 | 68.4, 2.190
C1-Benzolx]fluoranthene isomer C21H14 266 | 68.6, 2.190
C1-Benzolx]fluoranthenesiomer C21H14 266 | 68.8, 2.185
C1-Benzolx]fluoranthene isomer C21H14 266 | 69.1, 2.195
C1-Benzolx]fluoranthene isomer C21H14 266 | 69.3, 2.200
C1-Benzolx]fluoranthene isomer C21H14 266 | 69.6, 2.220
C1-Benzolx]fluoranthene isomer C21H14 266 | 69.8, 2.215
C1-Berzo[x]fluoranthene isomer C21H14 266 | 70.0, 2.220
C1-Benzolx]fluoranthene isomer C21H14 266 | 70.2,2.175
C1-Benzolx]fluoranthene isomer C21H14 266 | 70.4, 2.190
C1-Benzolx]fluoranthene isomer C21H14 266 | 70.5, 2.205
C1-Benzolx]fluoranthene isomer C21H14 266 | 70.9, 2.205
C1-Benzolx]fluoranthene isomer C21H14 266 | 71.7,2.165
C1-Benzolx]fluoranthene isomer C21H14 266 | 72.1, 2.240
C1-Binaphthalene C21H16 268 | 62.5, 2.220
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C1-Binaphthalene C21H16 268 | 62.7, 2.280
C1-Binaphthalene C21H16 268 | 63.0, 2.205
C1-Binaphthalene C21H16 268 | 63.5, 2.150
C1-Binaphthalene C21H16 268 | 63.7,2.190
C1-Binaphthalene C21H16 268 | 64.0, 2.200
C1-Binaphthalene C21H16 268 | 64.2,2.210
C1-Binaphthalene C21H16 268 | 65.3,2.230
C1-Binaphthalene C21H16 268 | 66.2, 2.235
C1-Binaphthalene C21H16 268 | 66.3, 2.195
C1-Binaphthalene C21H16 268 | 66.7, 2.160
C1-Binaphthalene C21H16 268 | 66.9, 2.220
C1-Binaphthalene C21H16 268 | 67.2,2.200
C1-Binaphthalene C21H16 268 | 67.8, 2.195
C3-Chrysene C21H18 2701 60.3, 2.410
C3-Chrysene C21H18 270 61.2, 2.360
C3-Chrysene C21H18 270 61.6, 2.280
C3-Chrysene C21H18 270 62.2, 2.275
C3-Chrysene C21H18 270 | 62.6, 2.250
C3-Chrysene C21H18 270 | 62.7, 2.275
C3-Chrysene C21H18 270 63.1, 2.265
C3-Chrysene C21H18 2701 63.9, 2.325
C3-Chrysene C21H18 270 | 64.5, 2.315
C3-Chrysene C21H18 270 65.3, 2.295
C3-Chrysene C21H18 270 | 64.8, 2.305
m/z 276 PAH C22H12 C22H12 276 | 73.1, 2.275
m/z 276 PAH C22H12 C22H12 276 | 73.8, 2.205
m/z 276 PAH C22H12 C22H12 276 | 74.0, 2.250
Indeno[1,2,3cd]pyrene C22H12 276 | 74.5,2.275
m/z 276 PAH C22H12 C22H12 276 | 75.9, 2.455
Benzo[g,h,i]perylene C22H12 276 | 76.8, 2.460
m/z 276 PAH C22H12 C22H12 276 | 77.1, 2.230
m/z 276 PAH C22H12 C22H12 276 | 77.5, 2.545
Dibenzochrysea C22H12 276 | 77.8, 2.565
Phenyl Pyrene C22H14 278 | 64.1, 2.185
Phenyl Pyrene C22H14 278 | 64.5, 2.140
Phenyl Pyrene C22H14 278 | 66.6, 2.155
Phenyl Pyrene C22H14 278 | 67.4, 2.095
Phenyl Pyrene C22H14 278 | 67.8, 2.120
Phenyl Pyrene C22H14 278 | 68.1, 2.180
Phrenyl Pyrene C22H14 278 | 69.1, 2.160
Phenyl Pyrene C22H14 278 | 69.6, 2.125
Phenyl Pyrene C22H14 278 | 70.6, 2.140
Phenyl Pyrene C22H14 278 | 72.5,2.230
m/z 278 PAH C22H14 C22H14 | 278 73.3,2.135
m/z 278 PAH C22H14 C22H14 | 278 73.7,2.190
m/z 278 PAH C22H14 C22H14 278 | 74.4,2.250
Dibenzo[a,h]anthracene C22H14 278 | 74.7,2.285
m/z 278 PAH C22H14 C22H14 | 278 75.4,2.340
m/z 278 PAH C22H14 C22H14 | 278 75.5,2.335
m/z 278 PAH C22H14 C22H14 | 278 75.9, 2.365
m/z 278 PAH C22H14 C22H14 | 278 77.2,2.540
m/z 278 PAH C2H14 C22H14 | 278 78.3, 2.640
C2-Benzo|x]fluoranthene C22H16 280 | 69.0, 2.300
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C2-Benzo|x]fluoranthene C22H16 280 69.4, 2.280
C2-Benzo|x]fluoranthene C22H16 280 70.0, 2.270
C2-Benzo|x]fluoranthene C22H16 2801 70.3, 2.280
C2-Benzo|x]fluoranthene C22H16 280 70.8, 2.250
C2-Benzolx]fluoranthene C22H16 280 71.0, 2.230
C2-Benzolx]fluoranthene C22H16 280| 71.2,2.225
C2-Benzolx]fluoranthene C22H16 280| 71.3, 2.245
C2-Benzo[x]fluoranthene C22H16 280| 71.9, 2.235
C2-Benzo|x]fluoranthene C22H16 280 72.0, 2.250
C2-Benzo|x]fluoranthene C22H16 280| 72.3, 2.240
C2-Benzolx]fluoranthene C22H16 280| 72.4, 2.240
C2-Benzolx]fluoranthene C22H16 280| 72.7,2.235
C2-Binaphthalene C22H18 282 66.6, 2.370
C2-Binaphthalene C22H18 282 67.3, 2.280
C2-Binaphthalene C22H18 282 67.9, 2.270
C2-Binaphthalene C22H18 282 68.1, 2.285
C2-Binaphthalene C22H18 282 68.3, 2.265
C2-Binaphthalene C22H18 282 | 68.4, 2.275
C2-Binaphthalene C22H18 282 68.6,2.290
C2-Binaphthalene C22H18 282 68.7, 2.280
C2-Binaphthalene C22H18 282 69.0, 2.270
C2-Binaphthalene C22H18 282 69.3, 2.335
C4-Chrysene C22H20 284 | 64.0, 2.355
C4-Chrysene C22H20 284 | 64.6, 2.335
C4-Chrysene C22H20 284 64.9, 2.330
C4-Chrysene C22H20 284 | 65.3, 2.320
C4-Chrysene C22H20 284 65.4, 2.315
C4-Chrysene C22H20 284 | 66.0, 2.330
C1-Benzolg,h,i]perylene isomer C23H14 290 | 75.5, 2.465
C1-Benzolg,h,i]perylene isomer C23H14 290 | 75.8, 2.450
C1-Benzolg,h,i]perylene isomer C23H14 290 | 76.4, 2495
C1-Benzolg,h,i]perylene isomer C23H14 290| 76.7, 2.525
C1-Benzolg,h,i]perylene isomer C23H14 290| 76.8, 2.575
C1-Benzolg,h,i]perylene isomer C23H14 290| 77.0, 2.590
C1-Benzolg,h,i]perylene isomer C23H14 290| 77.7, 2.655
C1-Benzolg,h,i]perylene isomer C23H14 2901 79.0, 2.780
C1-Benzolg,h,i]perylene isomer C23H14 290| 79.4, 2.760
C1-Benzolg,h,i]perylene isomer C23H14 290 79.6, 2.835
C1-Benzolg,h,i]perylene isomer C23H14 290 80.2, 2.870
C1-Benzolg,h,i]perylene isomer C23H14 290 80.9, 2.935
C1-Benzo[gh,i]perylene isomer C23H14 290 81.1, 2.970
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 72.4, 2.260
C1-Dibenzo[a,h]anthracene isomer C23H16 292| 72.6, 2.215
C1-Dibenzo[a,h]anthracene isomer C23H16 292| 73.0, 2.265
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 73.3, 2.240
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 73.7,2.250
C1-Dibenzo[a,h]anthracene isomer C23H16 292| 74.1, 2.275
C1-Dibenzo[a,h]anthracene isomer C23H16 292| 74.9, 2.380
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 75.5, 2.425
C1-Dibenzo[gh]anthracene isomer C23H16 292 | 76.1, 2.505
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 76.5, 2.505
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 76.8, 2.545
C1-Dibenzo[a,h]anthracene isomer C23H16 292 77.0, 2.580
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Compound Formula m/z | Retention time
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 77.3, 2.615
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 78.2,2.700
C1-Dibenzo[a,h]anthracene isomer C23H16 292 | 78.7,2.715
C3-Benzo|x]fluoranthene C23H18 292 | 69.4, 2.145
C3-Benzo|x]fluoranthene C23H18 292 | 70.3, 2.215
C3-Benzo|x]fluoranthene C23H18 292 | 70.8, 2.220
C3-Benzo|x]fluoranthene C23H18 292 | 73.5,2.320
C3-Binaphthalene C23H20 296 | 68.7, 2.365
C3-Binaphthalene C23H20 296 | 68.9, 2.365
C3-Binaphthalene C23H20 296 | 69.6, 2.355
C3-Binaphthalene C23H20 296 | 70.6, 2.335
C3-Binaphthalene C23H20 296 | 70.8, 2.335
C3-Binaphthalene C23H20 296 | 71.1, 2.325
C3-Binaphthalene C23H20 296 | 71.4, 2.340
C3-Binaphthalene C23H20 296 | 71.6, 2.335
Coronene C24H12 300 | 87.7, 3.645
Corenene C24H12 300 | 88.1, 3.525
Coronene C24H12 300 | 88.4, 3.690
Coronene C24H12 300 | 90.8, 3.400
Dibenzopyrene C24H14 302 | 83.8, 3.305
Dibenzopyrene C24H14 302 | 84.2,3.270
Dibenzopyrene C24H14 302 | 85.1, 3.410
Dibenzopyrene C24H14 302 | 85.5, 3.390
Dibenzgyrene C24H14 302 | 85.6, 3.390
Dibenzopyrene C24H14 302 | 85.9, 3.510
Dibenzopyrene C24H14 302 | 86.1, 3.490
Dibenzopyrene C24H14 302 | 86.3, 3.575
Dibenzopyrene C24H14 302 | 86.7, 3.525
Dibenzopyrene C24H14 302 | 87.4, 3.515
Dibenzopyrene C24H14 302 | 87.9, 3.63
Dibenzopyrene C24H14 302 | 90.2, 3.185
Dibenzopyrene C24H14 302 | 91.1, 3.235
Dibenzopyrene C24H14 302 | 91.7, 3.345
Dibenzopyrene C24H14 302 | 92.1, 3.345
Dibenzopyrene C24H14 302 | 92.3, 3.315
C2-Dibenzo[a,h]anthracene isomer C24H18 306 | 75.8, 2.535
C2-Dibenzo[a,h]anthracene isomer C24H18 306 | 76.3, 2.585
C2-Dibenzo[a,h]anthracene isomer C24H18 306 | 77.3, 2.685
C2-Dibenzo[a,h]anthracene isomer C24H18 306 | 77.9,2.710
C4-Benzolx]fluoranthene C24H20 308 | 72.6, 2.300
C4-Benzolx]fluoranthene C24H20 308 | 73.1,2.305
C4-Benzolx]fluoranthene C24H20 308 | 73.6, 2.265
C4-Benzolx]fluoranthene C24H20 308 | 74.2,2.315
C4-Benzolx]fluoranthene C24H20 308 | 74.6, 2.345
C4-Benzolx]fluoranthene C24H20 308 | 75.0, 2.390
C4-Benzolx]fluoranthene C24H20 308 | 76.9, 2.000
C3-Dibenzo[a,h]anthracene isomer C25H20 320 | 80.9, 3.105
C3-Dibenzo[a,h]anthracene isomer C25H20 320| 81.2,3.175
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Compound Formula m/z | Retention time
Phenol C6H60 166 | 6.9, 1.505
o-Cresol C7H80O 180 | 8.1, 1.725
m-Cresol C7H80O 180 | 8.3, 1.750
p-Cresol C7H80 180 8.5, 1.785
Ethenylphenol C8H8O 192 11.1, 2.095
Ethylphenol C8H100 | 194 9.2,1.960
C2-Phenol C8H100 | 194 | 9.5, 2.015
C2-Phenol C8H100 | 194 | 9.9, 2.060
C2-Phenol C8H100 | 194 10.3, 2.100
C2-Phenol C8H100 | 194 104, 2.090
C2-Phenol C8H100 | 194 | 10.6, 2.140
C2-Phenol C8H100 | 194 11.1,2.130
C3-Phenol 2DB C9H80 204 | 14.3, 2.300
C3-Phenol 2DB C9H80 204 | 15.6, 2.415
C3-Phenol 2DB C9H80 204 | 16.3, 2.380
C3-Phenol 2DB C9H80 204 | 15.6, 2.410
C3-Phenol 2DB C9H80 204 | 17.0,2.450
C3-Phenol 2DB C9H80 204 | 17.1, 2.415
C3 Phenol 2DB C9H80 204 | 17.3, 2.485
C3-Phenol 1DB C9H100 | 206 | 12.6, 2.370
C3-Phenol 1DB C9H100 | 206 | 13.2, 2.360
C3-Phenol 1DB C9H100 | 206 | 15.0, 2.475
C3-Phenol 1DB C9H100 | 206 | 15.6, 2.325
C3-Phenol 1DB C9H100 | 206 | 16.1, 2.454
C3-Phenol 1DB C9H100 | 206 | 16.2,2.480
C3-Phenol C9H120 | 208 10.0, 2.120
C3-Phenol C9H120 | 208 | 10.7, 2.265
C3-Phenol C9H120 | 208 10.8, 2.250
C3-Phenol C9H120 | 208 10.9, 2.295
C3-Phenol C9H120 | 208 11.2,2.290
C3-Phenol C9H120 | 208 11.5, 2.290
C3-Phenol C9H120 | 208 11.8, 2.345
C3-Phenol C9H120 | 208 11.9, 2.360
C3-Phenol C9H120 | 208 12.3,2.425
C3-Phenol C9H120 | 208 12.4,2.420
C3-Phenol C9H120 | 208 12.6, 2.430
C3-Phenol C9H120 | 208 12.8, 2.370
C3-Phenol C9H120 | 208 13.0, 2.385
C3-Phenol C9H120 | 208 | 14.1, 2.505
C3-Phenol C9H120 | 208 | 14.3, 2.445
Naphthaler1-ol C10H8O | 216 21.8, 2.500
Naphthaler2-ol C10H8O | 216 22.6, 2.530
C4-Phenol 2DB C10H100 | 218] 16.3, 2.610
C4-Phenol 2DB C10H100 | 218] 18.5,2.915
C4-Phenol 2DB C10H100 | 218] 18.8,2.620
C4-Phend 2DB C10H100 | 218] 19.0, 2.595
C4-Phenol 2DB C10H100 | 218] 19.3, 2.575
C4-Phenol 2DB C10H100 | 218| 19.7, 2.545
C4-Phenol 2DB C10H100 | 218] 19.9, 2.565
C4-Phenol 2DB C10H100 | 218] 20.6, 2.635
C4-Phenol 1DB C10H120 | 220| 15.3, 2.565
C4-Phenol 1DB C10H120 | 220 15.6 2.590
C4-Phenol 1DB C10H120 | 220| 15.8,2.620
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Compound Formula m/z | Retention time
C4-Phenol 1DB C10H120 | 220| 15.9, 2.700
C4-Phenol 1DB C10H120 | 220 16.6, 2.605
C4-Phenol 1DB C10H120 | 220| 16.7, 2.650
C4-PhenollDB C10H120 | 220| 16.9, 2.620
C4-Phenol 1DB C10H120 | 220 17.3, 2.650
C4-Phenol 1DB C10H120 | 220 18.0, 2.690
C4-Phenol 1DB C10H120 | 220 18.2,2.705
C4-Phenol 1DB C10H120 | 220 18.4,2.670
C4-Phenol 1DB C10H120 | 220 19.0, 2.685
C4-Phenol 1DB C10H120 | 220 19.2,2.615
Hydroxybenzothiophene C8H60S | 222 | 22.1, 2.410
Hydroxybenzothiophene C8H60OS | 222 | 22.5,2.430
Hydroxybenzothiophene C8H60S | 222 | 23.1, 2.650
Hydroxybenzothiophene C8H60OS | 222 | 23.4,2.430
Hydroxybenzothiophene C8H60S | 222 | 23.8, 2.420
C4-Phenol C10H140 | 222 11.3,2.430
C4-Phenol C10H140 | 222 11.6, 2.410
C4-Phenol C10H140 | 222 11.9, 2.440
C4-Phenol C10H140 | 222 12.0, 2.510
C4-Phenol C10H140 | 222 12.4,2.535
C4-Phenol C10H140 | 222 12.6, 2.535
C4-Phenol C10H140 | 222 12.7,2.495
C4-Phenol C10H140 | 222 12.8, 2555
C4-Phenol C10H140 | 222 13.0, 2.555
C4-Phenol C10H140 | 222 13.2,2.555
C4-Phenol C10H140 | 222 13.3,2.515
C4-Phenol C10H140 | 222| 13.4,2.615
C4-Phenol C10H140 | 222 13.7,2.525
C4-Phenol C10H140 | 222 13.8,2.585
C4-Phenol C10H140 | 222 14.0, 2.670
C4-Phenol C10H140 | 222 14.3,2.645
C4-Phenol C10H140 | 222 14.4,2.635
C4-Phenol C10H140 | 222 14.9, 2.630
C4-Phenol C10H140 | 222 15.1,2.745
C4-Phenol C10H140 | 222| 15.4,2.625
C4-Phenol C10H140 | 222 15.8,2.785
C1-Naphthalenol C11H100 | 230| 24.2,2.650
C1-Naphthdenol C11H100 | 230| 24.9, 2.700
C1-Naphthalenol C11H100 | 230| 25.2, 2.655
C1-Naphthalenol C11H100 | 230| 26.0, 2.665
C1-Naphthalenol C11H100 | 230| 26.4, 2.585
C1-Naphthalenol C11H100 | 230| 26.5, 2.660
C1-Naphthalenol C11H100 | 230| 26.9, 2.625
C1-Naphthalenol C11HI0O | 230| 28.3,2.795
C5-Phenol 2DB C11H120 | 232 19.9,2.725
C5-Phenol 2DB C11H120 | 232 21.2,2.745
C5-Phenol 2DB C11H120 | 232 21.5,2.790
C5-Phenol 2DB C11H120 | 232 22.5,2.775
C5-Phenol 2DB C11H120 | 232 22.8, 2.690
C5-Phenol 2DB C11H120 | 232 23.5,2.750
C5-Phenol 2DB C11H120 | 232 23.8,2.735
C5-Phenol 1DB C11H140 | 234 15.7,2.730
C5-Phenol 1DB C11H140 | 234 16.6, 2.765
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Compound Formula m/z | Retention time
C5-Phenol 1DB C11H140 | 234 16.8,2.770
C5-Phenol 1DB C11H14 | 234] 17.0, 2.750
C5-Phenol 1DB C11H140 | 234 17.3,2.765
C5-Phenol 1DB C11H140 | 234 17.5,2.795
C5-Phenol 1DB C11H140 | 234 17.8,2.785
C5-Phenol 1DB C11H140 | 234 18.0,2.770
C5-Phenol 1DB C11H140 | 234 18.2,2.825
C5-Phenol 1DB C11H140 | 234] 18.5,2.780
C5-Phenol 1DB C11H140 | 234 18.8,2.805
C5-Phenol 1DB C11H140 | 234] 19.0, 2.795
C5-Phenol 1DB C11H140 | 234] 19.1, 2.760
C5-Phenol 1DB C11H140 | 234 19.5, 2.760
C5-Phenol 1DB C11H140 | 234 19.6, 2.730
C5-Phenol 1DB C11H140 | 234 19.7, 2.805
C5-Phenol 1DB C11H140 | 234 19.8,2.780
C5-Phenol 1DB C11H140 | 234 19.9, 2.775
C5-Phenol 1DB C11H140 | 234 20.2,2.825
C5-Phenol 1DB C11H140 | 234 20.7, 2.890
C5-Phenol 1DB C11H140 | 234 20.8, 2.775
C5-Phenol 1DB C11H140 | 234 21.3,2.720
C5-Phenol 1DB C11H140 | 234 21.7,2.835
C5-Phend 1DB C11H140 | 234 22.3,2.830
C5-Phenol 1DB C11H140 | 234 22.8,2.740
C1-Hydroxybenzothiophene C9H80OS | 236 | 25.0, 2.560
C1-Hydroxybenzothiophene C9H80OS | 236 | 25.8, 2.615
C1-Hydroxybenzothiophene C9H80OS | 236 | 26.0, 2.500
C1-Hydroxybenzothiophene C9H80OS | 236 263, 2.615
C1-Hydroxybenzothiophene C9H8OS | 236 | 26.7, 2.555
C1-Hydroxybenzothiophene C9H80OS | 236 | 26.8, 2.515
C1-Hydroxybenzothiophene C9H8OS | 236 | 27.2, 2.545
C5-Phenol C11H160 | 236 13.5,2.700
C5-Phenol C11H160 | 236 13.7, 2.685
C5-Phenol C11H160 | 236 14.1, 2735
C5-Phenol C11H160 | 236| 14.4,2.785
C5-Phenol C11H160 | 236 14.5, 2.685
C5-Phenol C11H160 | 236 14.8,2.815
C5-Phenol C11H160 | 236 14.9, 2.820
C5-Phenol C11H160 | 236 15.3, 2.860
C5-Phenol C11H160 | 236| 15.4,2.835
C5-Phenol C11H160 | 236 15.6, 2.860
C5-Phenol C11H160 | 236 15.8, 2.800
C5-Phenol C11H160 | 236 15.9, 2.765
C5-Phenol C11H160 | 236 16.1, 2.840
C5-Phenol C11H160 | 236 16.3, 2.880
C5-Phenol C11H160 | 236 16.7, 2.865
C5-Phenol C11H160 | 236 16.9, 2.955
C5-Phenol C11H160 | 236 17.2,2.900
C5-Phenol C11H18> | 236 18.1, 2.995
o-Biphenyol C12H100 | 242 | 23.4,2.585
Hydroxyacenaphthene C12H100 | 242 | 28.8, 2.540
Hydroxyacenaphthene C12H100 | 242 | 30.1, 2.605
C2-Naphthalenol C12H120 | 244 | 26.6, 2.735
C2-Naphthalenol C12H120 | 244 | 26.8, 2.765
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C2-Naphthalenol C12H120 | 244 27.4,2.770
C2-Naphthalenol C12H120 | 244 | 27.8, 2.380
C2-Naphthalenol C12H120 | 244 | 28.0,2.785
C2-Naphthalenol C12H120 | 244 | 28.3, 2.655
C2-Naphthalenol C12H120 | 244 | 28.9, 2.760
C2-Naphthalenol C12H120 | 244 29.2,2.760
C2-Naphthalenol C12H120 | 244 | 29.6, 2.765
C2-Naphthalenol C12H120 | 244 30.0, 2.285
C2-Naphthalenol C12H120 | 244 30.2,2.700
C2-Naphthalenol C12H120 | 244 30.9, 2.720
C6-Phenol 2DB C12H160 | 246 24.1, 2.800
C6-Phenol2DB C12H160 | 246 24.9, 2.815
C6-Phenol 2DB C12H160 | 246 25.9, 2.755
C6-Phenol 2DB C12H160 | 246 26.1, 2.800
C6-Phenol 2DB C12H160 | 246 28.0, 2.740
C6-Phenol 1DB C12H160 | 248 17.7,2.895
C6-Phenol 1DB C12H160 | 248 18.6, 2.935
C6-Phenol 1DB C12H160 | 248 19.1,2.970
C6-Phenol 1DB C12H160 | 248| 19.6, 3.020
C6-Phenol 1DB C12H160 | 248 20.1, 2.940
C6-Phenol 1DB C12H160 | 248| 20.3, 2.895
C6-Phenol 1DB C12H160 | 248 21.6, 2.830
C6-Phenol 1DB C12H160 | 248 21.8,2.975
C6-Phenol 1DB C12H160 | 248 22.0, 2.930
C6-Phenol 1DB C12H160 | 248| 22.3,2.915
C6-Phenol 1DB C12H160 | 248| 22.6, 2.890
C6-Phenol 1DB C12H160 | 248| 22.7, 2.950
C6-Phenol 1DB C12H160 | 248 23.1, 2.950
C6-Phenol 1DB C12H160 | 248| 23.6, 2.865
C6-Phenol 1DB C12H160 | 248 23.7,2.910
C6-Phenol 1DB C12H160 | 248 24.3, 2.955
C6-Phenol 1DB C12H160 | 248| 24.5, 2.855
C6-Phenol C12H180 | 250 17.1, 3.035
C6-Phenol C12H180 | 250 17.4, 3.070
C6-Phenol C12H180 | 250 17.6, 3.020
C6-Phenol C12H180 | 250 18.1, 3.040
C6-Phenol C12H180 | 250 18.3, 3.105
C6-Phenol C12H180 | 250 18.6, 2.955
C6-phenol C12H180 | 250 18.8, 3.160
C6-Phenol C12H180 | 250 19.0, 2.925
C6-Phenol C12H180 | 250 19.6, 2.900
C6-Phenol C12H180 | 250 20.0, 3.155
C6-Phenol C12H180 | 250 20.4, 2.995
C6-Phenol C12H180 | 250 21.3,3.195
C2-Hydroxybenzothiophene C9H80OS | 250 | 28.6, 2.755
C2-Hydroxybenzothiophene C9H80OS | 250 | 28.9, 2.600
C2-Hydroxybenzothiophene C9H8OS | 250 | 29.5, 2.660
C2-Hydroxybenzothiophene C9H80OS | 250 | 30.0, 2.550
4-Hydroxyfluorene C13H100 | 254 | 35.7,2.525
Hydroxyfluorene C13H100 | 254| 36.7,2.575
2-Hydroxyfluroene C13H100 | 254 | 37.3,2.590
C1-Biphenylol C13H120 | 256 | 25.9, 2.650
C1-Biphenylol C13H120 | 256 | 26.5, 2.650
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C1-Hydroxyacenaphthene/hydroxydibenzofuran C13H120 | 256 | 30.7, 2.660
C1-Hydroxyaenaphthene/hydroxydibenzofuran C13H120 | 256 31.3, 2.580
C1-Hydroxyacenaphthene/hydroxydibenzofuran C13H120 | 256 31.9, 2.585
C1-Hydroxyacenaphthene/hydroxydibenzofuran C13H120 | 256 32.3,2.715
C1-Hydroxyacenaphthene/hydroxydibenzofuran C13H120 | 256 | 32.8,2.95
C1-Hydroxyacenaphthene/hydroxydibenzofuran C13H120 | 256 | 33.3, 2.660
C1-Hydroxyacenaphthene/hydroxydibenzofuran C13H120 | 256 | 33.4,2.635
C1-Hydroxyacenaphthene/hydroxydibenzofuran C13H120 | 256 | 33.6, 2.680
C1-Hydroxyacenaphthene/hydroxydibenzofuran C13HI20 | 256| 34.2,2.675
C1-Hydroxyacenaphthene/hydroxydibenzofuran C13H120 | 256 | 34.9, 2.650
C3-Naphthalenol C13H140 | 258 | 29.8, 2.825
C3-Naphthalenol C13H140 | 258 30.1, 2.855
C3-Naphthalenol C13H140 | 258 30.3,2.730
C3-Naphthalenol C13H140 | 258| 31.0,2.910
C3-Naphthalenol C13H140 | 258| 31.8,2.830
C3-Naphthalenol C13H140 | 258 | 32.0,2.830
C3-Naphthalenol C13H140 | 258| 33.3,2.710
C3-Naphthalenol C13H140 | 258 | 33.7, 2.695
C7-Phenol 2DB C13H160 | 260 | 23.6, 2.955
C7-Phenol 2DB C13H160 | 260 | 25.4, 2.930
C7-Phenol 2DB C13H160 | 260 | 26.2, 2.905
C7-Phenol 2DB C13H160 | 260 | 26.8, 2.910
C7-Phenol 2DB C13H160 | 260| 27.1, 2.855
C7-Phenol 2DB C13H160 | 260 | 27.3, 2.895
C7-Phenol 2DB C13H160 | 260 | 27.6, 2.885
C7-Phenol 2DB C13H160 | 260 | 28.0, 2.915
C7-Phenol 2DB C13H160 | 260 28.1, 2.870
C7-Phenol 2DB C13H160 | 260 | 28.6, 2.830
C7-Phenol 2DB C13H160 | 260 | 28.8, 2.910
C7-Phenol 2DB C13H160 | 260 29.2, 2.890
C7-Phenol 2DB C13H160 | 260| 29.4, 2.820
C7-Phenol 1DB C13H180 | 262 20.9, 2.990
C7-Phenol 1DB C13H180 | 262 | 22.6, 3.045
C7-Phenol 1DB C13H180 | 262 | 23.8, 3.085
C7-Phenol 1DB C13H180 | 262 | 24.3, 3.035
C7-Phenol 1DB C13H180 | 262 | 24.5, 3.020
C7-Phenol 1DB C13H180 | 262 25.3, 3.150
C7-Phenol C13H200 | 264 | 20.0, 3.260
C7-Phenol C13H200 | 264 | 20.4, 3.220
C7-Phenol C13H200 | 264 | 21.1, 3.220
C7-Phenol C13H200 | 264 | 21.7, 3.290
C7-Phenol C13H200 | 264 | 22.6, 3.180
C7-Phenol C13H200 | 264 | 23.2,3.320
C3-Hydroxybenzothiophene C10H100S | 264 | 31.3,2.710
C3-Hydroxybenzothiophene C10H100S | 264 | 32.3, 2.600
C3-Hydroxybenzothiophene C10H100S | 264 | 32.9, 2.665
Phenanthrol C14HI00 | 266 | 41.2,2.490
Anthrol C14H100 | 266 | 43.2,2.490
Anthrol C14H100 | 266 | 43.4, 2.505
Anthrol C14H100 | 266 | 44.2, 2.565
C1-Hydroxyfluorene C14H120 | 268 | 37.8, 2.605
C1-Hydroxyfluorene C14H120 | 268 | 38.4,2.700
C1-Hydroxyfluorene C14H120 | 268 | 38.8, 2.575
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Compound Formula m/z | Retention time
C1-Hydroxyfluorene C14H120 | 268 | 39.0, 2.555
C1-Hydroxyfluorene C14H120 | 268 | 39.2, 2.745
C1-Hydroxyfluorene C14H120 | 268 | 39.4, 2.620
C1-Hydroxyfluorene C14H120 | 268 | 39.5, 2.605
C1-Hydroxyfluorene C14H120 | 268 | 39.7, 2.655
C1-Hydroxyfluorene C14H120 | 268 | 40.2, 2.665
C1-Hydroxyfluorene C14H120 | 268 | 40.4,2.670
C1-Hydroxyfluorene C14H120 | 268 | 40.7, 2.655
C2-Biphenylol C14H140 | 270| 28.2, 2.685
C2-Biphenylol C14H140 | 270| 28.5,2.735
C2-Biphenylol C14H140 | 270| 28.7,2.715
C2-Biphenylol C14H140 | 270 28.9, 2.690
C2-Biphenylol C14H140 | 270| 29.0, 2.695
C2-Biphenylol C14H140 | 270| 29.5, 2.670
C2-Biphenylol C14H140 | 270| 30.1, 2.660
C2-Biphenylol C14H140 | 270| 30.4, 2.675
C2-Biphenylol C14H140 | 270| 30.7, 2.600
C2-Biphenylol C14H140 | 270| 31.1, 2.660
C2-Biphenylol C14H140 | 270| 31.4,2.760
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 33.7,2.790
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 34.3, 2.635
C2-Hydroxyacenaphthen@l-hydroxydibenzofuran C14H140 | 270 | 34.7, 2.680
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 35.1, 2.650
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 35.3, 2.630
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 35.5, 2745
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 35.8, 2.745
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 36.1, 2.615
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 36.2,2.720
C2-Hydroxyacenaphthene/@iydroxydibemzofuran C14H140 | 270| 36.5, 2.640
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 37.3,2.750
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 37.9, 2.705
C2-Hydroxyacenaphthene/@iydroxydibenzofuran C14H140 | 270| 38.3,2.735
Hydroxy(dibenzo/naphtho)thiophene C12H80S | 272 41.6, 2.500
Hydroxy(dibenzo/naphtho)thiophene C12H80S | 272 42.7,2.520
Hydroxy(dibenzo/naphtho)thiophene C12H80S | 272 43.2, 2.550
C8-Phenol 2DB C14H180 | 274 26.3, 2.970
C8-Phenol 2DB C14H180 | 274 27.0, 3.010
C8-Phenol DB C14H180 | 274 28.0, 2.990
C8-Phenol 2DB C14H180 | 274 28.2, 3.050
C8-Phenol 2DB C14H180 | 274 28.7, 2.940
C8-Phenol 2DB C14H180 | 274 29.3, 2.905
C8-Phenol 2DB C14H180 | 274 29.5, 2.985
C1-Anthrol C15H120 | 280 44.6, 2.215
C1-Anthrol C15H120 | 280 45.1, 2.550
C1-Anthrol C15H120 | 280 | 45.5, 2.555
C1-Anthrol C15H120 | 280 46.1, 2.600
C1-Anthrol C15H120 | 280 47.1, 2.550
C2-Hydroxyfluorene C15H140 | 282 39.3, 2.700
C2-Hydroxyfluorene C15H140 | 282 39.6, 2.720
C2-Hydroxyfluorene C15H140 | 282 | 39.9, 2.675
C2-Hydroxyfluorene C15H140 | 282 41.1, 2.685
C2-Hydroxyfluorene C15H140 | 282 | 41.2,2.675
C2-Hydroxyfluorene C15H140 | 282 | 41.8,2.770
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Compound Formula m/z | Retention time
C2-Hydroxyfluorene C15H140 | 282 | 42.3, 2.655
C2-Hydroxyfluorene C15H140 | 282 | 42.5,2.725
C2-Hydroxyfluorene C15H140 | 282 | 42.7,2.690
C2-Hydroxyfluorene C15H140 | 282 | 43.4,2.760
C2-Hydroxyfluorene C15H140 | 282 | 44.1,2.705
C3-Biphenylol C15H160 | 284 29.2,2.790
C3-Biphenylol C15H160 | 284 | 30.7,2.780
C3-Biphenylol C15H160 | 284 | 31.1,2.730
C3-Biphenylol C15H160 | 284 | 31.3,2.760
C3-Biphenylol C15H160 | 284 | 31.6, 2.750
C3-Biphenylol C15H160 | 284 | 32.7,2.705
C3-Biphenylol C15H160 | 284 | 33.0, 2.685
C3-Biphenylol C15H160 | 284 | 33.8, 2.660
C3-Hydroxyacenaphthene/@g2ydroxydibezofuran C15H160 | 284 | 37.4,2.825
C3-Hydroxyacenaphthene/@2/droxydibenzofuran C15H160 | 284 | 37.9, 2.630
C3-Hydroxyacenaphthene/@2/droxydibenzofuran C15H160 | 284 | 38.0,2.770
C3-Hydroxyacenaphthene/@2droxydibenzofuran C15H160 | 284 | 38.3,2.785
C3-Hydroxyacenaphthene/GRydroxydibenzofuran C15H160 | 284 | 38.5,2.715
C3-Hydroxyacenaphthene/@2droxydibenzofuran C15H160 | 284 | 39.7,2.715
C3-Hydroxyacenaphthene/@2/droxydibenzofuran C15H160 | 284 | 40.0, 2.750
C3-Hydroxyacenaphthene/@2/droxydibenzofuran C15H160 | 284 | 40.2,2.780
C3-Hydroxyacenaphthene/@2/droxydibenzofuran C15H160 | 284 | 40.9, 2.775
Hydroxy-4-ring PAH C16H100 | 290 | 49.3, 2.600
Hydroxy-4-ring PAH C16H100 | 290 | 51.4, 2.445
Hydroxy-4-ring PAH C16H100 | 290 | 51.6, 2.430
Hydroxy-4-ring PAH C16H100 | 290 | 52.4 2.495
Hydroxy-4-ring PAH C16H100 | 290 | 53.8, 2.465
C3-Hydroxyfluorene C16H160 | 296 | 43.3, 2.630
C3-Hydroxyfluorene C16H160 | 296 | 44.4, 2.655
C4-Hydroxyacenaphthene/@8/droxydibenzofuran C16H180 | 298| 39.8, 2.790
C4-Hydroxyacenaphthene/@8/droxydibenzofura C16H180 | 298| 40.6, 2.795
C4-Hydroxyacenaphthene/@8ydroxydibenzofuran C16H180 | 298| 41.1, 2.760
C4-Hydroxyacenaphthene/@8ydroxydibenzofuran C16H180 | 298| 41.5, 2.660
C1-hydroxy-4-ring PAH C17H200 | 304 | 53.0, 2.530
C1-Hydroxy-4-ring PAH C17H200 | 304 | 54.1,2.570
C1-Hydroxy-4-ring PAH C17H200 | 304 | 55.1, 2.520
HydroxyChrysene C18H120 | 318| 56.8, 2.555
HydroxyChrysene C18H120 | 318 | 57.7,2.485
HydroxyChrysene C18H120 | 318| 58.2, 2.580
HydroxyChrysene C18H120 | 318| 59.9, 2.580
C1-Hydroxychrysene C19H140 | 332 61.5, 2625

Appendix 3bDerivatizeddatabase continued

43



Compound Formula m/z | Retention time
Azabenzothiophene C7H5NS | 135| 16.6, 1.695
Thienobenzofurans C10H60S | 174| 25.5,2.115
Thienobenzofurans C10H60S | 174 26.0, 2.120
Thienobenzofurans C10H60S | 174 26.3, 2.055
Thienobenzofurans C10H60S | 174 26.6, 1.945
Thienobenzofurans C10H60S | 174 27.3,2.120
Thienobenzofurans C10H60S | 174 27.7, 2.040
Thienobenzofurans C10H60S | 174 28.3, 2.035
Azadibenzothiophen or azanaphthothiophene C11H7NS | 185| 35.7,2.100
Azadibenzothiophen or azanaphthothiophene C11H7NS | 185| 37.0, 2.065
Azadibenzothiophen or azanaphthothiophene C11H7NS | 185| 37.4,2.085
Azadibenzothiophen or azanaphthothiophene C11H7NS | 185] 38.3, 2.025
2H-Naphtho[1,8bc]thiophen2-one C11H60S | 186 38.0, 1.975
3-Cyana4,6-diphenylpyridine2(1H)-thione C18H12N2S| 288 | 81.1, 3.070
Appendix 4 - Mixed Heterocycle database

Compound Formula m/z | Retention time
Pyridine C5H5N 79 | 6.0, 1.010
Methyl Pyridine C6H7N 93 | 5.4, 1.100
Methyl Pyridine C6H7N 93 | 7.2,1.070
Methyl Pyridine C6H7N 93 | 7.4,1.070
Methyl Pyridine C6H7N 93 | 7.8, 1.070
Aniline C6H5NH2 | 93 | 7.9, 1.255
Benzonitrile C7H5N 103 | 8.1, 1.275
Pyridine, 4etheny} C7H7N 105]| 5.2, 1.415
p-Aminotoluene C7HON 106 | 10.0, 1.450
Dimethyl Pyridine C7HON 107 6.0, 1.170
Dimethyl Pyridine C7HON 107 6.3, 1.145
Dimethyl Pyridine C7HON 107 6.6, 1.135
Dimethyl Pyridine C7HON 107 6.7, 1.110
Dimethyl Pyridine C7HON 107 6.9, 1.090
Dimethyl Pyridine C7HON 107 7.2,1.170
Dimethyl Pyridine C7HON 107 7.5, 1.185
Dimethyl Pyridine C7HON 107| 7.7, 1.170
Dimethyl Pyridine C7HON 107 8.0, 1.180
Dimethyl Pyridine C7HON 107 8.2, 1.150
Dimethyl Pyridine C7HON 107 8.4, 1.170
Methyl Benzonitrile C8H7N 1171 9.6, 1.445
Methyl Benzonitrile C8H7N 1171 9.9, 1.455
Methyl Benzonitrile C8H7N 117 10.2, 1.435
Methyl Benzonitrile C8H7N 1171 10.5, 1.470
Benzyl Nitrile C8H7N 1171 13.0, 1.500
Indole C8H7N 117 17.6, 1.700
C3 Pyridine C8H11N 1211 6.8, 1.260
C3 Pyridine C8H11N 1211 6.9, 1.265
C3 Pyridine C8H11N 121 7.1, 1.245
C3 Pyridne C8H11N 121 7.6, 1.275
C3 Pyridine C8H11N 121 7.8, 1.315
C3 Pyridine C8H11N 121 8.1, 1.345
C3 Pyridine C8H11N 1211 8.8, 1.260
Trimethyl Pyrazine C7H10N2 | 121| 9.0, 1.475
Trimethyl Pyrazine C7H10N2 | 121 | 9.7,1.585
Benzenamine, 2;8imethy} C8H11N 121 11.9, 1.645
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Compound Formula m/z | Retention time
1,4-Benzenediamine,-thethyt C7H10N2 | 122| 9.6, 1.530
Quinoline C9H7N 129 | 15.0, 1.740
Isoquinoline C9H7N 129 16.4, 1.750
C1l-Indole C9HON 130 20.0, 1.785
C1l-Indole C9HON 130 20.5, 1.840
C1l-Indole C9HON 130 20.7, 1.835
C1l-Indole C9HON 130 21.0, 1.825
Methyl Quinoline C10HO9N 143 16.8, 1.875
Methyl Quinoline C10HO9N 143 17.0, 1.915
Methyl Quinoline C10HO9N 143| 17.2, 1.870
Methyl Quinoline C10HO9N 143| 17.7, 1.925
Methyl Quinoline C10HO9N 143 | 18.4, 1.920
Methyl Quinoline C10HO9N 143 18.7, 1.925
Methyl Quinoline C10HO9N 1431 18.9, 1.935
Methyl Quinoline C10HO9N 143 19.1, 1.995
Methyl Quinoline C10HO9N 143 19.7, 1.930
Methyl Quinoline C10HO9N 143 20.0, 1.920
x-Naphhalenamine C10HO9N 143 | 27.5, 1.880
x-Naphthalenamine C10HO9N 143 | 28.2, 1.880
C2-Indole C10H11N | 144 22.4,1.955
C2-Indole C10H11N | 144 22.9,1.940
C2-Indole C10H11N | 144 23.2,1.920
C2-Indole C10H11N | 144 23.5, 2.000
C2-Indole C10H11N | 144 23.7,1.965
C2-Indole C10H11N | 144 24.1,1.935
Methyl Cinnoline C9H8N2 144 13.2, 1.885
Methyl Cinnoline C9H8N2 144 | 15.3, 1.895
Indolizine, 2,3dimethyt C10H11IN | 145| 23.1,1.915
2H-Isoindole, 4,7dimethy} C10H11IN | 145| 23.9,1.975
1-Naphthalenecarbonitrile C11H/N 153 | 25.0, 1.905
2-Naphthalenecarbonitrile C11H7N 153 26.1, 1.945
Pyridine, 4phenyt C11HO9N 155 18.5, 2.050
Pyridine, 2phenyt C11HO9N 155| 22.7,1.970
Dimethyl Quinoline C11H11IN | 157 | 18.1, 2.060
Dimethyl Quinoline C11H11IN | 157 | 19.3,2.030
Dimethyl Quinoline C11H1IN | 157 | 19.6, 2.040
Dimethyl Quinoline C11H11IN | 157 | 20.3, 2.070
Dimethyl Quinoline C11H11IN | 157 | 20.7,2.105
Dimethyl Quinoline C11H1IN | 157 | 21.4,2.025
Dimethyl Quinoline C11H11IN | 157 | 21.7,2.055
Dimethyl Quinoline C11H11IN | 157 | 23.4,2.075
Dimethyl Quinoline C11H11IN | 157 | 23.4,2.155
Dimethyl Quinoline C11H11IN | 157 | 23.5, 2.095
Dimethyl Quinoline C11H11IN | 157 | 23.7,2.085
C3Indole C11H13N | 158 24.2,1.995
C3Indole C11H13N | 158 25.6, 2.060
C3Indole C11H13N | 158 26.0, 2.070
C3-Indole C11H13N | 158 26.8, 2.050
C3Indole C11H13N | 158 26.9, 2.050
C1-Naphthalenecarbonitrile C12H9N 167 | 27.7, 2.055
C1-Naphthalenecarbonitrile C12H9N 167 | 28.1, 2.075
C1-Naphthalenecarbonitrile C12H9N 167 | 28.6, 2.035
C1-Naphthalenecarbonitrile C12H9N 167 | 30.0, 2.005
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C1-Naphthalenecarbonitrile C12H9N 167 | 30.3, 1.990
Azafluorene C12H9N 167 | 33.7,1.950
Carbazole C12H9N 167 | 38.6, 1.910
Indenepyridine C12H9N 167 | 39.5, 1.870
Indenepyridine C12H9N 167 | 41.8, 1.870
Indenepyridine C12H9N 167 | 42.1, 1.905
3-Methyl-5-phenylpyridine C12H11IN | 169 | 24.2,2.035
Pyridine, 2(phenylmethyh C12H11IN | 169 | 24.5,2.010
Trimethyl Quinoline C12H13N | 171 | 21.5,2.215
Trimethyl Quinoline C12H13N | 171 | 22.4,2.205
Trimethyl Quinoline C12H13N | 171 | 22.7,2.210
Trimethyl Quinoline C12H13N | 171 | 22.8, 2.205
Trimethyl Quinoline C12H13N | 171 | 23.0,2.235
C12H13N ??? Or C11H12N2 ??? ?2?? 1711 26.9, 2.120
C12H13N ??? Or C11H12N2 ??? ?2?? 171 27.1, 2.105
C12H13N ??? Or C11H12N2 ??? ?2?? 171 27.4, 2.075
C12H13N ??? Or C11H12N2 ??? ?2?? 171 27.7, 2.080
C12H13N ??? Or C11H12N2 ??? ?2?? 171 28.1, 2.170
C12H13N ??? Or C11H12N2 ??? ?2?? 171 28.5, 2.070
C12H13N ??? Or C11H12N2 ??? ?2?? 171 28.8, 2.185
C12H13N ??? OE11H12N2 ??? ?2?? 171 29.1, 2.065
C12H13N ??? Or C11H12N2 ??? ?2?? 171 29.4, 2.080
C12H13N ??? Or C11H12N2 ??? ?2?? 171 32.6, 2.070
Phenylbenzonitrile C13H9N 179 30.6, 1.960
Benzo[h]quinoline C13H9N 179 36.0, 2.035
Acridine C13H9N 179 | 36.4,2.035
Benzdg]quinoline or Benzo[flisoquinoline C13H9N 1791 36.9, 2.020
NPAC C13H9N C13H9N 179 37.2,1.900
Phenanthridine C13H9N 179 | 37.3, 2.065
Benzo[flquinoline C13H9N 179 37.5, 2.040
NPAC C13H9N C13H9N 179 38.2, 2.045
NPAC C13H9N C13H9N 179 38.5, 2.055
NPAC C13H9N C13H9N 179 39.0, 2.055
Pyridine, 2(2phenylethenyh C13H11N | 180| 45.4,1.940
C1 Naphthaleneacetonitrile C13H11N | 181 | 31.8, 2.205
C1 Naphthaleneacetonitrile C13H11N | 181 | 32.3,2.230
Methyl Carbazole C13H11N | 181 | 40.1, 2.005
Methyl Carbazole C13HIN 181 | 41.6, 2.000
Methyl Carbazole C13H11N | 181 | 42.4,1.960
Methyl Carbazole C13H11N | 181 | 42.7,1.940
Methyl Carbazole C13H11N | 181 | 43.5,2.025
Methyl Carbazole C13H11N | 181 | 43.9,1.895
Methyl Carbazole C13H11N | 181 | 44.4,1.910
Methyl Carbazole C13H1IN | 181 | 44.8,1.910
9H-fluorene9-carbonitrile C14H9N 191 | 31.8,2.140
NPAC C14H9N 191 44.4,2.030
Benzo[def]carbazole C14HO9N 191 50.9, 1.905
Methyl Acridine C14H11IN | 193] 37.1,2.170
Methyl Acridine C14H11IN | 193| 37.2,2.125
Methyl Acridine C14H11IN | 193] 39.1, 2.115
Methyl Acridine C14H11IN | 193] 39.5,2.120
Methyl Acridine C14H11IN | 193 | 39.8, 2.140
Methyl Acridine C14H11IN | 193] 40.4,2.130
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Methyl Acridine C14H11IN | 193] 40.8,2.120
Methyl Acridine C14H11N | 193] 42.5, 2.075
Phenyl Indole C14H11IN | 193 | 44.1,1.590
Phenyl Indole C14H11IN | 193 | 45.0, 2.020
Phenyl Indole C14H11IN | 193 | 45.6, 1.865
Phenyl Indole C14H11IN | 193 | 47.3,1.415
Phenyl Indole C14H11IN | 193 | 47.6,1.865
Dimethyl Carbazole C14HI3N | 195| 43.0, 2.105
Dimethyl Carbazole C14H13N | 195| 43.8, 2.070
Dimethyl Carbazole C14H13N | 195| 44.0, 2.060
Dimethyl Carbazole C14H13N | 195| 44.2, 2.055
Dimethyl Carbazole C14H13N | 195| 44.3, 2.065
Dimethyl Carbazole C14H13N | 195| 44.4,2.095
Dimethyl Cabazole C14H13N | 195| 44.6, 2.080
Dimethyl Carbazole C14H13N | 195| 45.0, 2.055
Dimethyl Carbazole C14H13N | 195| 45.3, 2.055
Dimethyl Carbazole C14H13N | 195| 45.4,2.145
Azapyrene isomer C15H9N 203 | 45.9, 2.065
Azapyrene isomer C15H9N 203 | 46.2, 2.025
Azapyrene isomer C15H9N 203 | 46.6, 2.125
Azapyrene isomer C15H9N 203 | 46.8, 2.140
Azapyrene isomer C15H9N 203 | 47.1, 2.020
Azapyrene isomer C15H9N 203 | 47.8, 2.030
Azapyrene isomer C15H9N 203 | 48.3, 2.100
Azapyrene isomer C15H9N 203 | 48.5, 2.090
Azapyrene isone C15H9N 203 | 48.8, 2.060
Azapyrene isomer C15H9N 203 | 49.0, 2.040
Azapyrene isomer C15H9N 203 | 50.1, 2.065
[1,1-biphenyl}4,4-dicarbonitrile C14H8N2 | 204 | 42.2,2.050
[1,1-biphenyl}4,4-dicarbonitrile C14H8N2 | 204 | 43.0, 2.060
Phenyl Isoquinoline C15HIIN | 204 | 45.1, 2.070
Phenyl Isoquinoline C15H11IN | 204 | 47.6,1.440
Phenyl Isoquinoline C15H11IN | 204 | 48.3, 2.045
Phenyl Isoquinoline C15H11IN | 204 | 51.3, 2.000
Phenyl Isoquinoline C15H11IN | 204 | 52.4,2.010
Phenyl Isoquinoline C15H11IN | 204 | 52.6, 2.015
Phenyllsoquinoline C15H11IN | 204 | 53.5, 2.015
Phenyl Isoquinoline C15H11IN | 204 | 53.9,1.990
Phenyl Isoquinoline C15H11IN | 204 | 54.0, 2.010
Phenyl Isoquinoline C15H11IN | 204 | 54.2,1.985
Phenyl Isoquinoline C15H11IN | 204 | 54.7,1.945
Phenyl Isoquinoline C15H11IN | 204 | 55.0, 1.960
Phenyl Isoquinoline C15H11IN | 204 | 55.4,1.935
Dimethyl Acridine C15H13N | 207 | 40.6, 2.195
Dimethyl Acridine C15H13N | 207 | 41.7,2.195
C1-Azapyrene isomer C16H11IN | 217 | 48.1, 2.195
C1-Azapyrene isomer C16H11IN | 217 | 50.0, 2.170
C1-Azapyrene isomer C16H11IN | 217 | 50.2, 2.155
1-Aminopyrene C16H11IN | 217 | 50.7,2.090
Benzo[c]carbazole C16H11IN | 217 | 57.9,2.010
Benzo[a]carbazole C16H11IN | 217 | 59.9, 1.985
Benzo[b]carbazole C16H11IN | 217 | 60.7,1.930
Benzo[c]acridine C17H1IN | 229| 55.3, 2.100
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Benzo[a]acridine C17H1IN | 229| 56.8,2.170
Naphtho(2,3h)quinoline C17H1IN | 229| 57.3,2.070
4-Azachrysene C17H11IN | 229 | 57.8, 2.065
Naphtho(2,3f)quinoline C17H11IN | 229 | 58.6, 2.095
2-Azachrysene C17HIIN | 229| 59.2,2.075
Benzo(a)phenazine C16H10N2 | 230 | 53.2, 2.205
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 58.1, 2.125
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 59.3, 2.165
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 60.3, 2.065
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 60.6, 2.065
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 61.2, 2.060
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 61.6, 2.020
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 62.2, 2.050
Diphery! Pyridine/C2Azapyrene isomer C17H13N | 231 | 62.5, 2.000
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 62.7,2.010
Diphenyl Pyridine/C2Azapyrene isomer C17H13N | 231 | 63.0,1.995
Dibenzo(b,def)carbazole isomer C18H11N | 241 | 62.4,2.180
Dibenzo(b,def)cdrazole isomer C18H11N | 241 | 62.6, 2.145
Dibenzo(b,def)carbazole isomer C18H11N | 241 | 62.8, 2.135
Dibenzo(b,def)carbazole isomer C18H11IN | 241 | 63.7,2.120
Dibenzo(b,def)carbazole isomer C18H11N | 241 | 68.7,2.015
Dibenzo(b,def)carbazole isomer C18H11N | 241 | 69.6,2.030
Dibenzo(b,def)carbazole isomer C18H11N | 241 | 70.4,2.000
Dibenzo(b,def)carbazole isomer C18H11N | 241 | 70.8, 2.005
Dibenzo(b,def)carbazole isomer C18H11IN | 241 | 71.0,1.990
Dibenzo(b,def)carbazole C18H11N | 241 | 57.9, 2.265
Phenyl Carbazole C18H13N | 243 | 59.8, 1.800
Methyl Benz[x]acridine C18H13N | 243 | 64.5, 2.000
Methyl Benz[x]acridine C18H13N | 243 | 67.1, 2.050
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245| 63.3, 2.110
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245| 63.4,2.190
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245 | 63.6, 2.095
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245| 63.8, 2.110
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245| 63.9, 2.100
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245| 64.1, 2.075
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245 | 64.6, 2.100
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245 | 64.8, 2.085
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245| 65.2, 2.075
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245| 65.7, 2.055
Methyl Diphenyl Pyridine/C3Azapyrene isomer C18H15N | 245| 66.1, 2.050
Benz(a)anthracere-carbonitrile C19H11IN | 253 | 64.0, 2.145
Benz(a)anthracere-carbonitrile C19H11IN | 253 | 67.8, 2.095
Benz(a)anthracere-carboritrile C19H11IN | 253 | 68.0, 2.105
Benz(a)anthracere-carbonitrile C19H11IN | 253 | 68.4, 2.105
Benz(a)anthracere-carbonitrile C19H11IN | 253 | 68.7, 2.095
Benz(a)anthracere-carbonitrile C19H11IN | 253 68.9,2.120
Benz(a)anthracere-carbonitrile C19H11IN | 253| 69.2,2.115
Phenyl Acridine C19H13N | 255| 70.5, 2.050
Phenyl Acridine C19H13N | 255| 71.3, 2.025
Phenyl Acridine C19H13N | 255| 71.8, 2.040
Dimethyl Benz[x]acridine C19H15N | 257 | 69.2, 2.025
Dimethyl Benz[x]acridine C19H15N | 257 | 70.2, 2.025
C20H13N C20H13N | 267 | 72.7,2.215
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Dibenzo(a,g)carbazole C20H13N | 267 | 76.9, 2.360
C20H13N C20H13N | 267 | 77.6, 2.400
Naphtho[2,3b]carbazole C20H13N | 267 | 78.6, 2.475
13H-Dibenzo[a,i]carbazole C20H13N | 267 | 79.2, 2.550
C20H13N C20H13N | 267 | 79.5, 2.555
C20H13N C20H13N | 267 80.3, 2.570
Dibenz(x,x)Acridine C21H13N | 279 | 72.0,2.185
Dibenz(x,x)Acridine C21H13N | 279| 73.1, 2.175
Dibenz(x,x)Acridine C21H13N | 279 | 73.3,2.175
Dibenz(x,x)Acridine C21H13N | 279 | 73.7,2.205
Dibenz(x,x)Acridine C21H13N | 279 | 74.0,2.180
Dibenz(x,x)Acridine C21H13N | 279 | 74.9,2.275
4H-Benzo[deflnaphtho[2;B]carbazole C22H13N | 291 | 80.7, 2.965
C21H14N2 C21H14N2 | 294 | 80.0, 2.270
Appendix 5DPANH database continued

Compound Formula m/z | Retention time
Benzene, methoxy C7H80 108 6.0, 1.265
Benzofuran C8H60 118 7.5, 1.315
Benzofuran, 2,3lihydro- C8H8O0 1201 9.6, 1.485
Acetophenone C8H8O0 120| 10.2, 1.425
1,2-Naphthaelenedione C10H602 | 130| 13.6,1.685
C1-Benzofuran C9H8O 132| 9.4, 1.585
C1-Benzofuran C9H8O 132 9.6, 1.600
1H-Inden1-one, 2,3dihydro- C9H8O 132 16.9, 1.755
1H-Inden1-one, 2,3dihydro- C9H8O 132| 17.7,1.745
Benzofuran, Zetheny} C10H8O | 144 13.2,1.850
C2-Benzofuran C10H100 | 146 11.0,1.915
C2-Benzofuran C10H100 | 146 11.2,1.755
C2-Benzofuran C10H100 | 146 11.6,1.825
C2-Benzofuran C10H100 | 146 11.8,1.835
C2-Benzofuran C10H100 | 146| 12.0,1.865
C2-Benzofuran C10H100 | 146 12.3,1.910
C2-Benzofuran C10H100 | 146| 12.5,1.875
C2-Benzofuran C10H100 | 146 12.8,1.910
C2-Benzofuran C10H100 | 146 13.3,1.910
1-Naphthalenecarboxaldehyde C11H8O | 156 19.2, 2.040
C3-Benzofuran C11H120 | 160| 13.7,2.030
C3-Benzofuran C11H120 | 160| 13.9,1.995
C3-Benzofuran C11H120 | 160| 14.1, 2.040
C3-Benzofuran C11H120 | 160| 14.3,2.045
C3-Benzofuan C11H120 | 160| 14.6, 2.085
C3-Benzofuran C11H120 | 160| 14.9,2.090
C3-Benzofuran C11H120 | 160| 15.2,2.140
C3-Benzofuran C11H120 | 160| 15.7,2.190
C3-Benzofuran C11H120 | 160| 16.1, 2.155
C3-Benzofuran C11H120 | 160| 16.8, 2.140
Ethanone, 1(2,3;&rimethylpheny)- C11H140 | 162| 9.7,1.920
Ethanone, 1(2,3;&rimethylphenyl) C11H140 | 162 | 10.3,1.955
Ethanone, 1(2,3;&rimethylphenyl) C11H140 | 162| 10.7,1.785
Ethanone, 1(2,3;&rimethylphenyl) C11H140 | 162| 11.7,1.870
Ethanone, 1(2,3;&rimethylphenyl) C11H140 | 162 | 12.4,1.930
Dibenzofuran C12H80O | 168 24.0, 2.140
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Naphtho[2,1b]furan C12H80O | 168 25.2,2.090
Naphtho[2,1b]furan C12H80O | 168| 25.8,2.080
Naphtho[2,1b]furan C12H80O | 168 26.9, 2.080
1(2H)}Acenaphthylenone C12H80O | 168 31.7,1.945
Diphenyl Ether C12H100 | 170| 19.4,2.040
2-ethyl3-methyleneindan1-one C12H120 | 172 | 19.3, 2.395
C4-Benzofuran C12H140 | 174 | 16.2,2.210
C4-Benzofuran C12H140 | 174 | 16.7,2.240
C4-Benzofuran C12H140 | 174 | 17.0,2.235
C4-Benzofuran C12H140 | 174| 17.2, 2.255
C4-Benzofuran C12H140 | 174 | 17.4,2.280
C4-Benzofuran C12H140 | 174 | 17.7,2.290
C4-Benzofuran C12H140 | 174 | 18.0, 2.300
C4-Benzofuran C12H140 | 174 | 18.8, 2.320
C4-Benzofuran C12H140 | 174 | 19.0, 2.340
C4-Benzofuran C12H140 | 174 | 19.3,2.380
C4-Benzofuran C12H140 | 174 | 19.8,2.375
9H-Fluoren9-one C13H80 180 | 33.7, 2.080
1H-Phenalerl-one C13H80 180 | 36.9, 2.035
C1-Dibenzofuran C13H100 | 182 | 27.3, 2.240
C1-Dibenzofuran C13H100 | 182 | 27.8,2.270
C1-Dibenzofuran C13H100 | 182 | 28.4,2.265
C1-Dibenzofuran C13H100 | 182 | 28.5, 2.220
C1-Dibenzofuran C13H100 | 182 28.9, 2.320
C1-Dibenzofuran C13H100 | 182 29.3,2.170
C1-Dibenzofuran C13H100 | 182 | 29.7,2.295
C1-Dibenzofuran C13H100 | 182 | 30.4, 2.230
C1-Dibenzofuran C13H100 | 182 30.9, 2.290
C1-Dibenzofuran C13H100 | 182 | 31.3,2.275
C3-Dihydro Indenl-one C13H160 | 188 | 19.4,2.375
C3-Dihydro Indenl-one C13H160 | 188 | 19.9, 2.410
C3-Dihydro Indenl-one C13H160 | 188 | 20.1, 2.405
C3-Dihydro Indenl-one C13H160 | 188 | 20.3, 2.380
C3-Dihydro Indenl-one C13H160 | 188 | 20.8, 2.435
C3-Dihydro Indenl-one C13H160 | 188 | 22.4,2.120
PhenyiBenzofuran C14H100 | 194 | 32.0, 2.145
PhenyiBenzofuran C14H100 | 194 | 32.3,2.250
PhenyiBenzofuran C14H100 | 194 | 32.6, 2.295
PhenyiBenzofuran C14H100 | 194 | 33.1, 2.080
PhenyiBenzofiran C14H100 | 194| 34.1,2.210
Anthrone C14H100 | 194 | 35.9,2.190
C2-Dibenzofuran C14H120 | 196 29.7, 2.360
C2-Dibenzofuran C14H120 | 196 30.8, 2.355
C2-Dibenzofuran C14H120 | 196 31.0, 2.350
C2-Dibenzofuran C14H120 | 196 | 31.4, 2.400
C2-Dibenzofuran C14H120 | 196| 31.5,2.355
C2-Dibenzofuran C14H120 | 196 31.7,2.315
C2-Dibenzofuran C14H120 | 196 31.9, 2.325
C2-Dibenzofuran C14H120 | 196 | 32.1, 2.340
C2-Dibenzofuran C14H120 | 196 | 32.4,2.325
C2-Dibenzofuran C14H120 | 196 | 32.9, 2.455
9-Methoxyfluorene C14H120 | 196 | 33.7, 2330
Xanthone C14H120 | 196 | 38.4, 2.040
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Cyclopenta(def)phenanthrenone C15H80 | 204 | 44.7,2.085
C15H100 | 206 | 40.0, 2.260
C15H100 | 206 | 40.4, 2.230
C15H100 | 206 | 40.6, 2.205
C15H100 | 206 | 40.9, 2.155
C15H120 C15H120 | 208| 36.3, 2.095
9,10-Anthracenedione C14H802 | 208 | 42.5, 2.030
Phenyl Chromene C15H120 | 208 | 39.7,2.210
Phenyl Chromene C15H120 | 208 | 39.8, 2.265
Dimethyl Xanthene C15H140 | 210| 31.9, 2.430
Dimethyl Xanthene C15H140 | 210 | 33.0, 2.435
Dimethyl Xanthene C15H140 | 210| 33.4,2.425
Dimethyl Xanthene C15H140 | 210| 33.6, 2.435
Dimethyl Xanthene C15H140 | 210| 33.9, 2.455
Dimethyl Xanthene C15H140 | 210| 34.1, 2.465
Dimethyl Xanthene C15H140 | 210| 34.4,2.465
Dimethyl Xanthene C15H140 | 210| 34.7,2.420
Dimethyl Xanthene C15H140 | 210 36.2, 2.380
Dimethyl Xanthene C15H140 | 210| 36.5, 2.455
Dimethyl Xanthene C15H140 | 210| 37.0, 2.365
Benzo[b]naphtho[2&]furan C16H100 | 218 | 45.7,2.215
Benzo[b]naphtho[2H]furan C16H100 | 218| 46.6, 2170
Benzo[b]naphtho[1,&]furan C16H100 | 218 | 47.0,2.205
Benzo[k,l]xanthene C16H100 | 218 | 48.0, 2.160
C16H100 C16H100 | 218| 48.2,2.125
C16H100 C16H100 | 218 49.3,2.195
10-Methylanthracen®-carboxaldehyde C16H120 | 220| 43.7,2.375
11H-Benzo[a]fluorenll-one C17H100 | 230| 53.8,2.120
1-Pyrenecarboxaldehyde C17H100 | 230| 54.9,2.180
11H-Benzo[b]fluorenll-one C17H100 | 230| 55.7,2.115
7H-Benz[de]antraceff-one C17H100 | 230| 59.0, 2.030
C1-Benzonaphthofuran C17H120 | 232 47.1,2.280
C1-Benzonaphthofuran C17H120 | 232 | 47.5,2.385
C1-Benzonaphthofuran C17H120 | 232 | 47.6, 2.360
C1-Benzonaphthofuran C17H120 | 232| 47.7,2.295
C1-Benzonaphthofuran C17H120 | 232| 48.5,2.290
C1-Benzonaphthofuran C17H120 | 232| 48.9,2.275
C1-Benzonaphthofuran C17H120 | 232 49.2,2.240
C1-Benzonahthofuran C17H120 | 232 49.4,2.235
C1-Benzonaphthofuran C17H120 | 232| 49.6, 2.250
C1-Benzonaphthofuran C17H120 | 232 | 49.8, 2.255
C1-Benzonaphthofuran C17H120 | 232 50.1, 2.270
C1-Benzonaphthofuran C17H120 | 232 50.2, 2.285
C1-Benzonaphthofuran C17H120 | 232 | 504, 2.265
C1-Benzonaphthofuran C17H120 | 232 50.8, 2.250
C1-Benzonaphthofuran C17H120 | 232 51.1, 2.255
C2-Benzonaphthofuran C18H140 | 246 51.9, 2.355
??? C18H100 | 242 58.0, 2.200
??? C18H100 | 242 58.3, 2.190
??? C18H100 | 242 59.1, 2.235
??? C18H100 | 242 59.7,2.160
Naptho[2,1,8,7kImn]xanthene C18H100 | 242 | 63.5, 2.085
Phenyldibenzofuran C18H120 | 244 51.4,2.110
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Phenyldibenzofuran C18H120 | 244 51.8,2.235
Phenyldibenzofuran C18H120 | 244 | 51.9, 2.205
Phenyldibenzofuran C18H120 | 244 52.3,2.230
Phenyldibenzofuran C18H120 | 244 | 52.4,2.205
C2-Benzonaphthofuran C18H140 | 246 | 50.7, 2.325
C2-Benzonaphthofuran C18H140 | 246 | 50.9, 2.300
C2-Benzonaphthofuran C18H140 | 246 51.1, 2.315
C2-Benzonapthofuran C18H140 | 246 | 51.3, 2.365
C2-Benzonaphthofuran C18H140 | 246 | 51.4,2.325
C2-Benzonaphthofuran C18H140 | 246 | 52.0, 2.320
C2-Benzonaphthofuran C18H140 | 246| 52.2,2.315
C2-Benzonaphthofuran C18H140 | 246 | 52.4,2.360
C2-Benzonaphthofuran C18H140 | 246 | 52.6,2.310
C2-Benzonaphthofuran C18H140 | 246 | 52.8, 2.355
C2-Benzonaphthofuran C18H140 | 246 | 53.0, 2.350
C2-Benzonaphthofuran C18H140 | 246 | 53.3, 2.325
C2-Benzonaphthofuran C18H140 | 246 | 53.4,2.335
C2-Benzonaphthofuran C18H140 | 246 | 53.7,2.335
C2-Benzonaphthofan C18H140 | 246 | 54.0, 2.335
C2-Benzonaphthofuran C18H140 | 246 | 54.5, 2.300
5,12 Napthacenedione C18H1002 | 258 | 63.2, 2.075
C19H140 | 258 53.7,2.175
C19H140 | 258 54.0, 2.345
C19H140 | 258 54.7, 2.370
C19H140 | 258 54.9, 2.355
Benzo[1,2b:4,5b']bisberzofuran isomer C18H1002 | 258 | 56.0, 2.255
Benzo[1,2b:4,5b'Tbisbenzofuran isomer C18H1002 | 258 | 57.1, 2.260
Benzo[1,2b:4,5b'Tbisbenzofuran isomer C18H1002 | 258 | 57.8, 2.240
Benzo[1,2b:4,5b'Tbisbenzofuran isomer C18H1002 | 258 | 58.2, 2.205
5,12 Napthacenddne C18H1002 | 258 | 63.2, 2.075
C3-Benzonaphthofuran C19H160 | 260 | 53.6, 2.385
C3-Benzonaphthofuran C19H160 | 260 | 54.2,2.390
C3-Benzonaphthofuran C19H160 | 260 | 54.4, 2.400
C3-Benzonaphthofuran C19H160 | 260 | 54.6, 2.390
C3-Benzonaphthofuran C19H160 | 260 | 54.8, 2400
C3-Benzonaphthofuran C19H160 | 260 | 55.0, 2.390
C3-Benzonaphthofuran C19H160 | 260 | 55.2, 2.400
C3-Benzonaphthofuran C19H160 | 260 | 55.3, 2.380
C3-Benzonaphthofuran C19H160 | 260 | 55.5, 2.395
C3-Benzonaphthofuran C19H160 | 260 | 55.8, 2.340
C3-Benzonaphthofuran C19H160 | 260 | 56.0, 2.390
C3-Benzonaphthofuran C19H160 | 260 | 56.2, 2.395
C3-Benzonaphthofuran C19H160 | 260 | 56.7, 2.350
C3-Benzonaphthofuran C19H160 | 260 | 57.3, 2.340
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 64.1, 2.235
Dinaptho[1,2b:1',2 d]furan somer C20H120 | 268 | 64.8, 2.220
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 64.9, 2.195
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 65.6, 2.205
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 65.9, 2.200
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 66.1, 2.220
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 66.7,2.170
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 64.1, 2.250
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 64.8, 2.230
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Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 65.8, 2.210
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 66.2, 2.220
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 66.3, 2.225
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 66.6, 2.205
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 67.2,2.210
Dinaptho[1,2b:1',2 d]furan isomer C20H120 | 268 | 67.6, 2.205
Naphthalene, -{2-naphthalenyoxy) C20H140 | 270| 65.2, 2.345
2,3,6,7Dibenzofluorene C21H120 | 280 73.1, 2.225
2,3,6,7Dibenzofluorene C21H120 | 280 73.3, 2.240
2,3,6,7Dibenzofluorene C21H120 | 280 73.7,2.230
1H-Inden1-one, 2,3diphenyl C21H140 | 282 | 67.4,2.230
1H-Inden1-one, 2,3diphenyl C21H140 | 282 | 67.7,2.305
1H-Inden1-one, 2,3diphenyl C21H140 | 282 68.7,2.290
1H-Inden1-one, 2,3diphenyl C21H140 | 282 69.1, 2.230
Appendix 6DPAOH database continued

Compound Formula m/z | Retention time
Benzenethiol C6H6S 110 5.7, 1.270
C2-Thiophene C6H8S 111 4.8, 1.215
C2-Thiophene C6H8S 111 5.1, 1.305
C2-Thiophene C6H8S 111 5.4, 1.300
C3-Thiophene 1DB C7H8S 124 7.2, 1.355
C3-Thiophene 1DB C7H8S 124 7.4, 1.350
C3-Thiophene 1DB C7H8S 124 7.7, 1.395
C3-Thiophene 1DB C7H8S 124 8.6, 1.475
Benzenethiol, 4nethyl C7H8S 1241 9.1, 1.505
C3-Thiophene C7H10S | 126 6.0, 1.380
C3-Thiophene C7H10S | 126 6.3, 1.385
C3-Thiophene C7H10S | 126 6.4, 1.370
C3-Thiophene C7H10S | 126 7.1, 1.360
Benzo[b]thiophene C8H6S 134 13.0, 1.705
Cyclopent[c]thapyran C8H6S 134 | 13.4, 1.705
2-Benzothiophene C8H6S 134 13.9, 1.725
Benzo[b]thiophene,,3-dihydro- C8H8S 136 | 15.3, 1.795
Benzolc]thiophene, 1;8ihydro C8H8S 136 | 16.0, 1.850
C4-Thiophene 1DB C8H10S | 138 8.7, 1.565
C4-Thiophene 1DB C8H10S | 138 8.9, 1.585
C4-Thiophene 1DB C8H10S | 138] 9.1, 1.610
C4-Thiophene 1DB C8H10S | 138] 9.5, 1.635
C4-Thiophene 1DB C8H10S | 138] 9.9, 1.700
C4-Thiophene 1DB C8H10S | 138| 10.7,1.740
C4-Thiophene 1DB C8H10S | 138| 10.9, 1.740
C4-Thiophene 1DB C8H10S | 138 11.1, 1.550
3,4-Dimethylthiophenol C8H10S | 138 9.7, 1.675
Benzenemethanethiol;ethyt C8H10S | 138 10.3, 1.63
C4-Thiophene C8H12S | 140] 6.8, 1.440
C4-Thiophene C8H12S | 140 7.4,1.480
C4-Thiophene C8H12S | 140| 7.6, 1.505
C4-Thiophene C8H12S | 140 7.9, 1.530
C4-Thiophene C8H12S | 140 8.1, 1.545
C4-Thiophene C8H12S | 140] 8.5, 1.575
C4-Thiophene C8H12S | 140] 8.7, 1.610
C4-Thiophene C8H12S | 140 8.9, 1.650
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Thieno[3,2b]thiophene C6H4S2 1401 13.8, 1.720
Thieno[2,3b]thiophene C6H4S2 140 14.0, 1.690
C1-Benzothiophene C9H8S 148 15.6, 1.910
C1-Benzothiophene COH8S 1481 16.1, 1.925
C1-Benzothiophene C9H8S 148 16.5, 1.920
C5-Thiophene C9H14S | 154 8.2, 1.645
C5-Thiophene C9H14S | 154 8.3, 1.640
C5-Thiophene C9H14Ss | 154 8.6, 1.670
C5-Thiophene C9H14Ss | 154 8.8, 1.690
C5-Thiophene C9H14S | 1541 9.0, 1.730
C5-Thiophene C9H14S | 154 9.1, 1.755
C5-Thiophene C9H14S | 154 9.3, 1.740
C5-Thiophene C9H14S | 154 9.5, 1.790
C5-Thiophene C9H14S | 154 9.6, 1.795
C5-Thiophene C9H14S | 154 9.9, 1.800
C5-Thiophene C9H14S | 154 10.1, 1.830
C5-Thiophene C9H14S | 154 10.3, 1.840
C5-Thiophene C9H14S 154 10.5, 1.910
C5-Thiophene C9H14S | 154 10.6, 1.880
2-Phenyl Thiophene C10H8S | 160 20.1, 1.990
3-Phenyl Thiophene C10H8S | 160 20.7, 1.995
Naphthalenethiol C10H8S | 160 21.1, 2.005
Naphthalenethiol C10H8S | 160 21.4,2.030
C2-Benzothiophene C10H10S | 162 | 18.3,2.145
C2-Benzothiophene C10H10S | 162 18.8,2.200
C2-Benzothiophene C10H10S | 162 19.0, 2.150
C2-Benzothiophene C10H10S | 162 19.2,2.110
C2-Benzothiophene C10H10S | 162 19.4,2.140
C2-Benzothiophene C10H10S | 162 19.8,2.125
C2-Benzothiophene C10H10S | 162 20.1,2.130
C2-Benzothiophene C10H10S | 162 20.3,2.120
C2-Benzothiophene C10H10S | 162 21.0, 2.140
C2-Benzothiophene C10H10S | 162 21.4,2.110
C2-Benzothiophene C10H10S | 162 22.1,2.100
C6-Thiophene C10H16S | 168 11.1,2.015
C6-Thiophene C10H16S | 168 113, 2.070
C6-Thiophene C10H16S | 168 11.6,2.105
C6-Thiophene C10H16S | 168 11.9,2.125
Benzyl Thiophene C11H10S | 174 21.2, 2155
Benzyl Thiophene C11H10S | 174 21.8,2.070
Phenylmethyl Thiophene C11H10S | 174 23.1, 2.220
Phenylmethyl Thiophene C11H10S | 174 233, 2.180
Phenylmethyl Thiophene C11H10S | 174 23.6,2.190
Phenylmethyl Thiophene C11H10S | 174 24.1,2.185
Phenylmethyl Thiophene C11H10S | 174 24.4,2.205
Phenylmethyl Thiophene C11H10S | 174 24.6, 2.160
Phenylmethyl Thiophene C11H10S | 174 24.8,2.155
Phenymethyl Thiophene C11H10S | 174 24.9,2.180
Phenylmethyl Thiophene C11H10S | 174 25.3,2.180
Phenylmethyl Thiophene C11H10S | 174 27.3,2.080
Phenylmethyl Thiophene C11H10S | 174 27.7,2.045
C3-Benzothiophene C11H12S | 176 21.3,2.245
C3-Benzothiophene C11H12S | 176 | 21.6, 2.255
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C3-Benzothiophene C11H12s | 176 21.7,2.310
C3-Benzothiophene C11H12Ss | 176 21.9,2.230
C3-Benzothiophene C11H12Ss | 176 22.1,2.230
C3-Benzothiophene C11H12S | 176 22.2,2.290
C3-Benzothiophene C11H12S | 176 22.5, 2.260
C3-Benzothiophene C11H12S | 176 22.6, 2.280
C3-Benzothiophene C11H12Ss | 176 22.8,2.280
C3-Benzothiophene C11H12S | 176 22.9, 2.290
C3-Benzothiophene C11H12Ss | 176 23.3, 2.165
C3-Benzothiophene C11H12Ss | 176 23.5 2.150
C3-Benzothiophene C11H12Ss | 176 23.7,2.250
C3-Benzothiophene C11H12S | 176 24.2,2.145
C3-Benzothiophene C11H12S | 176 24.5,2.275
C3-Benzothiophene C11H12S | 176 24.7,2.125
C3-Benzothiophene C11H12Ss | 176 25.1, 2.260
C3-Benzothiophene C11H12S | 176 25.6, 2.230
C3-Benzothiophene C11H12S | 176 26.0, 2.220
Dibenzothiophene C12H8S | 184 33.9,2.120
Naphtho[1,2b]Jthiophene C12H8S | 184 | 34.2,2.085
Naphtho[2,1b]thiophene C12H8S | 184 35.5,2.055
Naphtho[1,2c] or [2,3-c]thiophene C12H8S | 184 | 36.6, 2.055
Naphtho[2,3-b]thiophene C12H8S | 184 38.1,2.035
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 30.4,2.230
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 31.2,2.190
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 31.4,2.165
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 | 31.6, 2.310
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 32.0, 2.165
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 32.2,2.165
Diphenyl Sulfide C12H10S | 186 36.7,2.115
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 35.6, 2.090
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 36.8, 2.085
Methyl-Naphtho[1,8bc]thiophene C12H10S | 186 37.7,2.170
C4-Benzothiophene C12H14Ss | 190 23.2, 2.365
C4-Benzothiophene C12H14s | 190 23.9, 2.290
C4-Benzothiophene C12H14S | 190 24.5,2.375
C4-Benzothiophene C12H14S | 190| 24.6, 2.3
C4-Benzothiophene C12H14S | 190 24.9,2.335
C4-Benzothiophene C12H14s | 190| 25.1, 2.305
C4-Benzothiophene C12H14Ss | 190| 25.3,2.345
C4-Benzothiophene C12H14s | 190 25.5,2.330
C4-Benzothiophene C12H14Ss | 190| 25.6, 2.335
C4-Benzothiophene C12H14S | 190 26.0, 2325
C4-Benzothiophene C12H14Ss | 190 26.2, 2.405
C4-Benzothiophene C12H14s | 190 26.6, 2.350
C4-Benzothiophene C12H14Ss | 190 26.8, 2.345
C4-Benzothiophene C12H14s | 190 27.1, 2.365
C4-Benzothiophene C12H14s | 190 28.0, 2.365
C4-Benzothiophene C12H14S | 190 28.5,2.390
C4-Benzothiophene C12H14s | 190 28.9, 2.320
C4-Benzothiophene C12H14Ss | 190 29.3, 2.345
Benzodithiophene C10H6S2 | 190 34.0, 2.070
Benzodithiophene C10H6S2 | 190 34.1, 2.070
Benzodithiophene C10H6S2 | 190 | 34.5, 2.060
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Compound Formula m/z | Retention time
Benzodithiophene C10H6S2 | 190 35.0, 2.030
Benzodithiophene C10H6S2 | 190 36.3, 2.000
Benzodithiophene C10H6S2 | 190 36.8,2.030
Benzodithiophene C10H6S2 | 190 37.3,2.030
Benzodithiophene C10H6S2 | 190 37.6, 1.925
Cyclic Sulphur S6 S6 192 | 27.8, 1.860
C1-Dibenzothiophene C13H10S | 198 36.7, 2.205
C1-Dibenzothiophene C13H10S | 198 37.3,2.215
C1-Dibenzothiophene C13H10S | 198 37.6, 2.180
C1-Dibenzothiophene C13H10S | 198 38.1,2.175
C1-Dibenzothiophene C13H10S | 198 38.3,2.185
C1-Dibenzothiophene C13H10S | 198 38.4, 2.155
C1-Dibenzothiophene C13H10S | 198 38.7,2.145
C1-Dibenzothiophene C13H10S | 198 39.3, 2.180
C1-Dibenzothiophene C13H10S | 198 39.8, 2.150
C1-Dibenzothiophene C13H10S | 198 40.0, 2.125
C1-Dibenzothiophene C13HI0S | 198 40.3, 2.105
C1-Dibenzothiophene C13H10S | 198 40.6, 2.120
C5-Benzothiophene C13H16S | 204 | 26.5, 2.440
C5-Benzothiophene C13H16S | 204 | 27.2,2.430
C5-Benzothiophene C13H16S | 204 | 27.5,2.425
C5-Benzothiophene C13H16S | 204 | 27.8,2.425
C5-Benzothiophene C13H16S | 204 | 28.1,2.485
C5-Benzothiophene C13H16S | 204 | 28.9, 2.455
C5-Benzothiophene C13H16S | 204 | 29.0, 2.465
C5-Benzothiophene C13H16S | 204 | 29.5, 2.560
Methyl Benzodithiophene C11H8S2 | 204 | 38.0,2.235
Methyl Benzodithiophene C11H8S2 | 204 | 38.5,2.180
Methyl Benzodithiophene C11H8S2 | 204 | 39.2,2.195
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 44.7,2.110
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 45.0, 2.090
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 45.8, 2.095
Phenanthro/Phenaleno Thiophene C14H8S | 208 46.3, 2.105
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 47.2, 2.090
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 47.8, 2.060
Phenyl Benzothiophene C14H10S | 210 39.0, 2.070
Phenyl Benzothiophene C14H10S | 210 39.2, 2.060
Phenyl Benzothiophene C14H10S | 210 41.6,2.175
Phenyl Benzothiophene C14H10S | 210 41.9,2.210
Phenyl Benzothiophene C14H10S | 210 42.1,2.170
Phenyl Benzothiophene C14H10S | 210 42.4,2.235
Phenyl Benzothiophene C14H10S | 210 43.2,2.120
C2-Dibenzothiophene Cl14H12Ss | 212 39.5, 2.280
C2-Dibenzothioplene C14H12S | 212 39.8,2.295
C2-Dibenzothiophene C14H12S | 212 40.0, 2.295
C2-Dibenzothiophene C14H12S | 212 40.2,2.285
C2-Dibenzothiophene C14H12S | 212 40.4, 2.385
C2-Dibenzothiophene C14H12S | 212 40.6, 2.410
C2-Dibenzothiophene C14H12Ss | 212 40.8, 2.380
C2-Dibenzothiophene C14H12S | 212 41.0, 2.375
C2-Dibenzothiophene C14H12S | 212 41.1,2.375
C2-Dibenzothiophene C14H12S | 212 41.3,2.245
C2-Dibenzothiophene C14H12S | 212 41.4,2.275
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Compound Formula m/z | Retention time
Berzodithiophene C10H6S2 | 190 35.0, 2.030
Benzodithiophene C10H6S2 | 190 36.3, 2.000
Benzodithiophene C10H6S2 | 190 36.8,2.030
Benzodithiophene C10H6S2 | 190 37.3,2.030
Benzodithiophene C10H6S2 | 190 37.6, 1.925
Cyclic Sulphur S6 S6 192 | 27.8, 1.860
C1-Dibenzothiophene C13H10S | 198 36.7, 2.205
C1-Dibenzothiophene C13H10S | 198 37.3,2.215
C1-Dibenzothiophene C13H10S | 198 37.6, 2.180
C1-Dibenzothiophene C13H10S | 198 38.1,2.175
C1-Dibenzothiophene C13H10S | 198 38.3,2.185
C1-Dibenzothiophene C13H10S | 198 38.4,2.155
C1-Dibenzothiophene C13H10S | 198 38.7,2.145
C1-Dibenzothiophene C13H10S | 198 39.3, 2.180
C1-Dibenzothiophene C13H10S | 198 39.8, 2.150
C1-Dibenzothiophene C13H10S | 198 40.0, 2.125
C1-Dibenzothiophene C13H10S | 198 40.3, 2.105
C1-Dibenzothiophene C13H10S | 198 40.6, 2.120
C5-Benzothiophene C13H16S | 204 | 26.5, 2.440
C5-Benzothiophene C13H16S | 204 | 27.2,2.430
C5-Benzothiophene C13H16S | 204 | 27.5,2.425
C5-Benzothiophene C13H16S | 204 | 27.8,2.425
C5-Benzothiophene C13H16S | 204 | 28.1,2.485
C5-Benzothiophene C13H16S | 204 | 28.9, 2.455
C5-Benzothiophene C13H16S | 204 | 29.0, 2.465
C5-Benzothiophene C13H16S | 204 | 29.5, 2.560
Methyl Benzodithiophene C11H8S2 | 204 | 38.0,2.235
Methyl Benzodithiophene C11H8S2 | 204 | 38.5,2.180
Methyl Benzodithiophene C11H8S2 | 204 | 39.2,2.B5
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 44.7,2.110
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 45.0, 2.090
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 45.8, 2.095
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 46.3, 2.105
Phenanthro/Phenaleno Thiophene C14H8S 208 | 47.2,2.090
Phenanthro/Phenaleno Thiophene C14H8S | 208 | 47.8, 2.060
Phenyl Benzothiophene C14H10S | 210 39.0, 2.070
Phenyl Benzothiophene C14H10S | 210 39.2, 2.060
Phenyl Benzothiophene C14H10S | 210 41.6,2.175
Phenyl Benzothiophene C14H10S | 210 41.9,2.210
Phenyl Benzothiophene C14H10S | 210 42.1,2.170
Phenyl Benzothiophene C14H10S | 210 42.4,2.235
Phenyl Benzothiophene C14H10S | 210 43.2,2.120
C2-Dibenzothiophene Cl14H12Ss | 212 39.5, 2.280
C2-Dibenzothiophene C14H12S | 212 39.8,2.295
C2-Dibenzothophene C14H12S | 212 40.0, 2.295
C2-Dibenzothiophene C14H12S | 212 40.2,2.285
C2-Dibenzothiophene C14H12S | 212 40.4, 2.385
C2-Dibenzothiophene C14H12S | 212 40.6, 2.410
C2-Dibenzothiophene C14H12Ss | 212 40.8, 2.380
C2-Dibenzothiophene C14H12S | 212 41.0, 2.375
C2-Dibenzothiophene C14H12S | 212 41.1,2.375
C2-Dibenzothiophene C14H12S | 212 41.3,2.245
C2-Dibenzothiophene C14H12S | 212 41.4,2.275
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C3-Dibenzothiophene C15H14Ss | 226 45.6, 2.325
C3-Dibenzothiophene C15H14Ss | 226 45.9, 2.310
C3-Dibenzothiophene C15H14s | 226 46.1, 2.310
Benzo[b]naphtho[2 H]thiophene C16H10S | 234 53.0, 2.190
Benzo[b]naphtho[1,2]thiophene C16H10S | 234 53.6,2.170
Benzo[b]naphtho[2 &i]thiophene C16H10S | 234 | 54.4, 2140
Anthra(1,2b)thiophene C16H10S | 234| 55.4,2.115
Phenanthro[4 ®]thiophene C16H10S | 234 55.8, 2.150
Phenanthro[1b]thiophene C16H10S | 234 55.9,2.145
Phenanthro[3b]thiophene C16H10S | 234 56.2, 2.080
Anthra(2,2b)thiophene C16H10S | 234 56.3, 2.100
Phenanthro[2b]thiophene C16H10S | 234 | 56.4, 2.075
Phenanthro[3b]thiophene C16H10S | 234 57.0, 2.095
Phenanthro[2 ®]thiophene C16H10S | 234 | 57.7,2.160
Anthra(2,3b)thiophene C16H10S | 234| 57.9, 2.145
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 | 46.4 2.075
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 48.7,2.190
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 49.2, 2.260
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 | 50.0, 2.280
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 50.3, 2.290
C2-Phenantto/Phenaleno Thiophene C16H12S | 236 | 50.6, 2.345
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236| 51.3, 2.360
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236| 51.9, 2.365
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 52.1, 2.320
C2-Phenanthro/Phenaleno Thiopiee C16H12S | 236 | 52.6, 2.295
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 53.0, 2.325
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 53.2,2.225
C2-Phenanthro/Phenaleno Thiophene C16H12S | 236 | 54.3, 2.140
C2-Phenyl Benzothiophene C1l6H14S | 238 46.3, 2.270
C2-Phenyl Benzothiophene C16H14S | 238 46.6, 2.370
C2-Phenyl Benzothiophene C1l6H14S | 238 46.7, 2.310
C2-Phenyl Benzothiophene C16H14S | 238 46.8, 2.335
C2-Phenyl Benzothiophene C1l6H14Ss | 238 47.1, 2.370
C2-Phenyl Benzothiophene C16H14S | 238 47.3, 2.290
C2-Pheryl Benzothiophene C16H14S | 238 47.5,2.345
C2-Phenyl Benzothiophene C16H14S | 238 47.6, 2.345
C2-Phenyl Benzothiophene C16H14S | 238 47.9, 2.295
C2-Phenyl Benzothiophene C1l6H14S | 238 48.3, 2.275
C2-Phenyl Benzothiophene C16H14S | 238 48.7,2.245
C4-Dibenzothophene C16H16S | 240 44.3,2.380
C4-Dibenzothiophene C16H16S | 240 44.8, 2.400
C4-Dibenzothiophene C16H16S | 240| 45.4,2.405
C4-Dibenzothiophene C16H16S | 240 45.9, 2.385
C4-Dibenzothiophene C16H16S | 240 46.1, 2.410
C4-Dibenzothiophene C16H16S | 240 46.4, 2.440
C4-Dibenzothiophene C16H16S | 240 46.7, 2.400
C4-Dibenzothiophene C16H16S | 240 47.3,2.375
C4-Dibenzothiophene C16H16S | 240 48.3, 2.360
C4-Dibenzothiophene C16H16S | 240 48.5,2.370
C4-Dibenzothiophene C16H16S | 240 48.9, 2.370
C4-Dibenzothiophene C16H16S | 240 | 49.5, 2.360
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S2 | 240| 52.4,2.245
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S2 | 240| 54.6,2.170
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[1]benzothieno[3,b][1]benzothiophene isomer C14H8S2 | 240 55.1, 2.105
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S2 | 240 56.5, 2.065
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S2 | 240 57.0, 2.070
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S3 | 240 57.1, 2.40
C1-Benzonapthothiophene isomer C17H12S | 248 56.5, 2.230
C1-Benzonapthothiophene isomer C17H12S | 248 56.6, 2.210
C1-Benzonapthothiophene isomer C17H12S | 248 56.9, 2.240
C1-Benzonapthothiophene isomer C17H12S | 248 57.2,2.200
C1-Benzonapthothiophene is@m C17H12S | 248 57.4,2.205
C1-Benzonapthothiophene isomer C17H12S | 248 57.8,2.195
C1-Benzonapthothiophene isomer C17H12S | 248 58.1, 2.205
C1-Benzonapthothiophene isomer C17H12S | 248 58.3, 2.190
C1-Benzonapthothiophene isomer C17H12S | 248 58.4,2.175
C1-Benzonapthothiophene isomer C17H12S | 248 58.6, 2.185
C1-Benzonapthothiophene isomer C17H12S | 248 58.8,2.170
C1-Benzonapthothiophene isomer C17H12S | 248 59.1, 2.165
C1-Benzonapthothiophene isomer C17H12S | 248 59.2, 2.155
C1-Benzonapthothiophene isomer Cl7H12S | 248 59.8, 2.165
Cyclic Octaatomic sulphur S8 256 | 47.5, 1.940
Benzo[2,3]phenanthro[4;Bcd]thiophene C18H10S | 258 63.4, 2.245
Benzo[1,2]phenaleno[3;Bc]thiophene C18H10S | 258 64.4, 2.155
Pyreno[4,5b]thiophene C18H10S | 258 64.5, 2.140
Triphenyleno[4,5bcd]thiophene C18H10S | 258 65.3, 2.150
Chryseno[4,5]thiophene C18H10S | 258 65.9, 2.120
Pyreno[1,2b]thiophene C18H10S | 258 66.6, 2.120
Pyreno[2,1b]thiophene C18H10S | 258 67.0, 2.115
Benzo[4,5]phenyleno[1,9]thiophene C18H10S | 258 67.4,2.120
Benzo[4,5]phayleno[9,1]thiophene C18H10S | 258 68.5, 2.105
Phenyl Dibenzothiophene C18H12S | 260| 54.3, 2.360
Phenyl Dibenzothiophene C18H12S | 260 55.3, 2.050
Phenyl Dibenzothiophene C18H12S | 260 57.9, 2.100
Phenyl Dibenzothiophene C18H12S | 260 59.3, 2.100
Phenyl Dibenzthiophene C18H12S | 260 60.0, 2.175
Phenyl Dibenzothiophene C18H12S | 260 60.6, 2.155
Phenyl Dibenzothiophene C18H12S | 260 60.8, 2.225
Phenyl Dibenzothiophene C18H12S | 260 61.8, 2.145
C2-Benzonapthothiophene isomer C18H14Ss | 262 | 59.0, 2.375
C2-Benzonapthothiphene isomer C18H14Ss | 262 | 59.2,2.285
C2-Benzonapthothiophene isomer C18H14S | 262 | 59.4,2.275
C2-Benzonapthothiophene isomer C18H14Ss | 262 | 59.7, 2.265
C2-Benzonapthothiophene isomer C18H14Ss | 262 60.0, 2.245
C2-Benzonapthothiophene isomer C18H14s | 262 | 60.3, 2250
C2-Benzonapthothiophene isomer C18H14Ss | 262 | 60.5, 2.250
C2-Benzonapthothiophene isomer C18H14s | 262 | 60.7, 2.260
C2-Benzonapthothiophene isomer C18H14Ss | 262 61.0, 2.225
C2-Benzonapthothiophene isomer C18H14Ss | 262 | 61.2, 2.260
C2-Benzonapthothiopheneomer C18H14s | 262 | 61.8, 2.260
C1-Pyreno[1,2b]thiophene isomer C18H12Ss | 272 56.5, 2.310
C1-Pyreno[1,2b]thiophene isomer C18H12Ss | 272 56.8, 2.350
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 56.9, 2.340
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 | 572, 2.340
C1-Pyreno[1,2b]thiophene isomer C18H12Ss | 272 57.5, 2.320
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 | 57.7,2.345
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Compound Formula m/z | Retention time
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S2 | 240 55.1, 2.105
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S2 | 240 56.5, 2.065
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S2 | 240 57.0, 2.070
[1]benzothieno[3,b][1]benzothiophene isomer C14H8S3 | 240 57.1, 2.140
C1-Benzonapthothiopheneomer C17H12S | 248 56.5, 2.230
C1-Benzonapthothiophene isomer C17H12S | 248 56.6, 2.210
C1-Benzonapthothiophene isomer C17H12S | 248 56.9, 2.240
C1-Benzonapthothiophene isomer C17H12S | 248 57.2,2.200
C1-Benzonapthothiophene isomer C17H12S | 248 57.4,2.205
C1-Benzonapthothiophene isomer C17H12S | 248 57.8,2.195
C1-Benzonapthothiophene isomer C17H12S | 248 58.1, 2.205
C1-Benzonapthothiophene isomer C17H12S | 248 58.3, 2.190
C1-Benzonapthothiophene isomer C17H12S | 248 58.4,2.175
C1-Benzonapthothiophene isomer C1M12S | 248 58.6, 2.185
C1-Benzonapthothiophene isomer C17H12S | 248 58.8,2.170
C1-Benzonapthothiophene isomer C17H12S | 248 59.1, 2.165
C1-Benzonapthothiophene isomer C17H12S | 248 59.2, 2.155
C1-Benzonapthothiophene isomer C17H12S | 248 59.8, 2.165
Cyclic Octatomic sulphur S8 256 | 47.5, 1.940
Benzo[2,3]phenanthro[4;Bcd]thiophene C18H10S | 258 63.4, 2.245
Benzo[1,2]phenaleno[3;Bc]thiophene C18H10S | 258 64.4, 2.155
Pyreno[4,5b]thiophene C18H10S | 258 64.5, 2.140
Triphenyleno[4,5bcd]thiophene C18H10S | 258 653, 2.150
Chryseno[4,5]thiophene C18H10S | 258 65.9, 2.120
Pyreno[1,2b]thiophene C18H10S | 258 66.6, 2.120
Pyreno[2,1b]thiophene C18H10S | 258 67.0, 2.115
Benzo[4,5]phenyleno[1,9]thiophene C18H10S | 258 67.4,2.120
Benzo[4,5]phenyleno[9,1]thiophene C18H10S | 258 | 68.5, 2.105
Phenyl Dibenzothiophene C18H12S | 260| 54.3, 2.360
Phenyl Dibenzothiophene C18H12S | 260 55.3, 2.050
Phenyl Dibenzothiophene C18H12S | 260 57.9, 2.100
Phenyl Dibenzothiophene C18H12S | 260 59.3, 2.100
Phenyl Dibenzothiophene C18H12Ss | 260 60.0, 2175
Phenyl Dibenzothiophene C18H12S | 260 60.6, 2.155
Phenyl Dibenzothiophene C18H12S | 260 60.8, 2.225
Phenyl Dibenzothiophene C18H12S | 260 61.8, 2.145
C2-Benzonapthothiophene isomer C18H14Ss | 262 | 59.0, 2.375
C2-Benzonapthothiophene isomer C18H14S | 262 | 59.2,2.285
C2-Benzonapthothiophene isomer C18H14S | 262 | 59.4,2.275
C2-Benzonapthothiophene isomer C18H14Ss | 262 | 59.7, 2.265
C2-Benzonapthothiophene isomer C18H14Ss | 262 60.0, 2.245
C2-Benzonapthothiophene isomer C18H14Ss | 262 60.3, 2.250
C2-Benzonapthothiopherisomer C18H14S | 262 | 60.5, 2.250
C2-Benzonapthothiophene isomer C18H14s | 262 | 60.7, 2.260
C2-Benzonapthothiophene isomer C18H14Ss | 262 61.0, 2.225
C2-Benzonapthothiophene isomer C18H14Ss | 262 | 61.2, 2.260
C2-Benzonapthothiophene isomer C18H14s | 262 | 61.8, 2.260
C1-Pyreno[1,2b]thiophene isomer C18H12Ss | 272 56.5, 2.310
C1-Pyreno[1,2b]thiophene isomer C18H12Ss | 272 56.8, 2.350
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 56.9, 2.340
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 | 57.2,2.340
C1-Pyreno[1,2b]thiophene isomer C18H12Ss | 272 57.5, 2.320
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 | 57.7,2.345
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Compound Formula m/z | Retention time
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 | 58.2,2.325
C1-Pyreno[1,2b]thiophere isomer C18H12S | 272 | 58.6, 2.310
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 | 58.9, 2.290
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 | 59.2, 2.300
C1-Pyreno[1,2b]thiophene isomer C18H12S | 272 | 59.8, 2.345
C1-Phenyl Dibenzothiophene C19H14S | 274 | 63.1,2.230
C1-Phenyl Dibenzothiophene C19H14S | 274 | 64.0, 2.215
C1-Phenyl Dibenzothiophene C19H14S | 274 | 65.4,2.180
Benzo[2,3]fluorantheno[1,1Bcd]thiophene C20H10S | 282 | 76.2, 2.415
Perylo[1,12bcd]thiophene C20H10S | 282 | 76.9,2.470
Benzo[4,5]triphenyleno[1 ZAbcd]thiophene C20H10S | 282 | 77.3,2.525
Benzophenanthrothiophene isomer C20H12S | 284 | 76.0, 2.450
Benzophenanthrothiophene isomer C20H12S | 284 | 76.3, 2.475
Benzophenanthrothiophene isomer C20H12S | 284 | 77.0,2.530
Benzophenanthrothiophene isomer C20H12S | 284 | 77.3,2.595
Benzophenanthrothiophene isomer C20H12S | 284 | 68.7,2.200
Benzophenanthrothiophene isomer C20H12S | 284 | 72.0,2.205
Benzophenanthrothiophene isomer C20H12S | 284 | 73.0,2.170
Benzophenanthrothiophene isomer C20H12S | 284 | 73.2,2.195
Benzophenanththiophene isomer C20H12S | 284 | 73.4,2.185
Benzophenanthrothiophene isomer C20H12S | 284 | 73.5,2.250
Benzophenanthrothiophene isomer C20H12S | 284 | 73.7,2.180
Benzophenanthrothiophene isomer C20H12S | 284 | 74.4,2.215
C18H10S2 C18H10S2 | 290 | 72.3, 2.255
Naptho[21-b]benzo[1,2b:4,3-b'ldithiophene C18H10S2 | 290 | 78.9, 2.790
C18H10S2 C18H10S2 | 290 | 79.7, 2.830
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