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1 Introduction
Chapter 1
Introduction
1.1 The problem with the separation of extremely complex organic mixtures
The most widely used method for the analysis of mixtures of volatile and semi-volatile
organic compounds is Gas Chromatography (GC). GC has a number of positive attributes,
which include its high efficiency and selectivity in separation due to the availability of a
broad spectrum of stationary phases of different polarity. Low detection limits with
ionisation detectors and its high accuracy and precision are also distinguishing features of
GC [Lambertus 2006]. In recent years, decreasing analysis time has become a primary
focus in GC research [Matisova 2003]. Decreasing the column length is a simple means to
increasing analysis speed but this of course reduces the resolving power of the column. As
a result there is an increase in the probability of co-eluting components.
In order to resolve chromatographic co-elution from relatively short columns of modest
resolving power, increased detector selectivity is required. With modern coupling
techniques such as GC-MS and LC-MS this is possible. However, if a large amount of
compounds of interest are present in a matrix, a large amount of overlap in the resulting
chromatogram can be expected regardless of the column length. Although advances in
modern mass spectrometry allow the specific determination of analytes by using the
selectivity of the detector, no analytical chemist should use the detector as a waste dump
for unwanted molecules [Ballschmiter 1991a]. Hence very often the selectivity and
sensitivity provided by modern systems is not adequate enough.
As analysis at trace level demands low detection limits, simple ways of increasing the
sensitivity include injecting higher sample volumes and concentrating the sample extract
[Cavagnino 2003]. In order to reap the advantages of chromatography, a good separation
of target compounds from matrix interferences is needed. There is therefore a requirement
for a highly selective and efficient enrichment step prior to the analysis of trace organic
components.
Planar chromatography or Thin Layer Chromatography (TLC) provided a means for
chromatographers to separate complex mixtures in the past. TLC as we know it today was
established in the 1950’s partly due to the efforts of Stahl [Stahl 1969] and Kirchner
[Kirchner 1978] that devised standardised procedures to improve separation performance
and reproducibility and contributed to the development of many new applications. At
around the same time commercialisation of materials and devices commenced making the
1
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technique accessible to all laboratories. This heralded the golden age of TLC which
quickly displaced paper chromatography as the main liquid chromatographic separation
method in laboratories [Poole 1999].
One of the main advantages of using TLC is that the whole sample is always evaluated.
The simultaneous possibility of sample clean-up and separation is another advantage of the
technique. As the stationary phase is only used once, matrix components that are
immobilized at the origin do not move into the chromatogram causing problems [Poole
1999]. There are many attractive features of TLC which include the parallel sample
processing for high sample throughput; accessibility of the sample for postchromatographic evaluation, free of time constraints; the detection in the presence of the
stationary phase which is (somewhat) independent of mobile phase properties [Poole
2003].
This chromatographic method has been used in numerous examples throughout the
literature. The technique has also been used for the separation of nitric acid esters, one
group of compounds this thesis is focussed on. Thin layer chromatography has been
applied for the identification of nitrate esters of five alcohols [Barnes 1967]. Carbon
tetrachloride, chloroform, dichloromethane, ether and combinations of these mobile phases
were tried with success.
Another example utilising TLC for the analysis of nitric esters, is illustrated by Malins
[Malins 1964]. In this work a rapid method for the analysis of long-chain hydroxy
compounds is described by derivatisation to their nitrate (-ONO2). After synthesis of the
nitrates, the crude reaction products were subjected to TLC and fractioned using n-hexane
as the eluent. Mononitrates and dinitrates were separated in this way, with nitrate
derivatives of hydroxy esters, mono glycerides, di-glycerides and glyceryl ethers eluted by
use of the more polar solvent mixture of n-hexane and diethyl ether.
A further example which can be considered as a group separation problem, is given by
Dicarlo who used TLC to separate mononitrates, dinitrates and trinitrates of pentaerythritol
using various solvent mixtures [Dicarlo 1964].
Although many scientists opted for TLC as a means to separate target molecules from
complex mixtures, as illustrated by Malins [Malins 1964], one of the most important
enrichment strategies is based on the fractionation of organic extracts by normal phase
chromatography [Cullere 2003]. This approach can be traced back to the early 1900’s.
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1.2 History and examples from the literature
Chromatography itself started with adsorption chromatographic separations of the
chlorophylls and other plant constituents [Ballschmiter 1998]. The Italian-born Russian
scientist Mikhail Tswett (1872-1919) made extensive studies of plant pigments and
developed the technique of chromatography to separate them. Tswett showed that green
leaves contain more than one type of chlorophyll and by 1906 he had devised an
adsorption method for separating the pigments. Tswett separated the chlorophylls on
inulin, which is a polyfructosan. His work was reported in 1903 and then later in 1906
[Tswett 1903, 1906].
Normal phase liquid chromatography (NP-LC), where the stationary phase is more polar
than the mobile phase, was the beginning of liquid chromatography and therefore Normal
is found in its name. The stationary phase is usually an inorganic adsorbent, such as silica
or alumina (Al2O3) or a polar organic group such as 1,2-dihydroxy-propyl (diol),
cyanopropyl (cyano) or aminopropyl (amino), bonded to a silica support. As the polarity of
the mobile phase decreases, sample retention in NP-LC increases. It is found that less polar
(hydrophobic) compounds elute first, while more polar (hydrophilic) compounds elute
later.
In the analysis of flavour compounds it was first used in 1968 [Murray 1968], combined
with GC-MS. Since then there have been numerous examples in the literature where prefractionation prior to GC analysis has been used. Scheffer and Svendsen [Scheffer 1975],
showed the successful analysis of terpenes by GC following pre-fractionation by liquidsolid chromatography and Albro and Parker [Albro 1980], showed how the technique
could be used to reduce the overlap seen in the gas chromatography of chlorinated
aromatic compounds.
Before 1966 many scientists were carrying out work in classical liquid chromatography
that would strongly influence the later development of High Performance Liquid
Chromatography (HPLC) [Snyder 1997b]. However, an especially important landmark was
the early prediction by Martin and Synge in 1941, that small particles (for the stationary
phase) and high pressures would be required. Many of the problems in GC that were being
solved during the 1960’s also had application to HPLC. Notable examples were the
treatment of extra-column band broadening and the theoretical analysis by Giddings, which
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showed that small particles and high pressures would be advantageous in HPLC
confirming the early predictions of Martin and Synge [Snyder 1997b].
In the years 1968-1971 the development and commercialisation of the first general-purpose
HPLC system was seen. Since then just about every part of the HPLC system has been
improved. Although Reverse-Phase HPLC (RP-HPLC), where the stationary phase is less
polar than the mobile phase, is the method of choice in contemporary liquid
chromatography, NP-LC has been used for the separation of both neutral and ionic
compounds. It represents an established method in sample treatment and group separation
especially concerning environmental samples, for example the analyses of polyaromatic
hydrocarbons (PAHs), organochlorines and dioxins.
Examples of early work include the fractionation by HPLC for the improved resolution and
trace component enrichment prior to GC-MS identification of polyaromatic compounds
(PAC) found in smoke and coal tar. HPLC was carried out in normal phase mode with nhexane as the mobile phase [Merli 1980]. HPLC has also been used in order to obtain
fractions of organic compounds obtained from the incineration of municipal waste [Tong
1984]. A NP-HPLC system was used successfully for the clean-up and fractionation of
polychlorinated biphenyls (PCBs) [Grimvall 1994a]. In this paper a method is presented
for the selective fractionation of non-ortho substituted PCBs on two different stationary
phases.
In recent years, automation has been integrated into the pre-separation/clean-up procedure.
Serrano and co-workers used a fully automated method from the injection of mussel
extracts to the collection of fractions prior to the analysis by GC [Serrano 1997].
From the literature it is seen that LC and HPLC have been used for both sample clean-up
from the matrix as well as for fractionation prior to analysis with GC. The method can also
be used for the separation of compounds into groups or classes. There are numerous
examples of this in the literature [Snyder 1961a; Murray 1968; Albro 1980; Later 1985;
Gogou 1998; Kaminiski 2004].
One piece of work by Kaminiski and co-workers [Kaminiski 2004] serves as an excellent
example of the determination of gasoline into classes. The paper demonstrates the
applicability of NP-HPLC with diode array detection (DAD) and refractive index detection
(RID) for the determination of total content of alkenes and aromatic hydrocarbons in
gasoline and gasoline components meeting modern quality standards. The method uses a
backflush step with an aminopropyl bonded silica column and n-hexane and n-heptane
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used as eluents. Further examples of class separation by adsorption chromatography
include work by Strachan [Strachan 1986] and by Shimoda [Shimoda 1996].
NP-HPLC procedures implemented in a single step are the normal choice for the analysis
of a variety of simple and complex mixtures. Complex mixtures may however, not always
be selectively resolved by altering the composition of the mobile phase. Generally,
modifying the stationary phase, which normally entails two or more separation steps, can
more readily change selectivity. When a system consists of several columns, it can be
regarded as a multi-dimensional system if the essential mechanism, by which the
separation in each dimension takes place, is different [Leira 1996]. In addition Giddings
and Davis suggest that if two components are resolved in the first separation step, they
should remain resolved throughout the process [Davis 1983; Leira 1996].
As a result it is seen that most reported multi-column separations are in fact onedimensional, as the separation mechanisms involved are not sufficiently different.

1.3 Source of complex mixtures
Air samples as a topic of this thesis provide an excellent source for a range of different
compounds. They provide a vast network of different groups and compounds. Due to the
low concentration of organic contaminants in the air (concentrations in the parts per trillion
are usual), a pre-concentration step prior to the analysis is required. This is where
collection, pre-fractionation and concentration techniques prior to the GC analysis are
important and without question, very useful. Brown and co-workers [Brown 1979] used
tenax (a porous polymer, systematic name 2,6-diphenyl-p-phenylene oxide) to concentrate
trace organic vapour pollutants in ambient atmospheres prior to using thermal desorption
onto a gas chromatograph. They found that the breakthrough volume varied significantly
due to numerous factors including the flow rate of sampling. The literature is full of
examples for the analysis of urban, rural and marine air. One group of compounds that
have been looked at, are the volatile organic compounds (VOCs), which are the result of
traffic emissions. In recent years there has been growing concern over the impact of nonregulated pollutants produced by vehicles and in particular the role of specific VOCs
[Perry 1995] as these are emitted in significant quantities from vehicles. It has been
estimated that 35% of the total VOC emissions are due to vehicle exhaust and evaporation
losses [Perry 1995].
5
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As ozone is the major constituent of photochemical smog and is related to VOC emissions,
factors that affect the levels of ozone are of importance. The levels of reactive nitrogen
(NOx and NOy) affect ozone levels and it has been found in studies that alkyl nitrates
(RONO2) can act as temporary reservoirs for reactive nitrogen, enabling it to be
transported over long distances and to influence the chemistry in remote regions [Crutzen
1979; Singh 1981; Atherton 1989]. As a result a large amount of research has been carried
out on the sampling and analysis of these compounds. The complex processes that lead to
the formation of these compounds in the atmosphere and the requirement of highly
selective analysis, probably explain why scientists have not been involved in the analysis
of these compounds in the past. Infra-red spectroscopic methods were used as a means to
analyse this group of compounds from around the early 1960’s [Malins 1964]. The organic
nitrates include, in probable order of importance, PAN (CH3C(O)OONO2, as this forms a
large part of the odd-nitrogen budget, NOy) and higher analogues, simple alkyl nitrates
(RONO2) and complex multifunctional nitrates [Barnes 1993].
Early measurements allowed the analysis of the short chain alkyl nitrates, with a chain
length of around five carbon atoms, as increasing the chain length gives rise to an
exponential increase in the possible number of isomers. This however is not sufficient if
one wants a true reflection of the levels of alkyl nitrates in the atmosphere. The
introduction of High Resolution Gas Chromatography (HRGC) greatly improved the
resolution and in combination with a mass selective detector (MSD) enabling selective ion
monitoring (SIM) a large amount of information could be gathered. Nevertheless, due to
the large number of multifunctional organic nitrates that are possible, overlap is inevitable.
One way to prevent the problems caused by the co-elution of complex patterns of
compounds which may interfere with the detection of the alkyl nitrates, is to carry out a
sample clean-up based on liquid chromatography on silica gel after the extraction of the
adsorbent, this was demonstrated by Luxenhofer and co-workers [Luxenhofer 1996]. In
this work polar multifunctional organic nitrates were separated from the alkyl
mononitrates. Using this method, long chain C6-C17 alkyl nitrates were detected as trace
compounds in air, by HRGC-MS and by HRGC coupled with the electron capture detector
(HRGC-ECD).
Other work published by the department of Analytical and Environmental Chemistry at the
University of Ulm includes a paper published in 1998 [Schneider 1998]. Here C1-C15
alkyl nitrates, benzyl nitrate and bifunctional organic nitrates are measured and reported.
Both low volume and high volume air samples were taken using a variety of adsorbents.
6
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The technique was also successfully used in a later publication for the analysis and
occurrence of aryl alkyl nitrates in urban air [Woidich 1999].
Due to a large amount of analyte overlap and the unspecific analyte methodology
employed, it was seen that an LC group separation was needed. The first dedicated liquid
chromatographic group separation prior to the final analysis by HRGC was performed by
Kastler and co workers [Kastler 1998]. In this work a self-synthesised HPLC stationary
phase was used to separate the alkyl nitrates into three groups. Despite reducing the
overlap in the subsequent GC analysis, aryl alkyl nitrates eluted in both fractions 1 and 2
and carbonyl alkyl nitrates eluted with the alkyl dinitrates. The elution of the carbonyl
alkyl nitrates with the alkyl dinitrates created little problem, as there are differences in the
selective mass spectra of these two different compounds. The HPLC system was used with
great success to determine the levels and pattern of alkyl nitrates and multifunctional alkyl
nitrates in the air over the Atlantic Ocean [Fischer 2000]. The system was also used to prefractionate the multifunctional alkyl nitrates in European and US urban photo-smog
[Kastler 2000]. The issue regarding the overlap of the phenyl alkyl nitrates was resolved
by the introduction of a β-cyclodextrin column [Wöβner 2000] enabling the alkyl
mononitrates and the phenyl alkyl nitrates to be eluted in one fraction. The column has also
been used for the pre-separation and fractionation of air samples [Fischer 2000].
Another group of compounds that are found in the atmosphere are the persistent organic
pollutants (POPs). This group of compounds includes the polychlorinated biphenyls
(PCBs), a large number of chlorinated pesticides, the polychlorinated dioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs) and the poly brominated diphenyl ethers (PBDEs).
[Wittlinger 1987, 1990; Ballschmiter 1992b; Schreitmüller 1994b; Baker 1999; Buehler
2001; Strandberg 2001; Covaci 2003; Venier 2007].
The levels of these substances, due to their physical and chemical properties and their
potential for harmfulness to mankind, have been closely monitored in the environment. In
the literature there are a number of examples where POPs have been sampled from the
environment and analysed. Depending upon the type of sample, the sample maybe
subjected to an extraction procedure, a pre-separation or clean-up step before analysis,
which is usually carried out by GC coupled with an ECD or a MSD.
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1.4 Aims of the thesis
The main aim of this work is to use air samples collected by high volume sampling (100500 m3), as a source of complex mixtures for the group separation of multifunctional alkyl
nitrates by NP-HPLC. The group separation will utilise commercially available NP-HPLC
columns as the synthesised phases lack in robustness and stability. Later in the work, as a
side topic, the alkyl nitrites are to be briefly reviewed despite their role in atmospheric
chemistry not being fully understood.
Upon development of the method, the separation characteristics of isoprene nitrates are to
be briefly looked at, as they too have important implications for the levels of ozone in the
atmosphere. Their formation is a result of the high levels of isoprene emitted into the
atmosphere which is discussed in a little more detail in the proceeding chapters.
The developed method is then to be used to clean-up/pre fractionate a second family of
very different semi volatile organic compounds found in the air, summarised as the
persistent organic pollutants (POPs). Of the POPs present in air, the PCBs and the
pesticides are to be looked at in most detail.
The effectiveness of the group separations is to be tested using HRGC coupled with an
ECD or a MSD.
In order to fulfil these aims, a careful examination needs to be made of the air we breathe
which includes the compounds of interest, along with the chromatographic systems to be
used, namely NP-HPLC and GC. After these sections, the air sampling procedure will be
detailed (chapter 5) followed by a section describing the air samples taken in this work.
The work continues with a synthesis section which overviews the methods employed for
the preparation of the compounds of interest. These sections are a prerequisite for the
subsequent NP-HPLC method development sections.

1.5 Nomenclature
Throughout this work, the shorthand nomenclature system for the alkyl nitrates introduced
by Schneider and Ballschmiter is to be used [Schneider 1996b; Fischer 2000]. In this
system alkyl side chains are given priority over the –ONO2 group, known as the nitrooxy
group (IUPAC). A keto group is labelled with the letter ‘O’ and has a greater priority over
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a hydroxy group which is labelled with the letters ‘OH’. An example of the system, which
has a number of advantages, is shown in Figure 1.1.
CH3
1

2

3

4

5

OH

ONO2

Figure 1.1 Example of the shorthand nomenclature system used
for the alkyl organic nitrates.
The molecule in Figure 1.1, a nitrooxy pentanol, can be labelled as 2-methyl-5-hydroxy-3pentyl nitrate using the IUPAC system, or using the short hand nomenclature system as 2M5OH3C5.
For the POPs the standard nomenclature system is used. The PCB numbering system
introduced by Ballschmiter and Zell [Ballschmiter 1980a] which was later revised and
extended to other groups of compounds, [Ballschmiter 1992b, 2002; Kurz 1994, 1995;
Führer 1997], is now identical to those used by the IUPAC system and applied in this
work [Internet reference 1: Greenfacts website; Internet reference 2: Environmental
Protection Agency website (a); Internet reference 3: Environmental Protection Agency
website (b)].
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Chapter 2
The air we breathe
2.1 Air as a mobile phase for the global dispersal of pollutants
Concern for the atmosphere is hardly new…the philosopher, scientist and jurist Moses
Mainmonides (1135-1204) wrote [Kable 2005]:
“Comparing the air of cities to the air of deserts and arid lands is like comparing waters
that are befouled and turbid to waters that are fine and pure. In the city, because of the
height of its buildings, the narrowness of its streets, and all that pours forth from its
inhabitants and their superfluidities…the air becomes stagnant, turbid thick, misty and
foggy. …If there is no choice in this matter, for we have grown up in the cities and have
become accustomed to them, you should… select from the cities one of open horizons. …
Endeavour at least to dwell on the outskirts of the city.”
He then went on to state:
“If the air is altered ever so slightly, the state of the Physic Spirit will be altered
perceptibly. Therefore you may find many men in whom you can notice defects in the
actions of the phyche with the spoilage of the air, namely, that they develop dullness of
understanding, failure of intelligence and defect of memory.”
When one considers the analysis of the environment and indeed analytical chemistry in
general, a model termed the Ulmer 4-W model [Ballschmiter 1985], should be considered
if not applied:
Was kommt Wo in Welcher Menge und Warum vor?
Translated as ‘Which compound occurs Where in What amount and Why’.
As we require approximately 10,000 litres (around 12 Kilograms) of air everyday,
knowledge about factors, affecting or influencing levels of components in the air we
breathe are of primary concern. The first atmosphere, around 4.6 billion years ago,
consisted mainly of the two most abundant gases in the universe, namely hydrogen and
10

2 The air we breathe
helium. Over time the composition of the atmosphere has changed due to gases emitted
from molten rock, the eruption of volcanoes and impacts from meteorites and comets,
which brought water to the planet.
Today’s atmosphere, which is kept in place by the earth’s gravity, can be divided up into
different regions depending upon the temperature-altitude profile [Ballschmiter 1992a;
Kable 2005]. The main regions of the atmosphere are the troposphere (0 to ~10 km) with a
volume of 5.62 x 1018 m3, the stratosphere (10 to 50 km), the mesosphere and the
thermosphere (ionosphere) [Ballschmiter 1992a]. Although the troposphere is the thinnest
layer of the atmosphere (~10 km) around the planet which has a diameter of 12,800 km, it
contains around 90% of the mass of the atmosphere. It is thinnest at the poles (~7 km) and
thickest at the equator (~17 km) [Internet reference 4: Atmospheric chemistry department
of the Max Planck Institute for Chemistry in Mainz website].

Figure 2.1 The change in temperature and pressure of the atmosphere with altitude
[Chameides 1982].
From Figure 2.1 it is seen that within the troposphere on a large (general) scale, a decrease
in temperature is seen with increasing altitude. There are two main reasons explaining this
trend; the surface of the earth is able to absorb sunlight and therefore heats up resulting in a
decrease in temperature with altitude; secondly the temperature of the atmosphere is
governed by the chemicals it contains. These chemicals are able to absorb sunlight thereby
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heating up the surrounding air. Ozone molecules in the stratosphere for example can
absorb ultra-violet rays from the sun resulting in the warmer air of the stratosphere in
comparison to the troposphere. On a smaller scale, temperature changes within the
atmosphere occur as a result of local changes in conditions. For example, land cools down
and heats up faster than the sea [Internet reference 4: Atmospheric chemistry department of
the Max Planck Institute for Chemistry in Mainz website].
The general trend of decreasing temperature with increasing altitude changes upon arrival
in the tropopause. The tropopause represents a temperature minimum within the
atmosphere, which is often referred to as a cold trap. Warm air is lighter than cold air due
to the relative amount of water present; the tropopause therefore acts as an invisible
temperature barrier separating the continually rising warmer air of the stratosphere from
the air of the troposphere. It is therefore difficult for water resulting in cloud formation and
chemical compounds to cross the tropopause which results in the majority of the chemistry
of the atmosphere and the weather patterns taking place in the troposphere.
The troposphere can be divided into two sub-layers; the Planetary Boundary Layer (or
simply boundary layer) and the Free Troposphere. The planetary boundary layer (PBL) is
that closest to the earth’s surface. Its height can vary from a few hundred meters to around
2 km in height. This layer is influenced by processes such as heat, evaporation and air
pollution. Upon the rising of air from ground level, mixing of gases occurs which is the
most important process in this layer. The air within the PBL is turbulent as a result of many
exchange processes such as moisture, heat and pressure gradients.
Above the planetary boundary layer is the Free Troposphere resulting from a strong
temperature inversion due to the heat dissipation of the earth’s surface after the absorption
of heat from the sun; hence the air at the earth’s surface is warmer than in the free
troposphere. As the troposphere includes the planetary boundary layer, it is conventional to
use the term Free Troposphere when referring specifically to this part of the troposphere
that is not in the PBL. In contrast to the PBL, the free troposphere is modestly static in
stability. Exchange processes between the PBL and the free troposphere can occur thereby
mixing the PBL with the free troposphere. One such turbulent process is entrainment,
which incorporates the free troposphere air into the PBL. However the transportation of
moisture and heat from the PBL to the free troposphere must also be considered. For
example cumulus clouds typically grow upward from the PBL into the free troposphere,
thereby carrying air from the PBL into the free troposphere.
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Weather can be defined as the instantaneous state of the atmosphere, or the sequence of
states of the atmosphere as time passes [Internet reference 4: Atmospheric chemistry
department of the Max Planck Institute for Chemistry in Mainz website]. Weather
conditions are controlled by events that take place in the troposphere as all water vapour,
clouds and precipitation in the earth’s atmosphere are found in the troposphere. Indeed, the
word troposphere comes from the Greek word tropein, meaning to turn or change. Hence,
the removal of pollutants by precipitation is important here. Along with weather
conditions, the troposphere is also concerned with air pollution. Air pollution is not a new
concept. The industrial revolution was a turning point as smog (smoke and fog) was
created in crowded cities such as London.
The term air pollution is taken to mean the study of air pollutants, including their sources
and effects on human activity, as well as their transport and fate in the environment
[Internet reference 7: Atmospheric pollution; background, present and future work
website]. The two best-known phenomena are global warming and ozone depletion.
An air pollutant is the presence of a chemical (e.g. a gas, liquid or particulate), which at
high enough concentrations may be harmful to life. There are two main sources of air
pollution – anthropogenic sources (man-made sources) and natural sources. Anthropogenic
sources are usually related to the burning of different kinds of fuel, typically coming from
combustion-fired power plants, motor vehicles, which generate air pollution emissions,
marine vessels and the burning of fossil fuels. Other anthropogenic sources include the use
of chemicals in farming and fumes emitted from paints, varnishes, aerosol sprays and other
solvents. Natural sources of pollution include dust, smoke from natural fires ignited by
lightening, volcanic activity and methane emitted upon the degradation of organic material
as well as by the digestion of food by animals.
Air pollutants can be further classified into two main categories, primary air pollutants and
secondary air pollutants. Primary air pollutants enter the atmosphere directly from various
sources. There are five main ones: carbon monoxide, hydrocarbons, particulate matter,
sulphur dioxide and nitrogen oxides [Internet reference 7: Atmospheric pollution;
background, present and future work website]. Secondary air pollutants are the result of
the reaction of primary pollutants with other atmospheric constituents such as oxygen,
ozone, water vapour or by light. The term xenobiotic, from the Greek words xenos and
bios, is often used to refer to a man-made chemical [Ballschmiter 1992a].
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The levels and patterns of air pollution are not static. Upon emission or creation of
pollutants in the local or regional atmosphere, transportation is observed and indeed
dilution by for example exhaust fumes [Ballschmiter 1992a]. There are a number of factors
that help the spread of pollutants in the atmosphere. Global and regional weather patterns
along with local conditions affect the way pollutants are transported and dispersed. An
example is the prevailing direction of weather patterns in the United States, which are from
west to east and are responsible for the transport of pollutants that contribute to acid rain.
[Internet reference 11: Environmental Protection Agency website].
Table 2.1 The differing scales for the transport and distribution of environmental
pollutants [Ballschmiter 1981a, 1992a].
Description

Distance [km]

Description

Distance [km]

Point

0 to 0.05

National

200 to 1000

Local

0.05 to 10

Continental

1000 to 5000

Regional

10 to 200

Global

5000 to 40,000

The wind and atmospheric stability are the primary factors that affect the transport and
dispersion of pollutants in the air we breathe. Wind is the natural horizontal motion of the
atmosphere and is caused by the differences in pressure in the atmosphere. Air moves from
areas of high pressure to areas of low pressure, which results in wind; the greater the
differences in pressure the greater the force. The distance between the area of high pressure
and the area of low pressure also determines how fast moving air is accelerated. The force
that starts the wind flowing is referred to as the Pressure Gradient Force [Internet
reference 4: Atmospheric chemistry department of the Max Planck Institute for Chemistry
in Mainz website]. The pressure can be defined as the weight of air at a given point. The
uprising or descending of air and the height and temperature of a column of air determines
the atmospheric weight. A low pressure mass of air consists of warm uprising (cyclonic)
air whereas high pressure consists of a descending (anti-cyclonic) mass of air. Since air
cools rapidly as it rises, low pressure is associated with the formation of clouds and rain.
On the other hand, high pressure is associated with sunny, good weather as the air mass
warms as it descends, the atmospheric pressure increases and the relative humidity of the
air mass decreases. This causes water droplets in the air to evaporate leading to dry
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weather [Ballschmiter 1992a]. There are many different types of wind including global
winds (geostrophic winds) and local winds, which include sea breezes and mountain
winds.
B
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Descending cool
air

Rising warm air

SEA BREEZE
Land

Rising warm air

Descending cool
air

LAND BREEZE
Land

Ocean

Ocean

Figure 2.2 The development of a sea breeze (A, Day) and a land breeze (B, Night). A sea
breeze develops on a sunny day as the land heats up and becomes much warmer than the
sea. Upon warming, the air above the land expands and begins to rise. Cooler air from the
sea surface replaces the rising warm air. At night the water cools down much slower than
the land and hence the air circulation is reversed [Adapatation from Internet reference 4:
Atmospheric chemistry department of the Max Planck Institute for Chemistry in Mainz
website].
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Figure 2.3 The development of a valley breeze (C, Day) and a mountain breeze (D, Night).
During the day the air close to the mountain sides becomes warmer than the surrounding
air. This warm air rises up the mountain sides and is replaced from air within the valley
leading to a valley breeze. This process may result in the formation of clouds and rain
within the mountains in summer during the late afternoon. During night-time the sides of
the mountain cool down and this cool air is pulled down by gravity. [Adapatation from
Internet reference 4: Atmospheric chemistry department of the Max Planck Institute for
Chemistry in Mainz website].
15

2 The air we breathe
Energy from the sun heats the earth’s surface unevenly; the equatorial and tropical regions
receive more solar energy than the midlatitude and polar regions. The tropics receive more
heat radiation than they emit and the polar regions emit more radiation than they receive. If
heat was not transferred from the tropics to the polar regions, the tropics would become
hotter and hotter and the polar regions would become colder and colder [Internet reference
4: Atmospheric chemistry department of the Max Planck Institute for Chemistry in Mainz
website]. This latitudinal imbalance of heat drives the global circulation of the atmosphere
and oceans. Around 60% of the heat energy is redistributed around the planet by the
atmospheric circulation and around 40% by the ocean currents [Internet reference 4:
Atmospheric chemistry department of the Max Planck Institute for Chemistry in Mainz
website].
Global winds rise from the equator and move north and south in the higher layers of the
atmosphere. In order to transfer the heat from the equator to the poles, the global
atmospheric circulation can be described using three circulation cells. These can be seen
spreading from the equator in northerly and southerly directions from the equator (Figure
2.4). The three cells can be referred to as the Tropical Cell (Hadley Cell), Midlatitude cell
(Ferrel Cell) and the Polar Cell.
The Hadley cell is the result of heating of low latitude air as it moves towards the equator.
As the air heats it rises vertically and moves pole-wards in the upper atmosphere. This
forms a convection cell which dominates the tropical and subtropical climates. The Ferrel
cell is a mean mid-latitude atmospheric circulation cell in which air flows pole-wards in an
easterly direction at the surface and towards the equator in a westerly direction at higher
altitudes. In the Polar cell, air rises, spreads out and travels towards the poles. Once over
the poles, the air sinks thereby warming up and creating the polar highs. At the surface the
air spreads out from the polar highs resulting in surface winds which are easterly and hence
the name polar easterlies (see Figure 2.4). [Internet reference 4: Atmospheric chemistry
department of the Max Planck Institute for Chemistry in Mainz website].
Around 30o latitude in both hemispheres an effect due to the rotation of the earth, known as
the Coriolis effect named after the French mathematician Gaspard Gustave de Coriolis
who first studied it in 1835 [Asimov 1987], causes air to move to the right in the northern
hemisphere and to the left in the southern hemisphere, as one moves away from the equator.
The coriolis effect results in the flow around the three cells being deflected. This gives rise
to three main wind belts at the surface in each hemisphere; the Easterly Trade Winds in the
tropics, the Prevailing Westerlies, and the Polar Easterlies; these can be seen in Figure 2.4
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[Internet reference 4: Atmospheric chemistry department of the Max Planck Institute for
Chemistry in Mainz website].
The Equitorial Doldrums are the region near the equator, where the trade winds from each
hemisphere meet. In this region the Intertropical Convergence Zone (ITCZ), can also be
found. The zone is characterised by hot humid weather with light winds. The world’s
major rainforests are found in this zone.
The Horse Latitudes are the region between the trade winds and the prevailing westerlies.
The region is characterised by light, calm winds and is given its name because the crew of
ships would often throw their horses over board in this region due to the lack of food and
water [Internet reference 4: Atmospheric chemistry department of the Max Planck Institute
for Chemistry in Mainz website].
Surface winds are very much influenced by the ground surface at altitudes up to 100
metres. The wind will be slowed down by the earth’s rough surface and by obstacles. The
wind direction near the earth’s surface is slightly different from the direction of the
geostrophic wind (found at altitudes above 1000 metres above ground level) because of the
earth’s rotation.

Figure 2.4 Scheme for the general circulation of the atmosphere [Seinfeld 1998].
Wind speed affects the pollution concentration in a local area. The higher the wind speed
the lower the pollutant concentration. Wind dilutes pollutants and disperses them
throughout the immediate area [Internet reference 11: Environmental Protection Agency
website]. An average wind speed of 20 km/hour (which is generally assumed), is able to
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transport air from the east coast of the USA to central Europe in only ten days
[Ballschmiter 1992a].
The atmospheric stability refers to the vertical motion of the atmosphere. Unstable
atmospheric conditions result in vertical mixing. The air near the surface of the earth is
usually warmer in the day, because it absorbs the sun’s energy. The warmer lighter air at
the surface rises and mixes with the cooler heavier air in the upper atmosphere. This
constant movement is known as convection and results in dispersal of locally polluted air.
Stable atmospheric conditions usually occur when warm air is above cool air. This
condition is well known and is called a temperature inversion. A temperature inversion is a
thin layer of atmosphere where the decrease in temperature with height is much less than
normal, or in extreme cases, where the temperature increases with height. During this
stable atmospheric condition, air pollution released into the lower atmosphere is trapped
and can only be removed by strong horizontal winds. High-pressure systems are often
combined with temperature inversion conditions and low wind speeds. This may result in
local episodes of severe smog at the ground level.
Table 2.2 The different removal processes from the atmosphere [Ballschmiter 1992a].
Method
1)

Description
Adsorption on large or very large aerosol particles (2-20 µm) which are then
deposited.

2)

Rain-out following adsorption on smaller aerosol particles, which then act
as condensation nuclei for cloud droplets and eventually for raindrops
(hydrometeorites).

3)

Adsorption on particles which then collide with cloud droplets or raindrops
and are captured.

4)

Wash-out of molecules in the gas phase by raindrops, as in a gas scrubbing
process.
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5)

By diffusion through the atmosphere/ocean interface.

6)

By movement into the stratosphere.
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The troposphere has to be considered in general as an oxidative medium with the tendency
for species to be converted to a more oxidised state [Seinfeld 1998; Smith Handout b].
Many chemical compounds are released into the atmosphere; however removal processes
prevent their accumulation in the air. Species can be removed by dry deposition of gases or
particles or they can be incorporated into the rain and removed by wet deposition. For gas
phase organic chemicals, removal is easiest if they are first oxidised to a less volatile
water-soluble form. For many gases and for particles as well, deposition to surfaces
competes with chemical reaction for the depletion of those species. The most effective
process in a given case is dependent upon the molecular properties (for example vapour
pressure, polarity and water solubility) and the conditions in the troposphere such as
temperature, the particulate surface area and the amount of precipitation [Ballschmiter
1992a].
Dry deposition refers to the flux into surfaces in the absence of precipitation (but the
surface can be wet). Wet deposition applies to deposition into fogs, clouds, rain or snow
where the gas is incorporated in the bulk solution.
Table 2.3 The basic physicochemical properties used to predict or forecast the regional and
global mass transport processes that a compound undergoes in the atmosphere and
hydrosphere [Ballschmiter 1992a].
Physicochemical property

Abbreviation

Water solubility

SH O

Vapour pressure

p0

Gas-water partition coefficient

K

Henry’s law constant

H

Octanol-water partition coefficient

K

Sorption coefficient on soil/sediment

K

Gas-octanol partition coefficient

K

2

GW

OW

OC

GO

The environment can be divided up into the major compartments air, water, soil/sediment,
biota, plants and particles. Pollutants are distributed in this multiphase system and may
well have a preference for a particular compartment. Knowledge regarding the
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physicochemical properties of a compound (as shown in Table 2.3), allows one to forecast
partitioning into the environment [Fischer 1998].
Water solubility, vapour pressure and the gas-water partition coefficient (related to the
Henry’s law constant) determine whether a molecule in the environment has the preference
for the atmosphere or the aquatic compartment (cloud water, rain, fog, snow, frost, surface
water, atmosphere-ocean boundary) of the environment [Fischer 1998].
The vapour pressure governs the adsorption of pollutants to airborne particles as well as
their volatilization from soils. The vapour pressure also describes the transition between
the liquid and the gas phase and is the main molecular property regulating the gas phaseparticle ratio as calculated by the Junge-Pankow equation [Junge 1977; Pankow 1987].
The Henry’s law constant (H) enables the estimation of the vapour exchange rates across
an air-water exchange interface and the importance of precipitation in the removal of
vapours from the atmosphere into the aquatic compartment [Fischer 1998]. The Henry’s
law constant can be calculated at standard temperature by division of the vapour pressure
(Po) with the water solubility (SH O) as shown in equation 2.1. The lower the value of the
2

coefficient the more likely a compound will dissolve into water.

H=

P0
S H 2O

(2.1)

Henry’s law constant is also related to the gas-water partition coefficient (K ) by equation
GW

2.2:

K GW =

H
RT

(2.2)

where R is the gas constant and T is the absolute temperature in Kelvins.
The octanol-water partition coefficient (K ) describes the concentration distribution (C) of
OW

a compound (X) between the water and the lipophilic phase. As an important aspect of the
fate of chemicals in the environment is their tendency to bioaccumulate in biota such as
fish; the octanol-water partition coefficient can give an insight into this [Isnard 1988]:
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K OW =

C n−o ctanol ( X )
C H 2O ( X )

(2.3)

The sorption coefficient on soil/sediment (K ) for a compound X describes the geoOC

accumulation of a compound in soil/sediment and is related to the octanol-water partition
coefficient [Fischer 1998]. C refers to the concentration in each phase.

K OC =

Corganic material ( X )
CH 2 O ( X )

(2.4)

The gas-octanol partition coefficient (K ) describes the sorption of compounds between
GO

the atmosphere and the surface of plant material [Buckley 1982; Morosini 1993].
All of the above mentioned physicochemical properties can be experimentally determined
within the laboratory by means of HPLC and GC, thereby giving an insight into the
distribution of a pollutant within the multiphase environmental system [Morosini 1993;
Fischer 1998].
For the major compartments (air, water, soil/sediment and biota) compound preference can
be assigned on the basis of their Henry’s law constants (H), water solubility (SH O), sorption
2

coefficient on soil/sediment (K ) and octanol-water partition coefficient (K ); this can be
OC

OW

seen in Table 2.4 below [Ballschmiter 1992a]:
Table 2.4 Correlation between the magnitude of the physicochemical constants (H, SH O,
2

K and K ) in each of the four environmental compartments (air, water, soil/sediment and
OC

OW

biota) [Ballschmiter 1992a].
Level of preference

Air

Water

Soil

Biota

H [Pa m3 mol-1]

SH O [mol m-3]

K

K

Low

<10-3

10-3

<1

103

Moderate

10-3-1

10-3-1

1-103

103-105

High

>1

>1

>103

>105

2

OC

OW
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Oxidation in chemical terms does not necessarily have to mean a reaction with an oxygencontaining compound; it is rather the loss of electrons. In the air however, oxidation
usually involves the reaction of a chemical species.
The four most important oxidising species in the air are [Internet reference 4: Atmospheric
chemistry department of the Max Planck Institute for Chemistry in Mainz website]:
1) The hydroxyl radical (OH.)
2) The hydroperoxy radical (O2H.)
3) The nitrate radical (NO3.)
4) The ozone molecule (O3)
Of these four the single most important oxidising species in the atmosphere is the hydroxyl
radical. It is extremely reactive, able to oxidise most of chemicals in the troposphere and is
therefore known as the ‘detergent of the atmosphere’ [Internet reference 4: Atmospheric
chemistry department of the Max Planck Institute for Chemistry in Mainz website].
From the above short overview, it is seen that the atmosphere plays an important role in the
transport of pollutants. In the literature there are numerous examples of this for the
transport of POPs and alkyl nitrates [Wittlinger 1987; Ballschmiter 1992a; Schreitmüller
1994a; Fischer 2000, 2002; Shen 2005].
In the following sections it will be seen how the troposphere in particular, can be regarded
as a large photochemical reactor, which transforms large quantities of trace gases and
aerosols [Wahner 2007].

2.2 Esters of nitric acid as complex mixtures found in the atmosphere
The chemistry of the atmosphere is vast and very complex. Human activities have altered
the chemical composition of the earth’s atmosphere.
Localised problems in urban or industrial areas can be complex, not only due to the
introduction of a large number of pollutants, but also from atmospheric reactions
producing new species. A good example of this is the complex series of reactions that
occur each day in large cities throughout the world. Under specific meteorological
conditions (thermal inversion), pollutants build up in the atmosphere without dispersal.
Gases given off by vehicles (CO, NO, NO2 and un-burnt hydrocarbons) interact to produce
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a range of oxidants, including ozone. These reactions produce a haze over the city, which
is known as photochemical smog [Reeve 1994]. The major component of smog has been
found to be ozone (O3).
Nitrogen Oxides are emitted as nitric oxide (NO) from a variety of sources. 70 to 90% of
NO and NO2 (known as NOx) which forms part of the total reactive nitrogen (NOx + NOy),
are emitted from anthropogenic sources, mainly fossil fuel combustion and biomass
burning [Singh 1987; Roberts 1990]. The total reactive nitrogen (NOx + NOy) is the sum of
NO, NO2, HNO3, HO2NO2, the PAN’s (peroxyacetyl nitrates), HNO2, 2N2O5, NO3 and the
gaseous nitrates such as the organic nitrates. Organic nitrates form part of the odd nitrogen
budget (NOy).
Most emissions of reactive nitrogen are in the form of nitric oxide (NO), which is
converted to nitrogen dioxide in a matter of minutes by reaction with ozone. This in turn
absorbs ultra violet light and is broken down eventually forming ozone (see the reaction
schemes below [Singh 1987]. The reactions form the basis for ozone formation in the
troposphere. Although no net ozone is produced by these reactions, they are called the null
reaction sequence.
NO + O3

→

NO2 + O2

(2.5)

NO2 + hυ

→

NO + O (3P)

(2.6)

O (3P) + O2 + M

→

O3 + M

(2.7)

Null Sequence
Reactions affecting the balance of the null sequence, for example the conversion of NO to
NO2 by the hydroperoxy radical (HO2) or peroxyalkyl radicals (RO2.) will lead to increases
in ozone and deviation from the null sequence.
Ozone in the stratosphere is produced by the following series of reactions:

O2 + hυ (λ <242nm) →

.

.

.

O +O

(2.8)
(2.9)

2[O + O2 (+M)

→

O3 + M + heat]

3O2 + hν

→

2O3

Net:
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(M) = some other particle that can absorb some of the energy released in the second step
e.g. Nitrogen.

The ozone produced in step 2 can also interact with high-energy UV light in the following
step (recycling ozone back into O2):

O3 + hυ

.

.

→

O2 + O + heat

(2.10)
(2.11)

O3

+

O

→

2 O2

Net:

2O3 + hν

→

3O2

The catalytic destruction of ozone by chloro-fluoro carbons (CFC’s) is a well-understood
series of reactions initially proposed in 1974 by Molina and Rowland [Molina 1974].
Besides being compounds of atmospheric chemistry, the alkyl nitrates are used as
propellants, explosives and as pharmaceuticals. Work describing the analysis of these
compounds as explosives has been previously reported [Lafleur 1980; Xu 2004]. It is
however, not the technical and pharmaceutical uses that lead to general environmental
contamination.
The source of alkyl nitrates in the troposphere is the conversion of hydrocarbons [Seinfeld
1998; Fischer 2000]. The series of reactions below show the complex pathway for their
formation [Fischer 2000, 2002]. The initial step is the formation of alkyl radicals (R.) as a
result of OH/O2 attack (by daytime) and NO3/O2 (by night) on an aliphatic carbonhydrogen or an olefinic C=C bond. The hydroxyl radical (OH.) is formed in the following
manner [Lelieveld 2004]:

.

O (1D) + O2 (+ M)

.

O (1D) + M

.

O (3P) + O2 + M
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.

O2 + O (1D) + heat

(2.12)

→

O3 + M + heat

(2.13)

→

O (3P) + M

(2.14)

→

O3 + M

(2.15)

O3 + hν (λ <340 nm) →

.
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.

.

O (1D) + H2O

→

2OH

O3 + HO2

→

2O2 + OH

NO + HO2

→

NO2 + OH

(2.16)

.
.

(2.17)
(2.18)

More than 97% of the oxygen radicals (O.) which are formed by the photolysis of ozone
react again to re-form ozone (2.13). Less than 3% start the formation of the hydroxyl
radical (2.16 - 2.18), which has a lifetime of less than a second [Internet reference 4:
Atmospheric chemistry department of the Max Planck Institute for Chemistry in Mainz
website]. The actual amount formed depends upon the solar activity and the humidity
(2.16), hence tropospheric OH concentrations are highest in the tropics where there is
direct sunlight (small zenith angle), the stratospheric ozone layer is thinnest and the air
humidity is highest [Lelieveld 2004]. The concentration of the OH radical can be measured
quite accurately [Heard 2003] and is of the order 1 x 106 molecules/cm3 [Lawrence 2001;
Vrekoussis 2004].
At night-time the concentration of the OH radical is very low [Vrekoussis 2004]. The
.

nitrate radical (NO3 ) dictates the chemistry at night, with observed concentrations in the
order of 1.1 x 108 molecules/cm3 [Vrekoussis 2004]. The nitrate radical is formed from the
simple oxidation reaction of nitrogen dioxide with ozone:
NO2 + O3

→

NO3 + O2

(2.19)

During the daytime, NO3 has a very short lifetime of about 5 seconds, due to its strong
absorption in the visible region of the solar spectrum (maximum absorption at 662 nm) and
its rapid photodissociation, mainly to NO2 and to a lesser extent to NO [Vrekoussis 2004]:

.

NO3 + hν

→

NO2 + O (3P)

(2.20)

NO3 + hν

→

NO + O2

(2.21)
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The OH and NO3 radicals form the initial steps to the production of alkyl nitrates in the
atmosphere. In the troposphere, the alkanes present in the gas phase react mainly with the
OH radical to form an alkyl radical [Fischer 2000; Arey 2001], which is shown in the
initial reaction below (2.22):

.

.

→

R + H2O

→

R + HNO3

R’RHC-O + ∆

→

R + R’HC=O

R’(C=O)R + hν

→

R + R’C=O

RH + OH

RH + NO3

.

.

.
.

. .

(2.22)
(2.23)
(2.24)
(2.25)

Reactions 2.22 and 2.23 also illustrate the formation of an alkyl radical. From the alkyl
radicals, peroxy alkyl radicals are formed by reaction of the alkyl radical with oxygen in
the reaction shown in equation 2.26:

.

R + O2 (+ M)

→

.

RO2 (+ M)

(2.26)

Stable products are formed from the reaction of the peroxy alkyl radical with nitrogen
monoxide, leading to nitrogen dioxide and alkoxy radicals, which finally stabilise as
carbonyl compounds and alkyl nitrates.

.

RO2 + NO

.

RO2 + NO (+ M)

.

RO + O2

.

→

RO + NO2

(2.27)

→

(RO2NO + M) → RONO2

(2.28)

→

R1R2CO + HO2

(2.29)

The reaction scheme may repeat itself with alkyl nitrates, leading finally to carbonyl alky
nitrates or to non-vicinal alkyl dinitrates, which have already been discovered in ambient
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air [Kastler 1999b]. The reaction of alkenes with either .OH during the daytime or with
NO3. during the night-time in the presence of NOx, is likely to lead to the formation of
multifunctional organic nitrates like hydroxy alkyl nitrates or vicinal alkyl dinitrates. A
wide range of homologues and isomeric alkyl nitrates are expected in the atmosphere as
the yield of alky nitrates increases with increasing alkyl chain length [Fischer 2000, 2002].
NOx is the key in the organo-nitrogen chemistry of the urban troposphere. Alkyl nitrates
(part of the NOy pool) are of potential interest as they influence the levels of NOx and these
compounds, as shown by the equations above, affect the levels of ozone. Alkyl nitrates
may therefore behave as reservoirs for reactive nitrogen and promote tropospheric ozone
production by undergoing long-range transport in the free-troposphere before decomposing
to release NOx in regions remote from their formation. The equation below shows the
photolytic degradation of these compounds, which is the dominant loss process for ≤C5
nitrates [Clemitshaw 1997]. For alkyl nitrates with more than five C-atoms and for
multifunctional alkyl nitrates, degradation occurs with the OH radical [Talukdar 1997]:
RONO2 + hν

.

RONO2 + OH

→

RO + NO2 (λ = 220-340nm)

(2.30)

→

multifunctional nitrates, polar products

(2.31)

The resulting NOx can then build to form ozone as shown in the above equations.
Since the proposal of the existence of alkyl nitrates [Fahey 1986; Singh 1987] after work
showing that the sum of the individual species forming the reactive odd nitrogen budget
does not equal the direct measurement of total reactive odd nitrogen, a large amount of
work has been carried out on the alkyl nitrates. The first evidence for the existence of alkyl
nitrates was published in 1988 [Atlas 1988]. Measurements of alkyl nitrates were made in
the North Pacific atmosphere, proving the first direct measurements of ≥C3 alkyl nitrates
in the troposphere.
The atmospheric lifetimes of the C2-C5 alkyl nitrates and multi-functional organic nitrates
are of the order several days to weeks, which confirms that these components may act as
temporary reservoirs [Singh 1987; Atlas 1988; Clemitshaw 1997; Treves 2003].
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A large amount of information describing the sampling and analysis of alkyl nitrates can be
found in the literature. Ballschmiter and co-workers [Luxenhofer 1994; Schneider 1998;
Woidich 1999; Fischer 2000, 2002; Kastler 2000] have looked at levels and patterns of
alkyl nitrates and multifunctional nitrates. Sampling was carried out using Tenax TA and
with silica gel. Both low volume and high volume air samples have been taken.

2.3 Alkyl nitrites as complex mixtures
As the alkyl nitrates, the alkyl nitrites may well be possible intermediates in the reaction
scheme of photochemical smog. However, in contrast to the alkyl nitrates, there has not
been much published work on the atmospheric chemistry of alkyl nitrates. A possible
reaction pathway to their formation is outlined below [Kastler Unpublished work]:

.

RH + OH

.

R + O2

.

RO2 + NO

.

R + NO2

.

RO + NO

.

→

R + H2O

→

RO2

→

RO + NO2

(2.34)

→

RONO

(2.35)

→

RONO

(2.36)

.

.

(2.32)
(2.33)

An important step in the radical chain mechanism, which is associated with the formation
of photochemical air pollution, is shown in the reactions above [Atkinson 1982, 1983].
Reactions 2.35 and 2.36 show the formation of alkyl nitrites, which can then lead to the
formation of alkyl nitrates. Along with the formation reactions for alkyl nitrites and
reaction 2.33, two other concurrent reaction reactions may proceed and are listed below
[Atkinson 1982, 1983]:

.

RO + O2

28

→

Aldehyde/Ketone

(2.37)
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.

RO + NO2 + M

→

RONO2 + M

(2.38)

Ballschmiter and co-workers have already shown the presence of alkyl nitrites in the
atmosphere [Kastler Unpublished work] and they may well also need to be considered as a
possible reservoir for reactive nitrogen in the troposphere.

2.4 Organic nitrates of isoprene in air
When considering the group of alkyl nitrates, one has specifically to consider the organic
nitrates of isoprene. Isoprene (2-methyl-1,3-butadiene) is a terpene building block which is
mainly emitted by trees (namely oak trees) but also by other plants such as algae [Werner
1999]. It is by far the single most emitted biological compound with an estimated annual
emission of 450 Tg (where 1 Tg = 1 x 106 tons) [Rasmussen 1998].
It is well known that isoprene chemistry can play an important role in the production of
ozone in the boundary layer [Chameides 1988, 1992; Biesenthal 1997; Grossenbacher
2004]. The following reactions show the overall features of isoprene oxidation by OH in
the presence of NOx [Grossenbacher 2004]:

.

C5H8 + OH (+O2)

.

HOC5H8OO + NO

.

HOC5H8OO + NO

.

HOC5H8O + O2

.

→

HOC5H8OO

→

HOC5H8O + NO2

(2.40)

→

HOC5H8ONO2

(2.41)

→

carbonyl compounds + HO2

(2.42)

.

(2.39)

In the presence of NOx, OH-initiated oxidation can lead to the production of organic
nitrates i.e. isoprene nitrates [Werner 1999; Grossenbacher 2004] as shown in equation
2.41 above.
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The production of isoprene nitrates removes radicals and NOx, and thus decreases the
radical chain length in the process of ozone production [Carter 1996; Grossenbacher
2004].
Isoprene nitrates are reactive olefinic compounds that can undergo further rapid oxidation
[Shepson 1996]. The reactions of isoprene nitrate in the atmosphere are detailed by Stolper
[Stolper 2005].

2.5 Persistent organic pollutants as complex mixtures found in the atmosphere
Persistent organic pollutants (POPs) are defined as organic substances that possess toxic
characteristics in a broad sense, are persistent (lasting for years or even decades in the
environment before degrading to less toxic forms), bio accumulate, are prone to long-range
trans-boundary atmospheric transport and deposition, and are likely to cause significant
adverse human health or environmental effects near to, and distant from their sources
[Ballschmiter, 2002; Internet reference 10: United Nations Environment Programme
(UEP) Chemicals website].
A substance is considered to be persistent if it has a half-life greater than two months in
water and greater than six months in soil and sediment or if evidence is present to suggest
that the substance is sufficiently persistent to be of any concern [Ballschmiter 2002;
Internet reference 10: United Nations Environment Programme (UEP) Chemicals
website].
The POP protocol under the Convention on Long-Range Trans-boundary Air Pollution
(LRTAP, 1998) states that the predominant sources of air pollution contributing to the
accumulation of POPs are; 1) the use of certain pesticides, 2) the manufacture and use of
certain chemicals and 3) the unintentional formation of certain substances in waste
incineration, combustion, metal production and mobile sources [Ballschmiter 2002]. When
a compound has a vapour pressure below 1000 Pa and an atmospheric half-life greater than
two days it is considered to be capable of long-range trans-boundary atmospheric transport
[Ballschmiter 2002].
It has been known for some time that certain artificial substances such as
dichlorodiphenyltrichloroethane (DDT), persist for long periods of time in the
environment, for example in the soil, sediment, plants and in animals. Moreover, DDT and
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similar stable chlorinated compounds can be transported via air, rivers and ocean currents
[Bouwman 2004]. As these compounds are prone to long-range transport they have been
detected in fish, snow and penguins [Bouwman 2004].
The Stockholm Convention (May 2001 and enforced in 2004) is a global treaty to protect
human health and the environment from persistent organic pollutants (POPs). In
implementing the convention, governments take measures to eliminate or reduce the
release of POPs into the environment [Internet reference 9: Stockholm Convention on
Persistent Organic Pollutants (POPs) website]. The convention covers the following
compound classes namely aldrin, chlordane, DDT, dieldrin, endrin, heptachlor, mirex and
toxaphene, which are pesticides, hexachlorobenzene (HCB; a chemical product for
technical use, also used as a fungicide) and polychlorinated biphenyls (PCBs),
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs).
These are all single compounds, apart from the PCBs, the PCDDs and the PCDFs, which
are simple or very complex mixtures of isomers and congeners.

Gas-Particle Partition
air-soil or airvegetation exchange

Gas
Dry
Deposition
Photodegradation
Air-water exchange

Hydraulic
transport
Dissolved
Phase

Wet
Deposition

Bioaccumulation

Sedimentation

Figure 2.5 The main environmental processes during long-range atmospheric transport

(LRAT) of POPs [Fernandez 2003].
The PCBs themselves are a group of 209 congeners which have been manufactured. They
can be regarded as chlorinated oils, which have a low degree of reactivity. They are
inflammable, have a high electrical resistance and good insulating properties. As result
they were used as widely as dielectric fluids, and as insulators for transformers and
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capacitors. Their use expanded to hydraulic fluids, casting waxes, carbonless carbon paper,
compressors, heat transfer systems, pigments and adhesives plus a wide range of other
applications.
The toxicity of a PCB is dependent not only upon the number of chlorines present but the
positions of the chlorines. For instance congeners with chlorines in both para positions (4
and 4’) and at least two chlorines at the meta positions (3, 5 and 3’, 5’) are considered to be
dioxin like and are particularly toxic, namely PCBs 77, 81, 126 and 169 [Safe 1993,
Ahlborg 1994]. When there is just one or no substitution in the ortho position, the atoms of
the congener are able to line up in a single plane (sometimes referred to as co-planar). The
co-planar or flat configuration is particularly toxic. The numbering of the 209 PCBs was
first established by Ballschmiter and co-workers and is now used throughout the science
community [Ballschmiter 1980a, 2002; Kurz 1994, 1995; Führer 1997; Internet reference
11: U.S. Environmental Protection Agency website; Internet reference 12: Green Facts
website; Internet reference 13: U.S. Environmental Protection Agency website].

Figure 2.6 Generalised structure for PCBs illustrating the nomenclature system.

The PCDD/Fs are unintended by-products of industrial processes and incineration
[Bouwman 2004]. They are chlorinated polycyclic hydrocarbons, which have a flat planar
structure. There are 75 dioxin and 135 dibenzofuran congeners. They have been used as
by-products in herbicides, and have been created in processes such as steel mining, coal
combustion and non-ferrous metal plant operations and in polyvinyl chloride (PVC)
production. Even in small quantities the damage on livestock can be fatal [Bouwman
2004].
The pesticides that are also named under the ‘Stockholm Convention’ are long established
chlorinated compounds. Residues of these pesticides are still found throughout the world in
soil, sediment and biota, despite them being banned for a number of years. They can enter
the atmosphere through spray drift, post application volatilisation, and wind erosion of
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treated soil. Once in the air, these compounds can be redistributed, degraded, transported,
and returned to the earth’s surface via wet and dry deposition [Yao 2006].
One peculiarity of the global POPs distribution is their accumulation in the environmental
compartments situated at higher latitude, resulting in an enrichment of the concentrations
of some POPs in polar ecosystems to levels that sometimes exceed human consumption
guidelines [Fernandez 2003].
In the literature there are numerous examples for the measurement of POPs in the
environment. For example Schreitmüller and co-workers, looked at the levels of PCBs in
the lower troposphere of the North and South Atlantic Ocean [Schreitmüller 1994a].
Fourteen PCB congeners were quantified in the air samples taken on board the German
research vessel Polarstern during a cruise across the Atlantic Ocean in 1990/1991.
Samples were collected by high-volume sampling, extracted and quantified on a HRGCECD system.
PCDD/Fs have also been measured by Baker and co-workers in the remote North Atlantic
marine atmosphere [Baker 1999]. A sampling strategy was developed that allows the
determination of PCDD/F down to femtogram/cubic meter. In addition Anderson has
published work stating that the major removal pathway for polychlorinated biphenyls from
the atmosphere is by reaction with the OH radical [Anderson 1996].
Chlordane, which is one of the organochloro pesticides named in the ‘Stockholm
Convention’, has been intensively looked at by Buchert and co-workers [Buchert 1989].
More recently Yao et al have looked at the concentrations of pesticides in air [Yao 2006].
After high volume sampling and extraction, the extracts were concentrated and the solvent
exchanged to n-hexane before analysis by gas chromatography/mass spectrometry.
Chlordane, dieldrin, DDT and HCB are just a few pesticides that were found and
quantified in air samples collected in the Canadian agricultural regions.
Due to their dispersal throughout the atmosphere, POPs can be seen in a variety of fauna
and flora throughout the atmosphere. A recent example is the use of moss as a bioindicator in the atmosphere [Lim 2006]. Mosses were collected from the island of
Singapore and analysed for a range of organochlorine pesticides and polychlorinated
biphenyls (PCBs). Mosses were chosen, because their physiology enables active uptake of
water, nutrients and pollutants from the air. These properties make them ideal for
evaluating pollutant levels in the air over a monitored period of time. Although compounds
such as chlordane and endrin have been banned for over 15 years in Singapore, these
compounds were still readily detected in moss samples.
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Another example of the bioaccumulation of pesticides in flora and fauna is shown in the
article published in 2006 by Marco [Marco 2006]. Both GC-ECD and GC-MS systems
were used in order to conduct the analyses of these compounds in leaves and roots of
eucalyptus, cashew, and plum plants. DDT and its metabolites were found in all samples.
To finish this short introduction to persistent organic pollutants (POPs) an article recently
published is to be looked at. The article asks whether there are other POPs? [Muir 2006].
Since the Stockholm Convention has come into force, there has been a major expansion of
measurements and risk assessments of new chemical contaminants in the global
environment, particularly with brominated diphenylethers and perfluorinated alkyl acids.
In summary, although the production of some persistent organic pollutants has been
banned, new ones are still being released into the environment and the older ones remain
and can still be found at measurable levels. Table 2.5 lists a variety of sources leading to
the unintentional formation of dioxins, furans, PCBs and hexachlorobenzene (HCB) which
eventually leads to their distribution in the environment.
Table 2.5 Examples of sources of unintentional formation of dioxins, furans, PCBs and

HCB [Bouwman 2004].
Industrial sources with a potentially high

Other possible sources

comparative formation and release into
the environment
• Waste incinerators (municipal,

medical, sewage sludge)

• Open burning of waste
• Shredder plants for disposal of vehicles

• Cement kilns firing hazardous waste

• Residential combustion sources

• Production of pulp using chlorine or

• Fossil fuel-fired utility & industrial

chemicals generating chlorine for
bleaching

boilers
• Textile and leather dyeing

• Thermal processes (metallurgic

• Firing installations (wood/biomass fuel)

industry): Secondary copper

• Chemical production (e.g.chlorophenols)

production, sinter plants (iron and

• Crematoria

steel industry), secondary aluminium

• Motor vehicles (especially leaded petrol)

and zinc production

• Smouldering of copper cables
• Waste oil refineries
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Chapter 3
Chromatography: Theory and application
3.1 Normal-phase liquid chromatography (NP-LC)
The historical background of Normal-Phase Liquid Chromatography (NP-LC) has been
discussed briefly in chapter 1 and now attention will be paid to the theoretical aspect of this
chromatographic technique.
A comparison of the retention mechanisms in normal-phase chromatography (NPC) and
reverse-phase chromatography (RPC) is to be first looked at and is illustrated in Figure 3.1
below. While retention in RPC is believed to resemble a partition process, retention in
NPC appears to occur by an adsorption process hence the term adsorption chromatography
is often used for this technique [Snyder 1997a].

Analyte

Eluent
water
Stationary phase

NP-Mode; Basic phenomenon = Adsorption/Desorption

Analyte

Eluent

Stationary phase

RP-Mode; Basic phenomenon = Solvation/Liquiphobicity

Figure 3.1 A Comparison of the main interactions in NP-LC and RP-LC.
From Figure 3.1 it can be seen that in normal-phase chromatography, polar sample and
solvent molecules are strongly attracted to polar groups – which are the adsorption sites on
35

3 Chromatography:Theory and application
the surface of the column packing. In a silica column the adsorption sites are silanols
(SiOH). For the so-called cyanopropyl (cyano), 1,2-dihydroxy-propyl silica (diol) and
aminopropyl (amino), the bonded organic phase, ligands and/or silanols can be the
adsorption sites; hence the term adsorption chromatography is often applied to NP-HPLC.
These stationary phases are the most widely used in NP-HPLC, but other stationary phases
are available and indeed have been synthesised [Wöβner 1999].
Polar sample molecules consist of one or more polar functional groups attached to a
hydrocarbon residue such as hexane or benzene [Snyder 1997a]. In NP-Mode, the strongest
interactions are between analyte and stationary phase and the mobile phase-stationary
phase interaction. Forces between analyte and mobile phase are generally weaker. This is
in contrast to RP-Mode, where the interaction between analyte and stationary phase is
strong as is the interaction between analyte and eluent. Forces between the mobile phase
and the stationary phase are weak.
On the molecular level the interactions in NP-LC range from electron donor/acceptor
interactions including the so-called charge transfer interactions to hydrogen bonding. There
are four main interactions dictating the separation of analytes in NP-LC; dipole-dipole
interactions, dipole induced interactions (polarisability), hydrogen bonding and π
interactions. Dipole interactions are a result of the difference in electronegativities of two
atoms, with the more electronegative atom pulling electrons closer to towards it-self.
Hydrogen bonds are predominantly bridges of electrostatic nature, between a hydrogen
atom of one molecule and a strong electronegative element of a second molecule. πinteractions are a result of overlap of π-electron systems for example those present in a
C=C double bond. Of these, dipole-dipole interactions are dominant in NP-LC.
Apart from the mechanisms and interactions described above, spatial aspects of the
molecules also play a role. Therefore molecules with sterically differing structures
(isomers) can be separated using NP-LC. Principally all these interactions can be discussed
as Lewis acid (electron acceptor) – Lewis base (electron donor) interactions, or more
generally as dipole-dipole interactions [Ballschmiter 1998]. Due to the type of interactions
in NP-LC, the technique shows excellent capabilities for the separation of groups by
compound class.
The success of NP-LC as a chromatographic technique has been shown by the variety of
applications that it has been used for (see chapter 1). The technique is very useful for the
separation of compounds containing polar groups due to adsorption processes, such as
dipole interactions, previously discussed. This is the primary function describing most
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separations in NP-mode and dictates the elution order of the different groups. However the
versatility of the technique is also shown by its ability to separate on the basis of
hydrophobicity, for example the alky chain length. This secondary interaction dictates the
order of elution within a class of compounds. The separation problem can be schematised
as follows:

X1

R1-10

where R 1-10 is the alkyl chain length ranging from a carbon

X2

R1-10

chain length from C1 to C10 and X1-X4 are different polar

X3

R1-10

entities forming part of the compound, for example a

X4

R1-10

hydroxyl group, a carbonyl group or a chlorine atom.

The NP-LC elution of 1-alkyl mononitrates (1C2-1C10) using the Allure silica column
(250 x 4.6 mm, 5 µm, 60 Å) with n-pentane as the mobile phase demonstrates this [Soor

1C6

1C2

1C3

1C4

1C5

Solvent front

1C7

1C8

1C9 + 1C10

2003]; an example chromatogram of which is shown in Figure 3.2.
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Figure 3.2 HPLC-UV chromatogram of the 1-alkyl mononitrates (1C2-1C10). Stationary
phase: Restek Allure Silica, column temperature 20oC, mobile phase n-pentane with a flow
rate of 1.0 mL/min and detection at 210 nm.
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An early piece of work by Snyder [Snyder 1961a] also demonstrates the group separation
capabilities of NP-LC. In this work the elution adsorption separation of compound groups
or classes from petroleum and other natural mixtures was studied in terms of the linear
elution separability of selected pure compounds and petroleum samples. Two aspects of
compound class separability are considered; relative elution order and potential compound
class separability. Further work by Snyder [Snyder 1966a], utilises linear elution
adsorption chromatography (LEAC), or isocratic elution using the modern nomenclature
system, to assign the petrol fractions with an adsorptive range. This in turn defines the
various compound types, which can or cannot be present in the fraction. The method
simplifies the subsequent quantitative analysis of the fraction by other techniques, since the
numbers of possible component types that must be considered are greatly reduced.
There are two main theories that postulate the retention model in adsorption
chromatography [Snyder 1968a, 1974b, 1980; Soczewiński 1969; Scott 1973]. Of these the
Snyder-Soczewiński model [Snyder 1974] is highly regarded and describes the adsorption
process as competition of sample molecules with eluent molecules. On the other-hand, the
Scott-Kucera model of retention [Scott 1973] describes the adsorption process as one of
sorption. These two theories will now be discussed in a little more detail.
In the competition model, compounds are separated based on their competition with the
mobile phase for adsorption sites on the surface of the stationary phase. The simple form of
the model assumes that the entire adsorbent surface is covered by monolayer of solute and
mobile phase molecules [Poole 2001]. Under normal conditions the concentration of the
analyte will be small and therefore the adsorbed monolayer will comprise mainly of mobile
phase molecules. Retention of the analyte occurs by the displacement of a roughly
equivalent volume of mobile phase molecules from the monolayer to make the surface of
the stationary phase accessible to the adsorbed analyte [Snyder 1980]. In order for elution
to occur the process must be reversible and can be represented by the equilibrium shown in
equation 3.1 [Poole 2001].
Am + nSad ↔ Aad + nSm

(3.1)

where, A represents the analyte molecules, S the mobile phase molecules and the subscripts
‘ad’ and ‘m’ represent the molecules in the stationary (adsorbed) and mobile phase
respectfully.
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The model is simplified by assuming that the adsorbent surface is energetically
homogeneous and that the analyte-solvent interactions in the mobile phase are effectively
cancelled by similar interactions in the adsorbed phase. Taking these assumptions into
consideration, the variation of analyte retention as a function of solvent strength can be
described by equation 3.2 [Poole 2001].
log k = c + ά (So - AS εo)

(3.2)

where the analyte retention factor, k, depends upon the properties of the system
incorporated into the equation constant, c, which includes the column void volume, the
mass of the adsorbent and the volume of adsorbed mobile phase monolayer per unit
adsorbent mass.
The adsorbent activity parameter (ά), the free energy of analyte adsorption on a standard
adsorbent (So, where ά = 1), the adsorbent cross section of the analyte (AS) and the solvent
strength parameter (εo) are all key ingredients for the successful description of analyte
retention using the competition theory. Equation 3.2 finds its roots in the linear elution
adsorption chromatography (LEAC) theory of Snyder [Snyder 1961a]. This will now be
briefly looked at.
The quantitative correlation and prediction of solute (analyte) separability for a given
adsorbent under NP-LC conditions is possible through the equation 3.3:

i

log R = log Va + α (∑ Q
o

o

j

i

i

+ ∑ qo j − ε o ∑δ i )

(3.3)

Ro is a linear corrected retention volume (millilitre of eluent per gram of adsorbent) for a
solute. Va is the volume of adsorbed phase (unimolecular layer) per unit weight of
adsorbent. α is a parameter which describes the activity of the adsorbent (ranging from 1
for calcined alumina to lesser values for water deactivated alumina). Q o i represents the
contribution of a structural group i to the energy of adsorption of the solute from n-pentane
solution. q o j refers to a second order effect associated with certain geometric
arrangements of the groups i. ε o is an eluent strength parameter and Σ δ i is proportional to
that fraction of the molecular volume of the solute which is confined to the adsorbed phase.
Equation 3.3 predicts that changes in adsorbent activity will not affect solute separation
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order, while changes in eluent strength ( ε o ) can, in the case of solutes of different
effective size [Snyder 1961a].
Equation 3.3 can be simplified to equation 3.4 shown below [Snyder 1967]:
log R o = log Va + α ( S o − ε o As ) + ∑ ∆ eas

(3.4)

The terms Ro, Va and α are as described in equation 3.3. So is the adsorption energy of the
solute in a standard system (otherwise known as the free energy of analyte adsorption on a
standard adsorbent), ε o is the adsorption energy of the eluent per unit area of surface
(otherwise known as the eluent strength parameter), AS is the cross-sectional area of the
solute (otherwise known as the adsorbent cross section of the analyte) and the term ∆ eas
represents contributions from the so-called ‘anomalous’ adsorption effects [Snyder 1966a,
1966b, 1967]. Values of Va, α, ε o and AS are available or can be calculated for various
systems [Snyder 1965, 1966b].
The relevant parameters of the classical theory of retention in NP-LC by Snyder can be
simplified in equation 3.5 [Snyder 1968b; Ballschmiter 1998]:
Xo – Ax . eo

(3.5)

where Xo is the free energy of sorption of the sample molecule (analyte), Ax the cross
sectional area of the analyte in Angstrom (Å) and eo the free energy of sorption of the
eluent.
As the free energy of sorption of the analyte (Xo) is effectively So (see equation 3.4) and
which can be further expressed as a function of analyte (solute) structure in the classical
theory of Snyder (see equation 3.3), the analyte (solute) group adsorption factors ( Q o i ),
can be used to indicate the free energy of adsorption of various functional groups dictating
the retention characteristics of analytes. Some values of Q o i for a variety of functional
groups as substituents of benzene are shown in Table 3.1.
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Table 3.1 The free energy of sorption of benzene substituted functional groups ( Q o i )

indicating analyte (solute) separation factors [Snyder 1961b, 1962, 1963, 1968b,
Ballschmiter 1998].

Functional group

Q o i (Al2O3)

Q o i (SiO2)

CH3

0.06

0.11

F

0.11

- 0.15

Cl

0.20

- 0.20

Br

0.33

- 0.17

I

0.51

- 0.15

NO2

2.8

2.8

CN

3.3

3.3

CHO

3.4

3.5

CONH2

6.2

6.6

OH

7.4

4.2

SH

8.7

0.67

COOH
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6.1

The model proposed by Scott and Kucera [Scott 1973], suggests that adsorption takes place
onto an adsorbed-solvent monolayer, so that the analyte forms part of the second
monolayer of a bilayer solvent stationary phase. This mechanism is referred to as sorption
and is simplified in the illustration shown in Figure 3.3 [Snyder 1980].
A monolayer of the solvent is formed across the stationary phase and acts as a “hydrogenbonded phase”. Analytes are retained by interaction with this phase presumably by
hydrogen bonding. Upon completion of the first monolayer, a bilayer forms. Depending
upon the extent of the second layer, analyte molecules may or may not displace solvent
molecules from the second layer. However, once the monolayer is formed, analyte
molecules do not displace solvent molecules from this layer, unless the analyte molecules
are more polar than the solvent [Snyder 1980]. This is illustrated in Figure 3.3.
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A

B

1

1

2

2

Figure 3.3 The sorption process from Scott and Kucera [Snyder 1980]. Incomplete bilayer

with non-displacement (A) and complete bilayer with displacement (B). See text for
details.
3.1.1 Adsorption of water in NP-HPLC
In NP-HPLC adsorption is a topic of concern for the chromatographer [Snyder 1971,
1981]. There is a tendency of polar molecules of a sample or of the mobile phase, or
indeed polar groups present in molecules, to attach to specific adsorption sites on the
adsorbent surface; surface silanols in the case of silica [Snyder 1968a, 1986]. The
preferential adsorption of polar compounds such as small amounts of water present in the
mobile phase may be observed. This adsorption of a polar ‘third party’ molecule must be
regarded, as considerable retention time drift, due to the changing activity of the stationary
phase, may be observed and indeed this makes gradient elution in NP-mode difficult to
carry out [Jandera 1997].
As water is present in all NP-HPLC solvents under atmospheric conditions (due to room
humidity), it needs to be controlled, or the active sites on the adsorbent deactivated. If one
of these two measures is not carried out, dramatic changes in retention times can be
observed in the separation of compounds, an example of which is shown by Snyder
[Snyder 1997a]. These changes in retention times are due to the adsorption and then
extraction of water by a fresh and dry mobile phase. As the water content increases there is
a reduction in the retention times of components as the active sites of the stationary phase
are occupied. As a result if consistent retention times and gradient NP-HPLC is to be
carried out, control of the water content in the mobile phase or deactivation of the active
sites on the adsorbent is recommended. There are two main methods for achieving this
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[Snyder 1997a]. The first involves spiking the mobile phase directly with a little water,
acetonitrile, methanol or propanol. This increases the surface homogeneity of the
stationary phase by deactivating the residual silanol adsorption sites present in many silica
based stationary phase, so that changes in water content between mobile phases are minor.
One problem with this is that the solubility of water in many NP-HPLC solvents is low and
addition of acetonitrile, methanol or propanol changes the elution strength of the eluent.
The second involves the complete drying of mobile phases prior to their use, thereby
removing all traces of water. Jandera and co-workers successfully applied this technique
[Jandera 1997].

3.2 Solvent strength and the eluotropic series
The solvent strength is the ability of the eluent to adjust the overall retention without
altering the relative band spacing in a chromatogram [Snyder 1993]. Within the literature,
tables are available describing the solvent strength and the different selectivities. Table 3.2
for instance shows the solvent strength in terms of εo and P’ on different NP-LC stationary
phases. εo is referred to as the solvent strength parameter in adsorption chromatography,
please refer to the equations 3.2 and 3.3, previously given. It is defined as the free energy
of solvent adsorption per unit surface area of the standard activity surface occupied by the
solvent [Poole 2001]. Pentane is arbitrarily assigned a value of zero as a reference point.
Larger values of εo are an indication for more polar solvents, allowing the easy selection
for a stronger (or weaker) second solvent for NP-LC. When solvents are organised in
ascending order of the solvent strength parameter, the series is referred to as the eluotropic
series for a given adsorbent. Once a weak and a strong solvent have been selected, the
solvents can be mixed in order to provide the retention required.
The solvent-strength parameter can be determined experimentally by two general
approaches [Snyder 1968a, 1982, 1986; Cooper 1986; Rice 1988; Palamareva 1989].
When pure solvents are used it is determined by the ratio of analyte retention factors in two
solvents, one of which is of known solvent strength. It can be calculated using equation 3.6
[Poole 2001].
Log (k2/k1) = ά AS (ε1 – ε2)

(3.6)
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where ε1 and ε2 are the solvent strength parameters for solvents 1 and 2 respectively and k2
and k1 are the corresponding retention factors.
This method requires the availability of analyte adsorption cross-sectional area (AS) and the
adsorbent activity (ά) either by measurement or calculation.
The second parameter (P’) used in Table 3.2 is referred to as the Snyder Polarity Index
[Snyder 1974a]. The Polarity Index is comprised of data initially reported by
Rohrschneider [Rohrschneider 1973]. In this work Rohrschneider realises the need for
characterising solvents in order to describe their solvent properties. The solubility data for
six test analytes in eighty solvents are reported, resulting in data for a solvent classification
scheme. However the data is difficult to apply practically and hence Snyder [Snyder 1974]
transformed the data so that it is approximately corrected for dispersion interactions and
for molecular weight effects allowing the separate characterisation of solvent strength
(polarity) and selectivity in liquid-liquid chromatography. Values range from 0 for nonpolar solvents such as pentane, to 10.2 for polar solvents such as water.
The solvent strength parameter (εo) and the polarity index (P’) for mobile phases, initially
proposed by Snyder, have been fully reviewed using micro computer programs and have
been found to be well characterised for normal-phase liquid-solid techniques such as
HPLC and TLC using silica or alumina as adsorbents [Palamareva 1989].
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Table 3.2 The eluotropic series showing the different solvent strengths on various

stationary phases in terms of εo and P’.
Solvent

ε° Al2O3

ε° SiOH

ε° C18

P´

Pentane

0.00

0.00

-

0

Hexane

0.00-0.01

0.00-0.01

-

0.1

Isooctane

0.01

0.01

-

0.1

Cyclohexane

0.04

0.03

-

0.2

Carbon tetrachloride

0.17-0.18

0.11

-

1.6

l-Chlorobutane

0.26-0.30

0.2

-

1

Xylene

0.26

-

-

2.5

Toluene

0.20-0.30

0.22

-

2.4

Chlorobenzene

0.30-0.31

0.23

-

2.7

Benzene

0.32

0.25

-

_

Ethyl ether

0.38

0.38-0.43

-

2.8

Dichloromethane

0.36-0.42

0.32-0.32

-

3.1

Chloroform

0.36-0.40

0.26

-

4.1

1,2-Dichloroethane

0.44-0.49

-

-

3.5

Methyl ethyl ketone

0.51

-

-

5.7

Acetone

0.56-0.58

0.47-0.53

8.8

5.1

Dioxane

0.56-0.61

0.49-0.51

11.7

4.8

0.61

-

-

-

Tetrahydrofuran

0.45-0.62

0.53

3.7

4

Methyl t-butyl ether

0.3-0.62

0.48

-

2.5

Ethyl acetate

0.58-0.62

0.38-0.48

-

4.4

Dimethyl sulfoxide

0.62-0.75

-

-

7.2

0.63

-

-

-

0.52-0.65

0.50-0.52

3.1

5.8

1-Butanol

0.7

-

-

3.9

Pyridine

0.71

-

-

5.3

2-Methoxyethanol

0.74

-

-

5.5

n-Propyl alcohol

0.78-0.82

-

10.1

4

Isopropyl alcohol

0.78-0.82

0.6

8.3

3.9

Ethanol

0.88

-

3.1

-

Methanol

0.95

0.70-0.73

1.0

5.1

Ethylene glycol

1.11

-

-

-

Dimethyl formamide

-

-

7.6

6.4

Water

-

-

0.0

10.2

1-Pentanol

Diethylamine
Acetonitrile
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3.3 The eluotropic strength on carbon adsorbents
Table 3.2 shows the eluotropic strength of solvents using alumina (Al2O3) silica and
octadecyl silica (C18), as stationary phase adsorbents. It has been reported that the most
important difference between carbon materials and non-polar chemically bonded phases
(CBP), like octadecyl silica (C18), is the large contribution of adsorbate-adsorbent
interactions in the cases of carbon supports. The retention mechanism with carbon
materials is very similar to that observed in classical adsorption chromatography [Colin
1982]. The mechanism is further discussed in chapter 9.
The dominant intermolecular interactions in NP-LC, between silica-based adsorbents and
eluent using typical solvents such as those in Table 3.2, is likely to be hydrogen bonding
between the surface hydroxyl groups and electronegative atoms in the eluent. However, for
non-polar adsorbents such as porous graphitic carbon (PGC) hydrogen bonding cannot
occur with the stationary phase. As a result the eluotropic strength on carbon adsorbents is
not the same as that when using silica-based adsorbents.
Table 3.3 lists some commonly used solvents in order of their eluotropic strength on
carbon adsorbents.
Table 3.3 Comparison of the eluotropic strength of some common solvents on carbon

adsorbents and on silica [Colin 1982].
Eluotropic strength (εo)

Eluotropic strength (εo)

on carbon

on silica

Water

-0.38

-

Methanol

0.00

0.70-0.73

Ethanol

0.07

-

Propanol

0.095

0.6

Hexane

0.09

0.00-0.01

Heptane

0.11

0.01

Octane

0.135

0.01

Nonane

0.14

0.01

Benzene

0.215

0.25

Solvent
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3.4 Normal phase chromatography using Ag+ stationary phases
Silver nitrate (AgNO3) has had a long history as a selective chromatographic support. As
the support contains silver ions (Ag+) it can be described as a π acceptor, which enables
complexation with unsaturated organic compounds (π-donor). Using the Pearson concept
the support may be described as a weak acid and hence is susceptible to polarisability.
Silver ion or ‘argentation’ chromatography is a technique that utilises the property that
silver ions form polar complexes reversibly with unsaturated centres in organic molecules,
by forming a polar charge-transfer complex. Chromatography using this type of phase
enables separations according to the number, geometrical configuration and position of
double bonds in molecules [Dobson 1995].
Stationary phases are prepared by impregnation of silica gel with silver nitrate, or by
attaching silver ions to cationic exchangers. In order to prepare an impregnated silica gel
adsorbent, silver nitrate is dissolved in methanol or acetonitrile and then added to the
adsorbent, followed by evaporation and drying [Williams 2001]. The only disadvantage
being that the adsorbents become light sensitive within a short period of time, and so
aluminium foil or a dark paper shroud is required. Another factor to consider is moisture
content when silver nitrate impregnated adsorbents, as resolution can depend on the layers
of hydration [Williams 2001].
Silver ion chromatography has been used in all fields of chromatography, including TLC,
HPLC and GC. In TLC both pre-coated and homemade plates can be impregnated with
silver ions, to give satisfactory separations [Dobson 1995]. Many factors including the
thickness of the adsorbent layer, the concentration of silver ions, the humidity, the type of
developing tank, temperature and of course the mobile phase can be varied and affect the
chromatography to some degree. TLC has been used for the successful separation of fatty
acids, on account of the number and configuration of the double bonds. For methyleneinterrupted dienes, the stability of the polar charged-transfer complexes increases with the
increasing number of double bonds, cis double bond isomers are held more strongly than
trans isomers and the stability decreases with increasing chain length [Dobson 1995].
In GC the separation of a mixture of isoprene, cis and trans penta-1,3-diene, penta-1,4diene and cyclopentadiene was easily accomplished using a silver nitrate/ethylene glycol
stationary phase, whist hexa-1,5-diene was retained reversibly by the column [Williams
2001].
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Using HPLC, eighteen fatty acid methyl esters (FAMEs) with up to two double bonds were
separated on a silver nitrate impregnated silica gel column, using a mobile phase of 1%
tetrahydrofuran in n-hexane [Dobson 1995]. HPLC with a silver nitrate stationary phase
has also been used for the separation of cod liver oil FAMEs. The HPLC enabled the
separation into fractions containing three to six double bonds, with 0.4% acetonitrile in nhexane used as the eluent.
Chromatography with silver nitrate covered stationary phases due to their π acceptor-π
donor interactions, are a useful tool to enable group separations of unsaturated organic
molecules.

3.5 Mobile phase selectivity in NP-HPLC
The first problem in NP-HPLC is to choose a mobile phase composition that is best suited
to the separation of a given sample [Snyder 1993]. The first goal is to optimise the solvent
strength and selectivity in order to provide the required sample retention and bandspacing
within the chromatogram. As a result knowledge of the chromatographic properties of
different solvents is required. Selectivity can be described as the ability of the solvent to
affect relative retention and band spacing [Snyder 1993]. Selectivity in NP-HPLC can be
altered by varying the composition of % B (strong solvent) or by changing the B-solvent.
Categorising solvents into Proton Acceptor (Basic), Proton Donor (Acidic) or Dipolar can
illustrate the Solvent Selectivity Triangle (SST). Acidic solvents are found near the acidic
corner of the triangle; basic solvents are located near the basic corner and solvents that are
predominately dipolar in their interaction with sample molecules will be near the dipolar
corner [Snyder 1997a]. Upon calculation of these three characteristics Figure 3.4 can be
constructed; the different solvent groups are shown below:

I
II
III
IV
V
VI
VII
VIII
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Aliphatic ethers, trialkylamines
Aliphatic alcohols
Pyridine derivatives, THF, amides, glycol ethers, sulfoxides
Glycols, benzylalcohol, aceic acid, formamide
Dichloromethane, ethylene chloride
Aliphatic ketones and esters, dioxane, nitriles, aniline
Aromatic hydrocarbons, halogenated aromatics, nitro-compounds, aromatic ethers
Fluoroalcohols, water, chloroform
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Proton Acceptor
(Basic)

II
IV
VIII

I
III

VI

V

VII
Proton Donor
(Acid)

Dipolar

Figure 3.4 The solvent-selectivity triangle based on data from Glajch [Glajch 1980].

It has been appreciated for some time that these compounds are each capable of more than
one kind of interaction. For example ethanol is clearly dipolar, protic (proton donor) and a
good proton acceptor, therefore raising questions about the reliability of the SST [Snyder
1993].
More recent work [Rutan 1989] has shown that the SST procedure is based on test
compounds that have multiple or mixed interactions. The SST approach has therefore been
reviewed and an alternative SST reported [Snyder 1993], that can be argued, is less
affected by mixed-interaction effects. Combination of the two classification schemes
[Kamlet 1983; Chastrette 1985; Rutan 1989] has found to be the best result [Snyder 1993].
In summary, the advantages and disadvantages of NP-HPLC are listed in the Table 3.4.
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Table 3.4 Summary of the advantages and disadvantages of NP-HPLC.

Advantages

Disadvantages

1. Large changes in selectivity are possible

1. Ionic samples are more easily separated

by altering the mobile phase or packing.

using RP-LC.

2. Selectivity often seen enables

2. Controlling the solvent strength is less

compounds to be separated into group.

predictable in comparison to RP-LC.

3. Columns tend to be quite stable when

3. Column efficiency in NP-LC is usually

using non-aqueous mobile phases.

less than in RP-LC.

4. Sample interference is reduced for

4. Solvent viscosity and the lower boiling

organic compounds, as these tend to be

points of organic solvents make LC

more soluble in normal-phase solvents.

systems susceptible to bubble formation.

5. Lower backpressures are observed with

5. Variability in retention times may occur

organic solvents, as their viscosities tend to

due to water uptake by unmodified silica

be lower than water.

packing materials.

3.6 Separation and detectors in gas chromatography
When gas chromatography was introduced 50 years ago, it almost instantly became a
standard methodology, as it was almost immediately seen that it provided some distinct
advantages over existing and well-established methods and it permitted analysts to make
measurements that were previously not possible. The method revolutionised the fields for
the analysis of complex hydrocarbon mixtures, the determination of individual fatty acids
present in lipids, the investigation of naturally occurring flavour compounds and the
detection of trace toxic impurities in the environment and food [Ettre 2004]. Within one
decade after its introduction, GC changed scientist’s perceptions of complex mixture
analysis.
In gas chromatography the mobile phase and the analyte is in the gas form. If the stationary
phase is in a liquid form, the technique is referred to as gas-liquid chromatography. If the
stationary phase is solid, the technique is referred to as gas-solid chromatography. The
main difference between liquid chromatography and gas chromatography, besides the
physical state of the mobile phase, is the interaction between the individual stationary
phases and components of the sample. In gas chromatography the interaction between the
50

3 Chromatography:Theory and application
components of the sample and the stationary phase is large, but the interaction of the
components with the mobile phase (gas) is minimal. In NP-LC the components of the
sample interact with both the stationary phase and the mobile phase, with the mobile phase
also strongly interacting with the stationary phase.
Upon injection in GC, the sample is evaporated within the chromatographic column and
separation in the gas phase occurs as a result of the sample interactions with the stationary
phase. The use of capillary columns in GC, which are between 10 and 100m in length and
have an inner diameter between 0.1 and 0.75 mm, extended the separation efficiency
further. The film thickness is between 0.25 µm and 1 µm.
Detectors in gas-chromatography fall into two main groups – those that depend on
ionisation of the solute and those that utilise some other property of the compound in order
to obtain a response.
There are a number of ionisation detectors. These are a group of measuring devices that are
extremely sensitive and widely used in gas chromatography; they measure ionisation
current. High energy in the form of heat, moving particles (e.g. electrons) and radiation is
used to induce the target molecules (solute) to produce ions which move towards poles in
an external field and thus give rise to a measurable current. There are several detectors
based on this principle, differing in their energy ranges and in the mechanisms involved in
the production or initiation of the ionisation process. A few examples of such detectors are
given below:
Flame Ionisation Detector (FID)

Helium Detector

Photo-ionisation Detector (PD)

Electron Capture Detector (ECD)

Nitrogen/Phosphorus Detector

Flame Photometric Detector (FPD)

Mass Spectrometer (MS)
A large number of GC detectors have been developed and made commercially available. In
general, GC detectors are 4 to 5 orders of magnitude more sensitive than LC detectors and
thus are ideal for trace analysis and environmental monitoring. Detectors with the highest
sensitivity tend to be specific and sense specific types of sample [Internet reference 14:
Chromatography online website], an example being the electron capture detector (ECD)
for the detection of halogenated substances. More general types of detector include the
flame ionisation detector (FID), which has a catholic response and is used in the majority
of GC separations.
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Gas chromatography coupled to a mass-spectrometry (GC-MS) is the technique most
commonly employed today for the analysis of volatile organic pollutants in environmental
samples [Santos 2003]. The technique has been used for a large number of applications as
it provides excellent efficiency, good qualitative information and sensitivity provided by
the mass spectrometer (MS) is high.
As the ECD and MSD are used in this work, these detectors are now to be discussed in
more detail.
3.6.1 Electron capture detector (ECD)
In order to determine analytes with an electrophilic functional group, (-Cl, -Br, -ONO, ONO2…) the ECD provides great sensitivity (pg-range) is linear and highly selective. The
detector was first introduced by Lovelock in 1960 [Lovelock 1960].
This detector measures the loss of signal rather than a positively produced electrical
current. The nitrogen (or argon/methane) make-up gas (MG) flowing through the detector
is ionised by a radioactive source (β radiation), either tritium (3H) or nickel (63Ni), to
produce ‘slow electrons’ which migrate to the anode under a ‘fixed cell voltage’ (reaction
3.7). These collected electrons produce a steady current. If a sample containing electronabsorbing molecules is introduced, the current is reduced by dissociative and nondissociative reactions resulting in the loss of current which is a measure of the amount of
compound present (see reactions 3.8 and 3.9).
MG + β- (radioactive source)

→

MG+ + β-* + e- (slow electrons)

(3.7)

AB (analyte) + e-

→

AB- (non-dissociative)

(3.8)

AB (analyte) + e-

→

A + B- (dissociative)

(3.9)

The method therefore detects electrophilic compounds, which capture the current
producing electrons, thus giving the detector its name. The ECD is extremely sensitive to
halogenated compounds such as PCBs, organochlorine pesticides, herbicides and
halogenated hydrocarbons. It is 10-1000 times more sensitive than the FID but has a
limited dynamic range and finds its greatest application in the analysis of halogenated
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compounds. The typical construction of an electron capture detector is shown in Figure
3.5.

Effluent
out
Collector
electrode
63Ni

Source
Provides
radioactivity

Current
signal

Carrier gas (+ make-up
gas) containing separated
compounds coming from
the GC column

Figure 3.5 Schematic of an electron capture detector (ECD) [Internet reference 23:

Organics over the Ocean Modifying Particles in both Hemispheres (OOMPH) Education
and Outreach website].
3.6.2 Mass spectrometric detector (MSD)
The mass spectrometric detector is highly sensitive and very selective. Alone the detector
provides the possibility for the identification of compounds down to the individual bonds
of a molecule. The detection levels of compounds are in the pg-range, showing the
technique is able to provide both qualitative and quantitative information. The mass
spectrometer is concerned with the examination of the ions produced from a sample. The
mass spectrometer is equally applicable to inorganic and organic species with the
appropriate instrumentation.
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A schematic-set-up for a GC-MS system and the MSD is shown in Figure 3.6.

GC/HPLC/CE

Sample
Introduction

Mass
Spectrometer

High Vacuum
Ion
Formation

Ion
Separation

Ion
Detection

Data
Manipulation

Figure 3.6 Schematic showing the main sections of a mass spectrometer.

From Figure 3.6 above it is seen that the mass spectrometric detector can be divided into
five main parts:
(a) Sample Introduction (LC/GC) – the chromatographic system is usually the link to the
mass spectrometer.
(b) Ion Formation.
(c) Ion Separation.
(d) Ion Detection.
(e) Data Manipulation (transformation) – always PC controlled.
The sample has to be introduced into the ionisation source of the instrument. Once inside
the ionisation source, the sample molecules are ionised, as ions are easier to manipulate
than neutral molecules [Internet reference 15: An Introduction to Mass Spectrometry
website]. The ions can then be extracted into the analyser region of the mass spectrometer
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where they are separated according to their mass (m) to charge (z) ratios (m/z). The
separated ions are detected and this signal sent to a data system.
The method of sample introduction to the ionisation source largely depends upon the
ionisation method being used as well as the type and complexity of the sample [Internet
reference 15: An Introduction to Mass Spectrometry website]. The sample can be inserted
directly to the ionisation source or it can undergo a separation process such as
chromatography prior to ionisation. Typical chromatographic separation methods include
GC and HPLC.
Gas Chromatography coupled with mass spectrometry (GC/MS) is an instrumental
technique by which complex mixtures of chemicals may be separated, identified and
quantified. In order for a compound to be analysed by GC/MS it must be sufficiently
volatile and thermally stable. It may be that functionalised compounds may require
chemical modification by means of derivatisation, prior to analysis, to eliminate
undesirable adsorption effects that would otherwise affect the data quality [Internet
reference 19: The University of Bristol, Life Sciences Mass Spectrometry Facility, Natural
Environment Research Council website].
Samples are usually analysed as organic solutions. Samples are injected into the GC where
it is vaporised and swept over a chromatographic column and thus subjected to
chromatography.
Coupling a gas chromatograph to the high vacuum of the mass spectrometer poses special
technical problems due to the pressure difference between the two systems. There is a
difference in the flow rate and pressure from the GC column in comparison to the
requirements of the mass spectrometer. Depending upon the column dimensions,
components in the GC analytical column are transported at a flow of 0.5 to 2 mL/min with
a pressure of approximately 1 to 2 bar. The mass spectrometer however, requires a stable
high vacuum of 10-5 to 10-6 mbar. As a result a pressure adjustment is necessary at the
interface between the gas chromatograph and the mass spectrometer. There are four main
reasons for the requirement of a high vacuum in the mass spectrometer. Firstly
intermolecular reactions and collisions with the walls need to be minimised, ensuring a free
path of molecules for as long as possible. The second main reason is that contamination
from the air must be kept to a minimum as gases such as nitrogen, oxygen, argon and water
vapour may also be ionised resulting in high background noise and reducing the sensitivity
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of the detector. Thirdly, it is very important to avoid electrical discharges that can cause
considerable damage to the instrument. The final point to note is that the filament in the
ion source reacts sensitively to overheating. The lifespan of the filament may well be
reduced if precaution is not taken [Internet reference 21: The MAK-Collection Part IV:
Biomonitoring Methods, Vol. 10].
The capillary column is positioned directly into the ion source or immediately before the
ion source, which is advantageous for trace analysis as all the analyte reaches the ion
source with the carrier gas, enabling high sensitivity. The latter part of the column passes
through a heated transfer line and ends at the entrance to an ion source [Internet reference
19: The University of Bristol, Life Sciences Mass Spectrometry Facility, Natural
Environment Research Council website].
From a practical point of view, direct coupling does however, have its disadvantages. Upon
opening of the mass spectrometer, contamination may occur from dust, fibres or gases
from the ambient air in the laboratory, which may cause damage to the vacuum pumps.
When in operation, control should be taken to ensure the system is leak free as
undiscovered leaks may cause corrosion of the heated parts and the ionisation efficiency
may be impaired.
3.6.2.1 Ion formation
In simple terms components elute from the analytical separation column or form the
interface and are ionised in the ion source by electron bombardment. Electron Ionisation
(EI) and Chemical Ionisation (CI) are generally considered to be the classical methods of
analyte ionisation. Both techniques are still routinely used today for the analysis of lowmass, volatile, thermally stable organic compounds, especially when coupled with gas
chromatography (GC-MS). The same basic set-up and source design is used for both
techniques and it is therefore quite common these days for an ion source to have the
possibility of both EI and CI [Internet reference 16: The University of Bristol, School of
Chemistry website]. The efficiency of ion formation in mass spectrometry is in the order of
one molecule in one thousand.
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•

Electron Ionisation (EI)

Several ionisation techniques are used in GC-MS. Electron ionisation (EI) is the classical
ionisation technique and the most popular, because it often produces both molecular and
fragment ions [Santos 2003]. Electron ionisation is suitable for non-thermolabile
compounds, but the sample needs to be volatile. The analyte is firstly vapourised. This is
usually achieved by heating the probe tip containing a droplet of the analyte in solution. In
the vapour state the sample molecules are bombarded by a homogenous beam of fast
moving electrons, typically 70 eV and usually generated from a tungsten filament. The
ionisation is caused by electron ejection from the analyte or by analyte decomposition,
which leads to the generation of a molecular radical ion (M+.).
M + energetic electrons (70 eV) → M+. + 2e-

(3.10)

Due to the low pressure that is used, ion-molecular reactions do not occur, for example a
[M + H]+ signal due to proton transfer is not observed.

Figure 3.7 Schematic view of an EI source [Internet reference 17: Mass Spectrometry

Facility, Department of Chemistry, University of Oxford website].
Some of these molecular ions decompose and fragment ions are formed. The technique
generally allows for the determination of both relative molecular mass and the structure of
the molecule. One important feature of electron ionisation spectra is that they are highly
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reproducible as a result of the bombarding electron’s energy being kept constant leading to
the number and amount of fragments being kept constant, so spectral libraries can be used
for the identification of unknowns as spectral reproducibility is high [Santos 2003]. The
application of EI is restricted to samples with low molecular masses and the sensitivity for
the analysis of very small amounts of compounds in environmental samples is not as good
as other ionisation techniques, due to the extensive fragmentation. The high levels of
fragmentation in EI spectra often result in the technique being termed a hard method of
ionisation. In order to solve this problem, softer ionisation techniques such as chemical
ionisation (CI) have been applied [Santos 2003].
•

Chemical Ionisation (CI)

CI is an ionisation technique similar to classical EI, but the knowledge and results of ionmolecule reactions are exploited. CI is a lower energy alternative to EI for volatile
analytes. Molecule reactions take place between reagent gas ions and sample molecules. In
CI a tungsten filament is used, like in EI. There is however one notable exception, the CI
ion source is almost closed – i.e. much smaller holes in comparison to the EI source,
leading to high pressures (around 10-3 to 1 mbar).
An example of the series of reactions that can occur using CH4 are shown in the equations
below:

.

CH4 + e- → CH4 + + 2e-

.

(3.11)

.

CH4 + → CH3+ + H

.

CH4 + CH4 → CH5+ + CH3

(3.12)

.

(3.13)

CH3+ + CH4 → C2H5+ + H2

(3.14)

CH5+ + M → CH4 + MH+

(3.15)

In equation 3.11, methane is ionised by an electron beam in the same way as in EI.
Reaction 3.13 shows ionised reagent gas reacting with un-ionised reagent gas to form the
carbocation, protonated methane. This step requires the CI reagent gas to be at a critical
pressure. If the pressure is too low, no ionisation of the analyte can take place. Reaction
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3.15 shows the proton transfer from the carbocation to the analyte (M) to form the
protonated analyte molecule MH+. Reactions 3.12 and 3.14 are side reactions that can also
occur.
Other reagent gases include iso-butane and ammonia. Chemical ionisation provides better
sensitivity and selectivity than EI. There are two factors that determine the choice of the
gas to be used: (1) The proton Affinity (PA) and (2) The Energy transfer. The proton
affinities for methane, iso-butane and ammonia are 552 kJ/mole, 820 kJ/mole and 853
kJ/mole respectively. This means that methane will protonate most types of compounds,
thereby showing significant amounts of fragmentation, with iso-butane being more
selective and ammonia only protonating compounds such as amines and amides, that have
a proton affinity greater than that of ammonia [Woidich 2007]. Ammonia is the most used
reagent gas in CI because of the low energy transfer of NH4+ in comparison to CH5+.
Ammonia will only protonate compounds such as amines and amides that have a proton
affinity greater than that of ammonia [Ardrey 2003]. With NH3 as a reagent gas, usually
MH+ and MNH4+ (17 mass units difference) are observed.
•

Electron Capture Negative Ionisation (ECNI)

During EI and CI, negative as well as positive ions are formed. Under EI conditions,
negative ion spectra are weak and consist mainly of low mass fragment ions. CI however,
can generate cations as well as anions, and therefore a differentiation is made between
Positive Chemical Ionisation (PCI) and Negative Chemical Ionisation (NCI).
Electron-Capture negative ionisation (ECNI, sometimes called negative ion chemical
ionisation or NCI) is used for molecules containing halogens, NO2 and CN and if not
already present, it is usual that the molecule is derivatised to contain highly electroncapturing moieties for example fluorine atoms or nitrobenzyl groups [Hites 1988]. In
negative ion CI the reagent gas is introduced into the source as for positive ion CI, but its
purpose is to moderate the energy of the electrons to thermal levels. As in CI the reagent
gas is bombarded with high-energy electrons emitted from an incandescent filament. Low
energy electrons result from the impact between the electrons from the filament and the
reagent gas. When methane is used reaction 3.16 takes place [Internet reference 21: The
MAK-Collection Part IV: Biomonitoring Methods, Vol. 10].
CH4 + electron- (230 eV) → CH*4+ + 2 electrons- (thermal)

(3.16)
59

3 Chromatography:Theory and application
As the energy of the released electrons is only a few electron volts, most organic
compounds will capture electrons to form negative molecular ions, which are usually
dominant in the spectra. The subsequent reactions and fragmentation occur to a lesser
extent than seen in CI. Negatively charged ions can be detected by reversal of the electrical
polarity in the ion source and at the detector.
In contrast to PCI the identity of the gases is not important for the actual ionisation of the
sample molecules. Hence the reactant gas can be selected on grounds of safety and the ease
of installation. The released electrons can lead to negative ionisation of the sample
molecules via various mechanisms [Internet reference 21: The MAK-Collection Part IV:
Biomonitoring Methods, Vol. 10]:
•

Electron Capture

•

Dissociative electron capture

•

Ion pairing

•

Ion-molecule reactions

The sensitivity of NCI analyses are generally two or three orders of magnitude greater than
that of PCI or EI analyses and it lies in the range of that achieved by an ECD. Other
benefits of NCI are its efficient ionisation and reduced fragmentation in comparison with
positive-ion EI or CI. As little fragmentation occurs during NCI, this ionisation technique
is generally employed for quantitative analyses of trace amounts of compounds of known
structure in conjunction with the use of heavy isotope-labelled internal standards [Internet
reference 18: Washington University Center for Biomedical and Bioorganic Mass
Spectrometry: A NIH-Supported Resource Centre website]. However, one of the
drawbacks of the technique is that not all volatile compounds produce negative ions.
3.6.2.2 Ion separation
The mass analyser or filter separates the positively charged ions according to various mass
related properties depending on the analyser used [Internet reference 19: The University of
Bristol, Life Sciences Mass Spectrometry Facility, Natural Environment Research Council
website]. There are many different types of mass analysers a few examples of which are
quadrupoles, ion traps, magnetic sector, time-of-flight, radio frequency, cyclotron
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resonance and focusing. As the GC/MS instrument used for the analysis of the different
HPLC fractions consists of a quadrupole mass analyser, this is to be looked at in more
detail.
The quadrupole mass analyser consists of four parallel rods that have fixed direct current
(DC) and alternating radio frequency (RF) potentials applied to them. Ions produce in the
source are focussed and passed along the middle of the quadrupoles. The motion of the
ions depends on the electric fields so that only ions of a particular m/z ratio will be in
resonance and thus pass through the detector. The RF is varied bringing ions of different
m/z ratios into focus hence building up a mass spectrum [Internet reference 20: The
University of Bristol, School of Chemistry, mass spectrometry resource website]. The mass
range and resolution of the instrument is determined by the length and diameter of the rods.
3.6.2.3 Ion detection
The deficiency in ion formation (one molecule in one thousand), is counterbalanced by the
sensitivity of the ion detector, the most common of which are 1) The Faraday Cup or
Cylinder 2) The Electron Multiplier 3) The Photon multiplier.
Of these the electron multiplier is probably the most common means of detecting ions
especially when both positive and negative ions need to be detected on the same instrument
[Internet reference 22: The University of Bristol, School of Chemistry, mass spectrometry
resource website]. All electron multipliers function according to the same principle. A
beam of positive ions hits an impact plate coated with copper/beryllium oxide (conversion
dynode) causing the release of primary electron. These electrons are accelerated by an
electrical potential towards a second dynode and release further electrons known as
‘secondary electrons’. When 10 to 15 dynodes are arranged in sequence an electron
cascade is converted as an electrical potential by an amplifier to a measurable signal. The
magnitude of the amplification achieved is of 104 to 107 secondary electrons per primary
electron [Internet reference 21: The MAK-Collection Part IV: Biomonitoring Methods,
Vol. 10].
In the photon multiplier the electrons pass a plate containing phosphorus that emits
photons in a cascade fashion (similar to the electron multiplier) towards a photocathode.
The main advantage in using photons is that the multiplier can be sealed in a vacuum
preventing contamination thereby increasing the lifetime of the detector [Internet reference
22: The University of Bristol, School of Chemistry, mass spectrometry resource website].
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Data acquisition is always PC controlled and various modes can be selected for the MS. In
scan-mode the MSD can be used as a universal detector, where one can obtain a complete
spectrum for the compounds present in a test mixture. The spectrums can then be
compared to reference spectrums in the spectrum library. By using the selective ion
monitoring (SIM) technique, the mass spectrometer can be set to monitor specific fragment
ions with a mass/charge ratio (m/z) characteristic of the analyte(s) of interest. For example
in ECNI mode the alkyl nitrates target ions are NO2- and NO3-. They can be monitored in
the SIM mode using mass/charge ratios of 46 and 62 respectively. The NO2- ion is used for
the general detection of alkyl nitrates with the NO3- ion often being used for the specific
detection of alkyl dinitrates.
Formation of the NO2- ion (46 m/z) in ECNI mode [Kastler 1999a].
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Formation of the NO3- ion (62 m/z) in ECNI mode [Schoop 2002].
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Figure 3.8 Mechanisms for the formation of the NO2- ion (46 m/z) and the NO3- ion (62 m/z)

during ECNI mode.
Further information from a mass spectrum may be obtained by application of the nitrogen
rule. The presence of the molecular ion at an odd m/z indicates the presence of an odd
number of nitrogen atoms. The presence of the molecular ion at an even m/z indicates
either the absence of nitrogen or the presence of an even number of nitrogen atoms. This is
a consequence of the fact that nitrogen is the only commonly occurring element which has
an even atomic weight but an odd valency [Ardrey 2003].
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Chapter 4
Instruments, reagents and separation conditions
Within this thesis the following instruments and reagents were used.
4.1 Gas chromatography (GC)
Instruments: HRGC-ECD
Gas Chromatograph: Varian 3800 with 63Ni-ECD
Injector: Varian type 1079 with on-column glass insert
Auto-sampler: Combi-PAL (CTC Analytics)
Software for analysis: Varian Star Chromatography Workstation version 5.31
Instruments: HRGC-MS
Agilent Gas Chromatograph: GC 6890N with on-column injection
Agilent Mass Spectrometric Detector (MSD): MS 5973
PC controlled – HP Chemstations software
Ionisation modes: EI, CI and ECNI
Quadrupole Mass Analyser with an electron multiplier as a means for detection
Gases used for GC:
Hydrogen 5.0 (MTI)
Nitrogen 5.0 (MTI)
Helium 4.6 (MTI)
Methane reagent gas for Mass Spectrometer (MTI)
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GC capillary columns/stationary phases
HRGC-ECD
Zebron ZB-5: 5% Phenyl, 95% Dimethylpolysiloxane (Phenomenex) 60 m x 0.25 mm
(0.25 µm df).

CH3
O

Ph

Si
CH3

95%

Ph

5%

Figure 4.1 The assumed structure of the Zebron ZB-5 stationary phase (Ph = phenyl).
Similar stationary phases are: CP-Sil 8 (Varian), Rtx-5 (Restek), Equity 5 (Supelco) and
Optima 5 (Macherey-Nagel).
(Note: The installation of the capillary column in the HRGC-ECD instrument includes a
retention gap, which comprises of a fused silica capillary that is deactivated. The
dimensions are 2 m x 0.53 mm).
HRGC-MS
Varian CP-Sil 5 CB: 100% Dimethylpolysiloxane
50 m x 0.32 mm (1.2 µm film)
Varian VF-1 MS: 100% Dimethylpolysiloxane
30 m x 0.25 mm (0.25 µm film)
Varian VF 1701 MS: 14% Cyanopropyl-phenyl, 86% Dimethylpolysiloxane
50 m x 0.32 mm (0.25 µm film)
Varian VF 23 MS: 90% biscyanopropyl, 10% cyanopropylphenyl polysiloxane
50 m x 0.32 mm (0.25 µm film)
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GC temperature programs
ECD Method 1
Capillary: ZB-5 (60 m x 0.25 mm, 0.25 µm film)
Carrier Gas: Hydrogen, Constant Flow 2 mL/min
Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min →
250oC (15 mins)
Injector: 40oC (0.5 mins) → 230oC @200 oC/min (20 mins); on-column injection
Note no split ratio used for the injector program.
ECD Method 2
Capillary: ZB-5 (60 m x 0.25 mm, 0.25 µm film)
Carrier Gas: Hydrogen, Constant Flow 2 mL/min
Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min →
250oC (15 mins)
Injector: 40oC (0.5 mins) → 230oC @200 oC/min (20 mins); on-column injection
Split ratio used:

initial

Off

0.75 mins

100

1.50 mins

5

ECD Method 3
Capillary: ZB-5 (60 m x 0.25 mm, 0.25 µm film)
Carrier Gas: Hydrogen, Constant Flow 2 mL/min
Temperature Program: 80oC (2 mins) @20 oC/min → 180oC (20 mins) @2 oC/min →
250oC (15 mins)
Injector: 80oC (0.5 mins) → 230oC @200 oC/min (20 mins); on-column injection

65

4 Instruments, reagents and separation conditions
Split ratio used:

initial

Off

0.75 mins

100

1.50 mins

5

ECD Method 4
Capillary: ZB-5 (60 m x 0.25 mm, 0.25 µm film)
Carrier Gas: Hydrogen, Constant Flow 2 mL/min
Temperature Program: 80oC (2 mins) @20 oC/min → 180oC (20 mins) @2 oC/min →
250oC (45 mins)
Injector: 80oC (0.5 mins) → 230oC @200 oC/min (20 mins); on-column injection
Split ratio used:

initial

Off

0.75 mins

100

1.50 mins

5

MS Method 1
Capillary: Varian VF 1701 MS (50 m x 0.32 mm, 0.25 µm film)
ECNI mode; Source temperature 150oC
Reagent Gas: Methane
Carrier Gas: Helium, Constant carrier gas flow
Temperature Program: 40oC (3 mins) @1.5 oC/min → 250oC (7 mins)
MS Method 2
Capillary: Varian VF 1701 MS (50 m x 0.32 mm, 0.25 µm film)
ECNI mode; Source temperature 150oC
Reagent Gas: Methane
Carrier Gas: Helium, Constant carrier gas flow
Temperature Program: 40oC (3 mins) @1.5 oC/min → 68oC (20 mins) @2 oC/min →
250oC (24 mins)
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4.2 High performance liquid chromatography (HPLC)
HPLC Instrument 1
Pump: HPLC-Pump Shimadzu LC-4A
UV-Detector: Shimadzu Spectrophotometric Detector SPD-2AS
Integrator: Hewlett Packard HP3394A Integrator
Injection Valve: Rheodyne 7125 Manual injection valve
Column Oven: Gynkotek STH 585
HPLC Instrument 2
Pump: Gynkotek Model 480 High Precision Pump
UV-Detector: Gynkotek UVD 340s Diode Array Detector
Integrator: Computer controlled system; Chromeleon software
Injection Valve: Rheodyne 8125 Manual injection valve; 200 µL injection loop
Column Oven: Gynkotek STH 585
Degasser: Gynkotek Degasys DG-1310
HPLC Instrument 3
Pump: Gynkotek Model 480 High Precision Pump
UV-Visible Detector: Gynkotek SP6-AV Detector
Integrator: Shimadzu C-R3A Chromatopac / Hewlett Packard HP3394A Integrator
Injection Valve: Rheodyne 7125 Manual injection valve
Column Oven: Ambient temperature
Degasser: Gynkotek Degasys DG-1310
NP-HPLC Columns
1) Allure Silica 250 x 4.6 mm (5 µm), 60 Å (Restek)
2) Ultra C1 250 x 4.6 mm (5 µm), 100 Å (Restek)
3) Maxsil RP2 250 x 4.0 mm (5 µm), 60 Å (Phenomenex)
4) Perfluoro C8 150 x 4.6 (5 µm) (Fluorous Technologies, Inc)
5) Hypercarb 50 x 4.6 mm (7 µm), 250 Å (Thermo Electron Corporation)
6) Self packed SiO2 column: 150 x 4.0 mm, 5 µm, 120 Å (bulk material purchased from J.
T. Baker, Phillipsburg, USA, Lot M23081)
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HPLC Solvents
n-Hexane (Merck)

Deionised Water

n-Pentane (Merck)

Acetonitrile (Merck)

Methyl Tertiary Butyl Ether (MTBE, Merck)

Methanol (Merck)

2-Propanol (isopropyl alcohol, IPA) (Merck)

Ethanol (Merck)

Dichloromethane (Merck)

Tetrahydrofuran (THF) (Merck)

FC-72 (perfluorinated hexane, 3M)

FC-77 (perfluorinated octane, 3M)

Ethoxynonafluorobutane (C4H9OC2H5, 3M)
Note: Solvents were degassed using an ultrasonic bath (Branson 3510) prior to use.
4.3 Reference standards
General laboratory reagents have been purchased from Merck and for the analysis of the
alkyl nitrates, reference standards have been synthesised in house within the department.
For the analysis of the persistent organic pollutants (POPs) the following reference
materials have been purchased from the National Institute of Standards and Technology
(NIST):
SRM 2262 and SRM 2274; Concentrated PCB congeners present in isooctane.
SRM 2261 and SRM 2275; Concentrated pesticides in n-hexane and isooctane respectfully.
4.4 Air sampling equipment
High Volume Sampler: EM101 (Ströhlein)
Sieve (stainless steel): Mesh size 100 µm, 10 cm diameter x 5 cm (height) (Retsch)
Glass Fibre Filter Papers: 10 cm (Schleicher & Schuell)
Adsorbent: Hayesep-D, poly-divinylbezene, (Hayes Separations Inc). Particle size 300 –
900 µm (20-50 Mesh), surface area 795 m2/g, maximum temperature 290oC.
H

H

H
CH2

H2C
H

H
H

Figure 4.2 Structure of divinylbenzene (1,3 diethenylbenzene); C10H10 , molecular mass
130.2 g/mole.
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4.5 General laboratory equipment
Analytical balance: AE 200 (Mettler)
Ultrasonic bath: Branson 3510 (Bransonic)
Rotary Evaporator: Rotavapor-M, including water bath: HB-140 (Büchi)
Vacuum Distillation controller used with the rotary evaporator: Büchi 168 (Büchi)
Laboratory Dish washer (Miele)
High temperature muffle oven (Heraeus, Ruhstrat)
4.6 Instrumentation used
HRGC-ECD System

HPLC Instrument 1

HPLC Instrument 2 and the switching valves used for the three column HPLC system
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Chapter 5
Air sampling procedure
5.1 Previously used sampling methods
The sampling and analysis of organic compounds in air is challenging. Air is a difficult
matrix to handle due to its complex trace gas pattern and in addition the pollutants are
usually present at low concentrations. Therefore the detection and quantification of
pollutants in this sample matrix requires a pre-concentration step which can be achieved by
adsorption upon an adsorbent; this can be described as the trace enrichment of analytes.
The adsorbent used for sampling has to be selected carefully, because a complete
enrichment of the analytes is usually intended. The specific surface area and the porous
structure of an adsorbent give a rough indication to the adsorption strength of the material
[Dettmer 2003].
The selection of a suitable adsorbent for the pre-concentration of organic air pollutants is
an essential step for the analysis of the alkyl nitrates and persistent organic pollutants
(POPs) in the complex air matrix. The following factors should be considered [Namieśnik
1982]:
1) The volume of air which can be passed through the adsorbent layer, without loss of
the compound (can be referred to as the breakthrough volume)
2) The degree of decomposition of components during the pre-concentration, storage
and desorption stages
3) The amount and character of the adsorbent background signal
4) The adsorbents affinity for water
5) The simplicity, completeness and desorption of the concentrated organic
compounds
Of these factors, the breakthrough volume (BTV), which is commonly defined as the
volume of air that is sampled before the concentration of analyte in the effluent from the
trap rises to a specified level (typically 5% of applied the test concentration), is of
particular interest [Brown 1979; Schoene 1990; Huxham 1999]. It may also be defined as
the volume of gas that that causes a compound to migrate through an adsorbent bed of one
gram at a specific temperature [Figge 1987; Dettmer 2003]. It is important to the user of a
porous polymer to know the safe sampling volume without significant breakthrough. Many
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factors may affect the breakthrough volume of a compound. These include humidity,
vapour concentration and temperature [Brown 1979]. Breakthrough may occur because of
saturation within the adsorbent bed, or due to displacement by another chemical. Sampling
is no longer efficient when this occurs, and as breakthrough progresses, the sample will
become less and less representative of the external environment [Harper 2000].
Breakthrough is independent of flow rate and depends rather upon the total volume of
sample passed, the concentration of the analytes, the temperature and the water content.
Due to presence of other compounds within the environment, the breakthrough volume is
often adjusted by a safety factor [Harper 2000]. In order to guard against breakthrough,
additional adsorbent may be placed behind the primary adsorbent bed. This however, may
cause restriction in air flow.
Within the working group the trace enrichment of analytes found in air has been achieved
using five adsorbents:
1) Silica (Classic adsorbent)
2) Tenax TA (adsorbent used mainly for low volume sampling)
3) ANGI-Sorb (Self synthesised carbon adsorbent from methylated silica)
4) Titanisorb (Self synthesised titanium dioxide adsorbent with a graphite surface)
5) Hayesep-D (Divinyl benzene; Quite often used in gas chromatography as packing
material for columns)
Silica is a commonly used adsorbent for the determination of non-polar hydrocarbons in air
[Elkins 1962; Harper 2000]. Its ease of handling and availability are its greatest
advantages. But its main disadvantage is the ability to adsorb water from humid air upon
sampling, which is difficult to control and can result in the displacement of adsorbed
organic molecules as well as cause complications in the subsequent analysis [Harper
2000]. As there are large differences in surface properties of available types, careful
selection is advised. Experimental results appear to show that this material is not adequate
for the analysis of alkyl nitrates with a carbonyl functionality, [Woidich 2007] and for the
analysis of the wide range in hydrophobic nature of the POPs, it is not ideal. Hence due to
its highly polar nature its suitability is limited for the complex mixture of compounds
found in air.
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Tenax TA is a porous polymer resin based on 2,6-diphenylene oxide. It has been
specifically designed to trap semi-volatiles from air or those which have been purged from
liquid or solid sample matrices [Camel 1995; Harper 2000]. Despite having a relatively
low surface area (~35 m2/g), its high thermal limit (350-400oC) facilitates thermal
desorption, and hence this material has been successfully used within the working group
for the collection of low volume samples followed by analysis by gas chromatography
(GC) with a thermal desorption unit [Fischer 1999]. However, enriching atmospheric
samples on Tenax, has been questioned, and it was found that this material may be a
serious source of interferences, especially when strong oxidants and inorganic pollutants
which are commonly found in the atmosphere, come into contact with the polymer. The
polymer has also been known to undergo chemical decomposition, giving rise to
substantial amounts of organic compounds that can simulate the presence of pollutants in
the sample [Matisová 1995].
ANGI-Sorb is a self-synthesised carbon covered silica gel adsorbent [Deiβler 1996;
Schneider 1998]. It was produced in kilogram amounts in the department with some
success [Schneider 1998]. The material is as easy to clean as silica and produces
recoveries, which are comparable to those of silica. The main reason for its lack of use is
that it is not commercially available and therefore must be self-synthesised. As a result
questions have to be asked about the reproducibility of its carbon loading.
Titanisorb (titanium dioxide with a graphite surface) was also produced within the
department as an adsorbent for air sampling [Mittermaier 2001]. The raw material was
purchased from the company Kronos-Titan GmbH and then subjected to a process of
sieving, fractioning and high temperature derivatisation. As this material is also
synthesised and not commercially available, costs, reproducibility and robustness play
important roles.
The adsorbent used in this work for the collection of all air samples was purchased from
the company Hayes Separations. Hayesep-D is a low-polarity polymer made from high
purity divinylbenzene. The combination of a high operating temperature and a large
surface area is rarely found when using polymers as adsorbents for the trapping of analytes
in air. However, Hayesep-D fulfils these objectives. It is commercially available in four
different porosities with surface areas from 790 to over 800 m2/gram and it has a thermal
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temperature limit of 290oC [Internet reference 26: Hayes separations website]. In addition
the adsorbent has the usual characteristics of polymer adsorbents, namely a low water
affinity, high hydrophobic properties and inertness which are all desirable.
As this adsorbent has not been previously used by the working group, several preliminary
tests and investigations were carried out to ensure of its suitability for the collection of
analytes from the complex mixture of air.
Hayesep-D is a divinylbenzene polymer. Within the literature there are a number of similar
polymers that have been extensively used for the collection of air samples. Similar
polymers include Hayesep Q, Chromosorb 101 and the Amberlite polymers XAD-2 and
XAD-4, all of which are polymers of divinylbenzene. Billings [Billings 1983] has carried
out a comprehensive piece of work using chlorinated hydrocarbons, which encompasses
the blank values for XAD-2 before and after a storage period of 10-11 months. Slight
increases in the blank values were observed, but these slight increases are reported to
scarcely affect the usefulness of these adsorbents for urban air monitoring.
Billings also reports on the collection efficiency (or breakthrough volume) and states that
polychlorinated biphenyl (PCB) vapours were sampled in three different urban areas and
displacement by other organic compounds was not a problem, since both light and heavy
PCBs were effectively trapped at air volumes ranging from 700 to 1660 m3 using 20 grams
of the XAD-2 adsorbent. The collection efficiency of the chlorinated pesticide,
hexachlorobenzene (HCB) was also assessed within this work. The breakthrough of HCB
in a backup trap of XAD-2 was 15% or less of the front trap quantity for 600-700 m3 of air
[Billings 1983].
The work of Billings is supported by the work of Doskey [Doskey 1979] who found that 70
grams of XAD-2 was able to retain 75-95% of a spike of a light PCB technical mixture
(Aroclor 1221) containing mainly mono and dichlorobiphenyls, for air volumes as high as
1400 m3. It was also found that 92-100% of a trichlorobiphenyl spike was retained for air
volumes in the 700-3000 m3 range [Doskey 1979; Billings 1983]. These retention
efficiencies for PCBs have been further supported in more recent work by Criado [Ramil
Criado 2002].
With regards to the alkyl nitrates, little literature is available for the collection efficiencies
on Hayesep-D or similar adsorbents, however experimental results show that no significant
breakthrough is observed for most of the analytes to be investigated, tested using additional
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adsorbent (10 grams) placed behind the primary bed (40 grams) for air volumes up to 200
m3 (see chapter 10).
Upon enrichment of the analytes on the solid adsorbent, they need to be desorbed with high
yields. This desorption can be carried out in two main ways; thermal desorption and
solvent desorption. In this work solvent desorption is to be implemented. For the complex
nature of air as a sample matrix, solvent desorption is preferred as it enables the possible
incorporation of a group separation, which thereby reduces the probability of co-eluting
components in the subsequent HRGC analysis. It also enables the sample to be multiply
analysed.
Table 5.1 Comparison of the main advantages and disadvantages of thermal desorption
and solvent desorption [Mittermaier 2001; Dettmer 2003].
Desorption method

Advantages

Disadvantages

Solvent desorption

Group separation prior

Loss of analytes upon

to analysis is possible.

solvent removal.

Multiple analysis of the

Contamination from the

sample.

solvent is obtainable.

Large amounts of adsorbent

Solvent peak may

can be desorbed; equipment is

overlap with analyte

inexpensive.

signals upon analysis.

Analyte loss and during sample

No possibility of a

preparation is minimised and

group separation prior

contamination from solvents

to analysis.

Thermal desorption

avoided.
No dilution of the analyte leading

Sample may only be

to decreased detection limits.

analysed once.

Sample preparation is fast.

Expensive equipment
and the thermal limit is
adsorbent dependent.
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Data in the literature supports the use of Hayesep-D for the analysis of both the alkyl
nitrates and the POPs. Percentage recoveries using liquid extraction for aromatic nitro
compounds [Andersson 1983a], alkyl nitrates [Andersson 1983a, 1983b], PCBs
[Andersson 1981] and pesticides [Poole 1983; Strachan 1984] from similar polymers such
as XAD-2, are all excellent and in the range 70-100%.
In addition to the information within the literature, experimental data shows the alkyl
nitrates to be stable with very little degradation on Hayesep-D for long periods of time
(several months) [Woidich 2007]. Percentage recoveries of the alkyl nitrates from this
adsorbent using solvent desorption with a variety of solvents of differing polarities, were
also found to be good and in the range 75-100% [Woidich 2007].
Table 5.2 Comparison of the physical properties of Silica, Tenax TA, ANGI-Sorb,
Titanisorb and Hayesep-D (NA = Data not available) [Mittermaier 2001; Internet
reference 26: Hayes separations website].
Characteristic

Silica

Tenax-TA

ANGI-Sorb

Titanisorb

Hayesep-D

0.56

0.25

0.96

1.27

0.33

200-500

200

200-500

100-1000

300-900

0.79

2.4

0.32

0.02

0.15

Surface area (m /g)

488

35

144

5.4

795

Carbon content (%)

-

30

1.4

0.8

NA

Affinity for water

high

low

medium

low

low

Temperature limit (oC)

>600

350

NA

NA

290

3

Density (g/cm )
Particle diameter (µm)
3

Pore volume (cm /g)
2

Following the information gathered on the adsorbent to be used for air sampling (HayesepD) an air sampling procedure was developed which can be divided into several steps; the
pre-cleaning of the adsorbent, the enrichment of analytes by the high volume sampling of
air, the collection of data, the liquid extraction of the analytes from the adsorbent, the
group separation by normal-phase high performance liquid chromatography (NP-HPLC)
followed by the analysis by HRGC. These individual steps will now be looked at in a little
more detail.
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5.2 Pre-cleaning of the adsorbent
Before any sampling, the adsorbent and apparatus has to be rinsed and washed. The
glassware is thoroughly washed using demineralised water and special laboratory salts and
then dried in a muffle oven at 350oC for several hours to remove any excess water. After
cooling the glassware is ready to use or can be stored by protection with aluminium foil
(0.3 mm thick), thereby preventing any contamination from atmospheric particles.
The apparatus used for the cleaning and extraction of air samples is known as the Soxhlet
extraction apparatus (see illustration below). In order to clean the adsorbent material, a
portion is transferred by means of a funnel to a borosilicate thimble especially designed for
use with the soxhlet extraction apparatus. Extraction using the soxhlet apparatus is a wellknown technique for the extraction of low concentrations of analyte. With the help of a
heating mantle, fresh solvent is continuously refluxed through the adsorbent containing the
analytes. A siphon system removes the extracted analytes back into the refluxing solvent.
Typical extractions take between 12 to 24 hours. The technique should only be used for
analytes that can withstand the reflux temperature of the solvent [Reeve 1994].
The cleaning procedure for Hayesep-D was carried out in three stages using three different
solvents of the highest purity available (Merck, Germany).

1. Wash with acetone

(8 hours)

2. Wash with n-hexane (8 hours)

The soxhlet extraction
apparatus

3. Wash with n-pentane (8 hours)

Each wash was carried out for a total of approximately 8 hours thereby subjecting the
adsorbent material (40 grams) to a total cleaning time of 24 hours using fresh solvent.
Approximately 250 to 300 mL of each solvent is used for the cleaning procedure.
After the material has been washed it is then dried in an oven at 100oC (note that HayesepD is thermally stable to a temperature of 290oC), with the help of a purging stream of
nitrogen gas. The drying temperature has been increased from 60oC thereby reducing the
drying time. The drying procedure takes approximately 3 hours but longer drying periods
were often used to ensure the complete removal of any residual solvent. The material was
then stored at room temperature in a sealed glass flask until required for air sampling.
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5.3 Trace enrichment of analytes by the high volume adsorptive sampling of air
Sampling with the employment of adsorbents may be performed in either passive or active
mode. Passive sampling is more suitable for more long-term time averaged sampling, for
example monitoring indoor air at the work place. In active sampling a defined air volume
is drawn through an adsorbent, from a few minutes up to several hours. In this work active
sampling is employed.
In this thesis high volume air samples between 150 and 500 m3 were acquired; the same
procedure was used each time. A known amount of Hayesep-D (around 40 grams) was
weighed out accurately and transferred to the adsorbent container (metal sieve). The
adsorbent material was then covered with borosilicate glass filter paper and in order to hold
the filter paper and adsorbent material in place, a metal ring was carefully placed on top of
the filter paper.
The adsorbent container was then placed in the cavity above the flue and the settings on the
pump controller set as required. The controller enables one to set the total number of cubicmetres of air to be sampled at a rate that can be specified, for example 25 m3/hour. The
equipment used for air sampling is shown in Figure 5.1.

Figure 5.1 Schematic of the high volume sampler
(HVS) used for the collection of air samples: (1)
Turbine/Pump (2) Control unit (3) Adsorbent (4)
Filter and weight stabiliser (5) Sieve (6) Flue
through which the air is pumped (7) Metal housing
[Stolper 2005].

5.4 Collection of data
As a number of air samples are to be taken and the same type of data is to be recorded for
each air sample, a standard template was prepared and utilised for all air samples. The
optimised template is shown on the proceeding pages.
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Name:

Pump rate (m3/h):

Date:

Sampling period (h):

Place:

Adsorbent:

Notes:
Measured values (sampling place)
Time (Start)

Time (End)

Mass of Adsorbent [g]
Temperature [oC]
Atmospheric pressure [hPa]
Humidity [%]
Cloud cover

Weather forecast (Internet):
Data from:

www.dwd.de

Place (postcode):
Time (Start)

Temperature [oC]
Atmospheric pressure [hPa]
Humidity [%]
Wind speed [m/s]
Visibility range [km]
Wind direction
www.wetteronline.de

Precipitation [mm]
www.wetteronline.de

78

Time (End)

5 Air sampling procedure

The first half of the data template is involved in the conditions namely at the start and end
of the sampling period. The mass of the adsorbent, temperature, pressure, humidity, and
cloud cover are all measured at the point of sampling with the help of a weather station. In
order for a comparison to be made, data from internet websites are also noted by using the
postal address of the point of sampling.
The second half of the data template is concerned with the weather conditions three days
before the air sample was taken. This data enables any obscurities in the weather
conditions at the sampling point to be noted, which may influence the air sample.
After the allotted cubic metres of air were sampled, the adsorbent material was directly reweighed and the appropriate sections in the template were filled in. The adsorbent material
was stored in sealed glass conical flasks and protected from light in order to prevent any
contamination or interference prior to the sample work-up procedure and analysis. The
technique effectively excludes any contamination during transport and long-term storage of
the adsorbent as previously demonstrated [Schreitmüller 1994a].
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5.5 Liquid extraction of the analytes from the adsorbent
In order for analysis, the analytes need to be extracted from the adsorbent. This was
achieved using the soxhlet apparatus. For the extraction 300 mL of a 4:1 (w/w) azeotrope
mixture of n-pentane:acetone of the highest available purity was used. An azeotrope is a
special mixture of two or more compounds where the ratio of the compounds is the same in
both the vapour and in the liquid phase. Due to the uniformity of liquid and vapour, simple
boiling cannot change the chemical composition of the azeotrope.
The azeotrope between n-pentane (bpt 36 oC) and acetone (bpt 56oC) has a boiling point of
32oC, which is lower than the boiling point of n-pentane alone. This extraction solvent is
very much suited for the extraction of alkyl nitrates as it has a boiling point much lower
than the first alkyl nitrate, namely methyl nitrate (bpt 65oC). The percentage recovery of
analytes after using the soxhlet extraction apparatus with the azeotrope mixture of npentane:acetone have been previously determined [Kastler 1999a; Woidich 2007].
Extractions of air samples were carried out over a period of 12 hours.
Upon completion all of the extracting solvent was carefully removed from the apparatus
and then first filtered over a blue band filter paper. This enabled the removal of any
remaining adsorbent or fine particles of the borosilicate thimble, which may be present.
The solvent was then reduced to 50 µL in a specially designed flask which enabled
isooctane (keeper; boiling point 99oC) to be added and clearly seen. The keeper is essential
whilst reducing the extraction solvent [Schoop 2002]. One should be aware that increasing
the keeper volume reduces the chances of loss of analyte on the rotary evaporator [Schoop
2002]. It is also important to note that selecting the correct operating parameters for the
rotary evaporator will prevent unnecessary loss of analyte. Many variables need to be
considered, including the appropriate bath temperature, vacuum pressure and the rate of
evaporation. The 20-40-60 rule was applied where possible.

Figure 5.2 Diagram of a rotary evaporator illustrating the different temperature zones.
[Internet reference 25: Brinkmann website].
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The bath temperature should be set so that there is a minimum amount of evaporation loss
and it should be 20oC higher than the vapour pressure temperature of the solvent. A
vacuum pressure may be chosen to produce the correct vapour pressure temperature. The
correct vacuum pressure can be calculated along with the rate of evaporation [Internet
reference 25: Brinkmann website].
Another important way to prevent unnecessary loss of analyte is to ensure the flask
containing the extraction solvent to be reduced is no more than half filled at any one time,
whilst on the rotary evaporator, as evaporation is highest nearer the surface of the solvent.
The distance from the solvent to the condenser is therefore important.

5.6 Group separation by NP-HPLC and analysis by HRGC
Once the extraction solvent has been removed and the air sample concentrated in
approximately 50 µL of isooctane; a group separation of the air sample is then possible by
means of NP-HPLC.
After the group separation of the air sample into fractions, each fraction is taken and the
solvent reduced in volume to 50 µL thereby re-concentrating the analytes, where isooctane
is once again used as the keeper. Depending on the solvent used for the NP-HPLC
separation, a combination of the water bath temperature and the vacuum pump was
required in order to remove the solvent. Tables providing the optimum conditions for each
solvent can be found within the literature.
The fractions can then be weighed out quantitatively (in conjunction with a weighing
protocol enabling the calculation of the exact volume of air to be analysed and to allow for
evaporation losses) and a known amount of an internal standard added. Finally the
fractions can be looked at in detail and quantification carried out using HRGC-ECD and
HRGC-MS. For example in the analysis of alkyl nitrates, 1,1,1,2,2,3,3 heptachloropropane,
(HCP) is used as an internal standard. For the analysis of PCBs a number of internal
standards may be used. Within the working group PCB 103, tetrachloronaphthalene (TCN)
or epsilon-hexachlorocyclohexane (ε-HCH) are used.
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Trace enrichment by adsorptive sampling (150-500 m3) on
pre-cleaned Hayesep-D (40 g); Data recorded using air
sampling templates.

Liquid extraction of the analytes from the adsorbent using
the Soxhlet apparatus and 300 mL of n-Pentane/Acetone (4:1
w/ ) over a 12 hour period.
w

Concentration of the analytes in 50 µL isooctane by removal
of the extraction solvent after filtering over a blue band filter
paper. Solvent reduction (rotary evaporator) at 35/40 oC under
atmospheric pressure.

NP-HPLC group separation; Three (F1-F3/LC1-LC3) or four
(F1-F4/LC1-LC4) fractions depending upon the HPLC system
used.

Re-concentration of the analytes in each NP-HPLC fraction
by addition of 50 µL isooctane followed by the removal of the
extraction solvent. Solvent reduction (rotary evaporator) at
35/40 oC.*

Addition of an internal standard. For the analysis of the alkyl
nitrates HCP is used, for the analysis of POPs PCB 103, ε-HCH
or TCN is used

Qualitative and Quantitative analysis using HRGC coupled
with ECD or MS detection

Figure 5.3 Scheme summarising the steps involved for the analysis of complex mixtures
found within the atmosphere.
*When n-pentane is used as the mobile phase in NP-HPLC, a water bath temperature of
35oC was utilised; this was increased to 40oC when n-hexane was used.
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Chapter 6
Geographical locations of the air samples
In this section the air samples, which provide a source for the complex mixtures, will be
looked at in a little more detail; in particular attention to the point of sampling will be
made. The air samples have been taken from two main areas, at the University of Ulm
(Germany) over a period of 18 months (May 2005 to October 2006) and on the Island of
Madeira in the North Atlantic Ocean (16 June 2005 to 28 June 2005).
6.1 University of Ulm in continental mainland Europe
The city of Ulm in Germany lies in the south of Germany, 90 km South-East of Stuttgart
and 140 km North-West of Munich. Its geographical co-ordinates are 48oN and 10oE. Most
of the air samples have been taken on campus at the University; they can be described as
rural-continental air of central Europe. The University is located on the outskirts
approximately 5 km northeast of the city on a woody hill. The city itself lies approximately
610 km above sea level and has a population of around 120,000 inhabitants.

Figure 6.1 Map of Germany: Ulm is located in the south between Munich and Stuttgart.
Air samples were also taken on campus in the botanical garden at the University of Ulm. A
large part of the gardens are found in a woody area mainly comprising of oak trees. A map
showing the location in central Europe is shown in Figure 6.1 [Internet reference 27: Map
of Germany, Europe, MSNEncarta website]. Table 6.1 lists the air samples taken in
continental Europe (Germany) along with details regarding the sampling.
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Table 6.1 Summary of the continental air samples taken at the University of Ulm.
Air Sample Name
L8-T (Day)

Date of Sampling

Sampling Location

Sample Volume (m3)

02 May 2005

University of Ulm

200

Balcony (North)
L9-T (Day)

11 May 2005

University of Ulm

200

Balcony (North)
L11-T (Day)

21 June 2005

University of Ulm

200

Balcony (North)
Bot.Garden (Night)

15 July 2005

University of Ulm

229

Botanical Garden
Bot.Garden (Night)

28 July 2005

University of Ulm

240

Botanical Garden
Air Sample (Night-Day)

17 October 2005

University of Ulm

200

Balcony (North)
Air Sample (Night-Day)

08 November 2005

University of Ulm

200

Balcony (North)
L12-T (Day)

20 January 2006

University of Ulm

200

Balcony (North)
L14-T (Day)

30 January 2006

University of Ulm

200

Balcony (North)
L15-T (Day)

01 February 2006

University of Ulm

200

Balcony (North)
24 Hr Air Sample

13-14 June 2006

University of Ulm

480

Balcony (North)
L16-T (Day)

17 August 2006

University of Ulm

200

Balcony (North)
L19-T (Day)

19 October 2006

University of Ulm

200

Balcony (North)

6.2 Island of Madeira in the North Atlantic Ocean
Madeira is a Portuguese archipelago (chain or cluster of islands). The island is in the North
Atlantic Ocean and lies between 32oN 16oW and 33oN 17oW. The island is the largest of
the group and has a length of 57 km and a breadth of 22 km. The capital of the island is
Funchal, which has approximately 140,000 inhabitants. The meteorological conditions in
this region are under the influence of the descendent branch of the Hadley cell (see chapter
2), resulting in a dry and dynamic stable free troposphere [Palmén 1969; Van Drooge
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2002]. The highest point on the island is Pico Ruivo at 1862 metres. The climate is mild all
year round and temperatures rarely fall below 16oC. The landscape is varied, with
mountainous ranges and forests.
The maps shown in Figures 6.2 and 6.3 [Internet reference 28: Madeira website; Internet
reference 29: Madeira website], along with the air sample table (Table 6.2), show the
geographical location of the island of Madeira along with the sampling locations upon the
island.

Figure 6.2 Map showing the location of the Island of Madeira in the Atlantic Ocean
[Internet reference 28: Madeira website].
Table 6.2 Summary of the marine air samples taken on the Island of Madeira.
Air Sample Name

Date of Sampling

Sampling Location

Sample Volume (m3)

KüsN 200 (Night)

17 June 2005

Madeira (Küst)

225

KüsT 225 (Day)

18 June 2005

Madeira (Küst)

225

MusT 155 (Day)

22 June 2005

Madeira (Must)

155

EcoT 201 (Day)

23 June 2005

Madeira (Eco)

201

EcoN 212 (Night)

23 June 2005

Madeira (Eco)

212

PicoTN-500 (Day-Night)

24 June 2005

Madeira (Pico)

500
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Figure 6.3 Map showing the Madeira Island along with the air sampling locations [Internet
reference 29: Madeira website].
6.2.1 Description of the sampling locations on the Island of Madeira
The air samples taken in the North Atlantic Ocean were all taken on the Island of Madeira.
As the wind is apparent from all directions of the ocean over the Island, these samples may
be effectively described as marine air samples. The Island of Madeira is unique for the
sampling of air. It encompasses mountainous terrains, a large amount of forested areas,
cities which are densely populated with European traffic emissions, as well as the, to be
expected, vast number of coastal resorts. Upon the Island four sample places were selected
which are shown in Figure 6.3; they cover a broad range of the possible sampling locations
on the Island. At the four sample places a total of six air samples were taken, they are a
mixture of daytime, night-time and day-night samples. Day and night air samples taken at
the same sampling site are differentiated with the suffix ‘T’ (Day) or ‘N’ (Night) the
origins coming from the German words Tag and Nacht respectively; Day-Night air
samples are provided with the suffix ‘TN’. The numbers associated with each sample
represent the volume of air sampled. The samples are listed in Table 6.2.
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Coastline of Madeira
Two air samples were taken on the south coastline of the Island of Madeira. One air
sample was taken during the daytime (KüsT 225) and one was taken during night-time
(KüsN 200), both at the same sampling location. During the daytime the dominating wind
direction is from the Atlantic Ocean, whereas at night the wind direction originates from
the land; this is further explained in chapter 2. The actual sampling location was the rear
terrace of an ecological and biological marina which was situated next to the seashore. The
terrace is at a distance of around 3-5 km in a westerly direction from a harbouring point for
cruising ships.
Urban city centre
Of the six air samples taken on the Island of Madeira, one is taken during the daytime in
the capital Funchal (MusT 155), where the majority of vehicles used in the city are run on
diesel fuel. The actual sampling location was the backyard to a museum located in the city
centre. The yard containing a number of plants and trees, was approximately 20-25 m2 and
enclosed by the museum buildings and a school building. Behind the buildings a small
back street was to be found.
Ecological park
The next sampling location to be considered is an ecological park where two air samples
were taken, one daytime (EcoT 201) and one night-time sample (EcoN 212). The
ecological park consists mainly of pine trees and is situated approximately 10-15 km in a
northerly direction from the capital, Funchal. A road at a distance of around 100 metres is
occasionally used to commute from one side of the island to the other.
Pico do Arieiro
The final sampling location to be considered is at 1810 metres above sea level on the
second highest mountain on the Island of Madeira, Pico do Arieiro. The sampling location
was above a so called long-lasting temperature inversion present year-round in the
subtropical troposphere off the Atlantic coast of north-western Africa [Van Drooge 2002;
87

6 Geographical locations of the air samples
Daly 2005]. The day-night air sample (Pico TN-500) is regarded as a free troposphere
sample, as the inversion separates air masses of lower altitude from the free troposphere
and leads to the accumulation of clouds below the inversion [Daly 2005]. The sample
which may be used to represent background free tropospheric conditions is not affected by
local sources of pollution. From the general circulation of the atmosphere (chapter 2) it is
seen that the origin of the free troposphere air mass is from a westerly direction, namely
the east coast of the United States of America.
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Chapter 7
Preparation of reference materials
Whilst building a method for the group separation of both the alkyl nitrates and the
persistent organic pollutants in air samples, it is advantageous for one to have standards (or
reference materials) of individual components at ones disposal. First the alkyl nitrates are
to be considered. The alkyl nitrates can be subdivided into four main groups; alkyl
mononitrates, alkyl dinitrates, carbonyl alkyl nitrates, and the hydroxy alkyl nitrates.
As there is a lack in the commercial availability of alkyl nitrate standards, most of the
standards are self-synthesised. Below is a list outlining the principal ways for the synthesis
of the alkyl nitrates. Within the working group, the methods are routinely used to
synthesise the alkyl nitrates from microgram (µg) to gram (g) quantities [Woidich 2007;
Grünert 2007; Eberhardt 2007].
The alkyl nitrates solutions are stable and can be stored at room temperature in the dark
with no signs of decomposition for several months [Schneider 1999; Fischer 2000]. Of the
alkyl nitrates presented here, alkyl mononitrates have been synthesised in this work.
Standards not synthesised here have been provided by Woidich, Grünert and Eberhardt
[Woidich 2007; Grünert 2007; Eberhardt 2007]. The identities of the standards that have
been used throughout this work have been confirmed by HRGC-MS and HRGC-ECD data.

7.1 Alkyl mononitrates
7.1.1 Formation from alcohols
The most popular method for the synthesis of alkyl mononitrates is by reaction of an
alcohol with a mixture of both concentrated nitric (65%) and concentrated sulphuric acid
(98%, 1:1). The synthesis is well known [Olah 1989] and the mechanism is characterised
by the formation of a nitronium ion (NO2+) [Solomons 1996].
R-OH + HNO3 ↔ RONO2 + H2O

(7.1)

Concentrated sulphuric acid is required for the reaction to proceed as it increases the rate
of the reaction by increasing the concentration of the electrophile, namely NO2+ [Cowley
1933].
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HONO2 + H+ ↔ (H2O+)-NO2 ↔ H2O + NO2+

(7.2)

In the concentrated nitric acid solution, the following equilibrium is present as a result of
self-protonation of the acid:
HONO2 + HONO2 ↔ (H2O+)-NO2 + NO3-

(7.3)

However the equilibrium lies to the left, as nitric acid alone is a poor nitrating agent.
Therefore the concentration of the nitronium ion is increased markedly by the addition of
concentrated sulphuric acid:
HONO2 + 2H2SO4 ↔ H3O+ + NO2+ + 2HSO4-

(7.4)

When applying this method practically, care needs to be taken upon addition of the
concentrated acid mixture (sulphuric acid and nitric acid). This is done slowly with
precaution and dropwise, whilst cooling the mixture in an ice bath as the reaction can be
violent. The method was used successfully for the synthesis of primary and secondary
alkyl mononitrates, but for the synthesis of tertiary alkyl mononitrates, yields are poor
[Grünert 2007; Eberhardt 2007].
7.1.2 Formation from alkyl halides
Another method for the synthesis of alkyl mononitrates, involves the reaction of the alkyl
halide with silver nitrate [Ferris 1953]. The reaction is simple to carry out and entails the
addition of the alkyl bromide to a solution of silver nitrate in acetonitrile (which is
incidentally highly soluble). Silver bromide falls out of solution as a precipitate (pale
yellow) and can be readily removed.
RX + AgNO3 → RONO2 + AgX

(7.5)

The reactivity and yields are in the following order I > Br > Cl due to the electronegitivity
of the atoms and the mechanism by which the reaction takes place. The synthesis method
has been used quite successfully to produce 1-alkyl mononitrates, an example of which is
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shown in Figure 7.1. The reaction is quite tame in comparison to the reaction using
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Figure 7.1 HRGC-ECD chromatogram of the 1-alkyl mononitrates (1C2-1C10) using
ECD Method 2, after synthesis from alkyl bromides. Stationary Phase: ZB-5 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins)
@10 oC/min → 250oC (15 mins).

7.1.3 Formation from alkanes – one-pot – (carbonyl alkyl nitrates as by-products)
Alkanes are oxidised in the presence of Chromium (VI) to alcohols, the mechanism of
which is shown in Figure 7.2. As alcohols are produced, the presence of concentrated nitric
acid in the reaction mixture yields alkyl mononitrates, the synthesis of which has been
previously discussed. After a group separation by HPLC followed by HRGC analysis it is
seen that the reaction mixture also contained carbonyl alkyl nitrates, most likely formed
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from the reaction of a α-hydroxy carbonyl (present in the mixture) with nitric acid. The
details of the reaction are further described by Eberhardt [Eberhardt 2007].
.

R3CH + H2CrO4 → [R3C H3CrO4] →
(Solvent Cage)

R3C

.

Cr (VI)

(H2O)

→ R3C+ → R3COH + olefins

↓ recombine
OH
R3C-OCr-OH
OH
↓ hydrolysis
R3C-OH

Figure 7.2 Reaction scheme showing the oxidation of alkanes to alcohols using pyridium
dichromate (PDC) [Cainelli 1984].
This synthesis method, using n-hexane as the starting material, was used for the formation
of alkyl mononitrates. After a NP-HPLC clean-up step using the HPLC system described
in section 10.2, the chromatogram displayed in Figure 7.3 was generated. It is seen the
synthesis yields a number of by-products, but two main alkyl mononitrate signals are
observed, which are a result of the symmetry found in the n-hexane molecule.
The two signals, 3C6 and 2C6 were also found in the resulting chromatograms when 2hexanol and 3-hexanol were used as starting materials for the synthesis. During the
experimental procedure, addition of the concentrated nitric acid yields a fuming brown
reaction mixture. The brown gas is likely to be the result of the production of NO2.
Precaution should be taken whilst carrying out this violent reaction.
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Figure 7.3 HRGC-ECD chromatogram of the alkyl mononitrates after a NP-HPLC cleanup using ECD Method 1, formed after synthesis using n-hexane. Stationary Phase: ZB-5
(60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min →
150oC (10 mins) @10 oC/min → 250oC (15 mins) [U = Unknown].

7.2 Alkyl dinitrates
7.2.1 Formation from alkyl dihalides
This method involves the reaction with silver nitrate as described above for the synthesis of
alkyl mononitrates [Ferris 1953]. The reaction with AgNO3 is however, not very efficient.
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7.2.2 Formation from alkenes
Upon reaction of thallium (III) nitrate with alkenes, alkyl dinitrates can be produced by the
double addition of the nitro-oxy group [Bertsch 1974; McKillop 1978].
R1C=CR2 + Tl (NO3)3 → R1CH(ONO2)CH(ONO2)R2 + Tl(NO3)

(7.6)

A likely mechanism for the reaction is shown below:

R1

R2

R2
R1
ONO2

ONO2

TI

+

+

O2NO Tl

O + ON

ONO2

-O
N+ O
O

O

-O
N+ O
O

R1

R1

R2

O2NO TI
O
+
O N
O

O2NO
+

R2
ONO2

:TI ONO2

Figure 7.4 The likely mechanism for the formation of alkyl dinitrates using thallium (III)
nitrate and an alkene [Argyrakis 2006].
As a side reaction, carbonyl compounds are also formed, as thallium (III) nitrate is a strong
oxidising reagent. More details regarding the reaction can be found in articles by McKillop
and Bertsch [Bertsch 1974; McKillop 1978; Argyrakis 2006].
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7.2.3 Formation from diols
A further method for the synthesis of alkyl dinitrates is reaction of a diol with a mixture of
concentrated nitric and concentrated sulphuric acid [Olah 1989; Solomons 1996]. The
reaction proceeds in the same manner as described for the alkyl mononitrates.
Alkyl dinitrates may also be produced by reaction of the diol in the presence of triphenyl
phosphine, iodine and imidazole as described by Castedo [Castedo 1992].
Unsaturated aliphatic nitrates and dinitrates can also be formed by reaction of an
unsaturated alcohol with nitric acid and acetic anhydride. Fishbein and Gallaghan used the
method successfully for the preparation of cis and trans 1,4-dinitroxy-2-butenes. The
unsaturated diols are dissolved in acetic anhydride and added cautiously to a nitrating
mixture of nitric acid (98%) in acetic anhydride. The reaction was shown to be
stereospecific [Fishbein 1956].

7.3 Carbonyl alkyl nitrates
7.3.1 Formation from carbonyl compounds
Carbonyl alkyl nitrates are formed by reaction of a carbonyl compound with
Thalliumtrinitrate [McKillop 1978].
RC(O)CHR2 + Tl(NO3)3 → RC(O)C(ONO2)R2 + Tl(NO3) + HNO3

(7.7)

Details regarding the reaction proficiency were shown by Kastler and Renner [Kastler
1999a; Renner 1999].
Carbonyl alkyl nitrates may also be synthesised by oxidation of hydroxy alkyl nitrates. A
typical oxidising agent is pyridium dichromate (PDC) [Corey 1979].
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7.4 Hydroxy alkyl nitrates
7.4.1 Formation from halogenated alcohols
Hydroxy alkyl nitrates can be formed by reaction of halogenated alcohols (halohydrins)
with silver nitrate. Halohydrins can be formed from an alkene by reaction with NBromosuccinimide [Guss 1955]. The reaction is carried out in a polar solvent (for example
water), with a low concentration of bromine in order to prevent bromine reacting by radical
substitution at the terminal hydrogen position (allylic bromination). Instead a bromonium
ion is formed over the double bond, which is then susceptible to attack by a water molecule
resulting in the formation of the halohydrin [Solomons 1996]. An example is shown in the
reaction scheme below:

Br

NBS
(H2O)

OH
+

OH

Br
AgNO3

OH

ONO2
+ AgBr +
OH

ONO2

Figure 7.5 Reaction scheme showing the formation of hydroxy alkyl nitrates from alkenes
via halohydrins.

7.4.2 Formation from diols
This is a one pot synthesis in which the initial step involves the formation of an alkyl
iodide by reaction of one of the alcohol groups by using triphenyl phosphine, iodine and
imidazole all present in solution. After formation of the halohydrin, nitration may be
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initiated using silver nitrate. Further information can be found in work published by
Castedo [Castedo 1992].
7.4.3 Formation from epoxides
A further method for the preparation of alkyl hydroxy nitrates is by reaction of an epoxide
with nitric acid [Nichols 1953]. When an oxirane compound of the symmetrical type is
treated with nitric acid only one hydroxy alkyl nitrate is produced, for example:
R-CH-CH-R + HNO3 → RCHOH-CHONO2R

(7.8)

O
Using an unsymmetrical oxide, results in the possibility of two isometric products.

R-CH-CH2 + HNO3 → R-CHOHCH2ONO2 + R-CHONO2CH2OH

(7.9)

O
In acid-catalysed reactions appreciable amounts of both isomers are produced, whereas in
base-catalysed reactions the secondary alcohol is the preferred product.
The reaction allows alkyl hydroxy nitrates to be produced in either an aqueous medium or
a non-aqueous medium. The aqueous reaction yields products relatively free from
materials other than glycols [Nichols 1953].
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7.5 The synthetic routes for the formation of multifunctional alkyl nitrates
The main synthesis routes for the formation of alkyl mononitrates, alkyl dinitrates,
carbonyl alkyl nitrates and hydroxy alkyl nitrates are summarised in Table 7.1.
Table 7.1 The main synthesis methods for the alkyl nitrates.
Alkyl nitrate
Alkyl mononitrates

Synthesis

Reference

From: alcohols, alkyl halides and [Cowley 1933; Ferris 1953;
from alkanes (one pot)

Cainelli 1984; Olah 1989;
Solomons 1996; Eberhardt
2007]

Alkyl dinitrates

From: alkyl dihalides, alkenes [Ferris 1953; Fishbein 1956;
and from diols

Bertsch 1974; McKillop 1978;
Olah 1989; Castedo 1992;
Solomons 1996; Argyrakis
2006]

Carbonyl alkyl

From: carbonyl compounds using [Mckillop 1978; Corey 1979;

nitrates

Tl(NO3)3

and

oxidation

of Kastler 1999a; Renner 1999]

hydroxy alkyl nitrates using PDC
[Nichols 1953; Guss 1955;
Hydroxy alkyl

From: alkenes (via halohydrins), Solomons 1996; Castedo

nitrates

diols and epoxides

98
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7.6 Synthesis of organic nitrates of isoprene
The isoprene organic nitrates that could be possibly formed in the atmosphere are shown in
the Figure 7.6 below:

1

ONO2

2

OH

3

4

ONO2

OH

2M1en3OH4C4
5

OH

OH

ONO2

2M1en4OH3C4
6

c-2M2en1OH4C4

t-2M2en1OH4C4
8

7

O2NO

HO

O2NO
OH

c-2M2en4OH1C4
9

ONO2

11

O

12

ONO2

O
ONO2

13

2M3en2OH1C4

2M3en1OH2C4

t-2M2en4OH1C4
10

OH

ONO2

ONO2

O

2M1en3O4C4

ONO2

HO

2M1en4O3C4
14

O

O

ONO2

t-2M2en1O4C4

c-2M2en1O4C4
15

O2NO

16

ONO2

O

c-2M2en4O1C4

17

ONO2

ONO2

O

t-2M2en4O1C4

18

2M3en1O2C4

19

ONO2

2M3en1,2C4

ONO2

c-2M2en1,4C4

2M1en3,4C4

ONO2

O2NO

O2NO

ONO2

ONO2

t-2M2en1,4C4

Figure 7.6 Showing all the possible isoprene organic nitrates using the shorthand
nomenclature system [c = cis, t = trans; referring to diastereomers that differ in their
stereochemistry at adjacent atoms of a double bond].
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Most of the isoprene nitrates have been synthesised in house and the synthesis methods are
shown by Werner, Stolper and Woidich [Werner 1999; Stolper 2005; Woidich 2007 and
work to be published]. The stability of isoprene nitrates is an issue as these compounds are
not stable and hence upon synthesis they are analysed as soon as possible and furthermore,
stored under refrigerated conditions. Degradation generally occurs via oxidation and
includes the compounds methacrolein (MACR), methyl vinyl ketone (MVK) and
methylglyoxal [Pierotti 1990; Pinho 2005].

7.7 Synthesis of alkyl nitrites
In this work, two synthesis routes have been employed for the formation of alkyl nitrites;
reaction via nitrosation and reaction via nitrosyl exchange.
7.7.1 Nitrosation
Alcohols can be converted to nitrites, by nitrosation. Nitrosation reaction mechanisms
begin with the addition of a strong acid to sodium nitrite (NaNO2). Nitrous acid is formed,
but reacts further with acid to make water and the nitrosyl cation [Solomons 1996]:
NaNO2 + HCl → HNO2 (generated in-situ) + NaCl

(7.10)

HON:O + H3O+ ↔H2O+-NO + H2O (2)

(7.11)

H2O+-NO + H2O ↔ 2H2O + N+=O

(7.12)

The first reaction involves the reaction of sodium nitrite with hydrochloric acid, generating
nitrous acid in situ with the production of sodium chloride. In the presence of a strong acid
nitrous acid is protonated (reaction 7.11) then dissociates to form the nitrosyl cation and
water in reaction 7.12.
Whether the nitrosyl cation is the electrophilic nitrosating species or a product of its
oxidation is a question of debate [Grossi 1999; Williams 2003].
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The presence of oxygen readily oxidises nitric oxide to nitrogen dioxide, which is then
converted to N2O3:
2 NO + O2 → 2 NO2

(7.13)

NO2 + NO ↔ N2O3

(7.14)

In particular at OoC in the presence of air and with an excess of NO, the equilibrium in
reaction 7.14 is shifted toward the formation of N2O3, as confirmed by the appearance of a
pale blue colour due to the solvation of the N2O3. To discriminate between NO and N2O3
as the actual nitrosating agent, two experiments, one with and one without the presence of
air, were performed by Grossi and Strazzari [Grossi 1999]. During anaerobic conditions
only traces of the product were found, suggesting N2O3 as the real active species in the
nitrosating process.
The microsynthesis of the alkyl nitrites is simple to carry out and involves the addition of
the alcohol to an organic solvent such as cyclopentane. Sodium nitrite is then added and
concentrated hydrochloric acid added drop-wise, shaking in between additions and being
cooled in an ice bath. The organic layer is then neutralised, and washed with water before
being dried over a sodium nitrate micropipette. A typical method for the synthesis is
outlined below.
Procedure for Nitrosation
A concentrated solution of sodium nitrite (7 Molar) and cyclopentane were cooled in an
ice bath. To 4 mL of cyclopentane approximately 1.5 x 10-3 moles (1 mole equivalent) of
alcohol was added followed by a slight excess (1.65 x 10-3 ≈ 1.1 mole equivalents) of
sodium nitrite (NaNO2). The flask was thoroughly shaken and an equimolar volume (1.5 x
10-3 moles) of concentrated hydrochloric acid (32%) added dropwise, shaking and cooling
on an ice bath in between additions. The upper (organic) layer was then removed and
washed with saturated sodium hydrogen carbonate until a neutral solution was observed.
The solution was then washed with demineralised water (2.5 mL) and dried over a
micropipette filled with sodium sulphate (Na2SO4) to yield the desired product.
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The alkyl nitrites formed using this synthesis route are listed in Table 7.2 and Figure 7.7
illustrates the resulting HRGC-ECD chromatograms observed using methanol, ethanol,
ethane 1,2 diol, 1-propanol and glycerol as starting materials.
Table 7.2 Summary of the alkyl nitrites synthesised via the nitrosation reaction.
Corresponding alkyl nitrite

C1

methanol

methyl nitrite

C2

ethanol

ethylene nitrite

C2

ethane 1,2 diol

ethyl dinitrite

C3

1-propanol

1-propyl nitrite

C3

glycerol

propyl trinitrite

0

2.5

U
Propyl Trinitrite

1-Propyl Nitrite

Ethyl Dinitrite

Alcohol

Methyl Nitrite
Ethyl Nitrite

Carbon chain length

5

7.5

10

12

Minutes

Figure 7.7 Overlay of five HRGC-ECD chromatograms (ECD Method 1) showing
mononitrites, a dinitrite (ethyl dinitrite) and a trinitrite (propyl trinitrite). Stationary Phase:
ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min
→ 150oC (10 mins) @10 oC/min → 250oC (15 mins).
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7.7.2 Nitrosyl exchange
The second method published in 1983, involves the synthesis of alkyl nitrites via the
nitrosyl exchange reaction [Doyle 1983].
Alkyl nitrates undergo rapid nitrosyl exchange with alcohols, the reaction and mechanism
are shown below:
RONO + R’OH ↔ ROH + R’ONO

(7.15)

R
H
t-BuONO + 2ROH

O
R

O

N

H
R O

O

R O

OH
N
t-BuO

+ ROH

O

RONO + t-BuOH

N

H

t-BuO

O
H

+ ROH

t-BuO

t-BuO

R O

OH
N

+ ROH
R

Figure 7.8 Illustration of the nitrosyl exchange reaction [Doyle 1983].
On addition of an alkyl nitrite to a large excess of a pure alcohol, results in complete
nitrosyl exchange within 1 minute at room temperature [Doyle 1983]. Tertiary butyl nitrite
provides an excellent nitrosyl source due to its commercial availability.
A typical method for the synthesis of alkyl nitrites using this route is described below. A
molar excess of alcohol is required as the stoichiometry of the reaction is 2:1 in favour of
the alcohol. By consideration of the organic structure of the compounds, cyclopentane is
used as the organic solvent as it is a little more polar in comparison to n-pentane (P = 0.1
for cyclopentane in comparison to P = 0.0 for n-pentane, see chapter 3 and work by Snyder
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1997a). This solvent is therefore able retain the compounds of interest from the reaction
mixture.
Procedure for the Nitrosyl exchange reaction
(3 moles alcohol: 1 mole tertiary butyl nitrite). To 4 mL of cyclopentane, approximately
4.5 x 10-3 moles (3 mole equivalents) of the alcohol is added and the reagent flask
thoroughly shaken. Tertiary butyl nitrite is then added (approximately 1.5 x 10-3 moles ≈ 1
mole equivalent) the flask once again thoroughly shaken and the reaction mixture left
overnight. After washing with demineralised water (2.5 mL), the organic phase was
removed and dried over a micropipette filled with sodium sulphate to yield the desired
product.
Further information regarding the reaction and conditions can be found in work published
by Doyle [Doyle 1983]. Table 7.3 shows the alkyl nitrites that were prepared using this
synthesis route and Figure 7.9 shows a test mixture of some C4 and C5 alkyl nitrites,
prepared using this synthesis route.
Table 7.3 Summary of the alkyl nitrites synthesised via the nitrosyl exchange reaction
along with their respective boiling points [NA = data not available].
Boiling point oC

Carbon Chain length

Alcohol

Corresponding Alkyl Nitrite

C1

methanol

methyl nitrite

-12

C2

ethanol

ethyl nitrite

17

C3

1-propanol

1-propyl nitrite

49

C3

glycerol

propyl trinitrite

50

C4

2-methyl-1-butanol

2-methyl-1-butyl nitrite

99

C4

3-methyl-1-butanol

3-methyl-1-butyl nitrite

99

C4

3-methyl-2-butanol

3-methyl-2-butyl nitrite

99

C4

2-methyl-2-butanol

2-methyl-2-butyl nitrite

99

C5

1-pentanol

1-pentyl nitrite

105

C5

2-pentanol

2-pentyl nitrite

99

C5

3-pentanol

3-pentyl nitrite

NA

C6

1-hexanol

1-hexyl nitrite

129

104

3-methyl-1-butyl nitrite
2-methyl-1-butyl nitrite

1-pentyl nitrite

7

8

2-methyl-2-butyl nitrite

2-pentyl nitrite
3-pentyl nitrite

3-methyl-2-butyl nitrite
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5

6

9

10

Minutes

Figure 7.9 HRGC-ECD chromatogram (ECD Method 1) of C4 and C5 alkyl nitrites
prepared using the nitrosyl exchange reaction from their corresponding alcohols.
Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5
mins) @2 oC/min → 150oC (10 mins) @10 oC/min → 250oC (15 mins).

After storage under refrigerated conditions for three months, it is seen the alkyl nitrites
formed using these two synthesis methods, begin to show signs of degradation. Some of
the degradation products were identified as alkyl nitrates. An attempt was made to develop
a clean-up procedure using NP-HPLC after synthesis of the alkyl nitrites, but due to their
relatively low boiling points in comparison to the alkyl nitrates, some sample loss was
observed in work up procedure prior to analysis by HRGC. The main loss is expected to be
upon solvent reduction after HPLC analysis using the rotary evaporator.
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7.8 Test mixtures of persistent organic pollutants (POPs)
The POPs to be studied in this thesis are the polychlorinated biphenyls (PCBs) and the
pesticides. These compounds have been produced in milligram (mg) quantities within the
department and have been used as individual components or as test mixtures [Klingler
2004; Hackenberg 2004].
The standard solutions used for the quantification of the POPs have been purchased from
NIST (National Institute of Standards and Technology) and are listed in Tables 7.4 and 7.5.
When using these reference standards a stringent weighing protocol was applied enabling
the exact amount of each component of the test mixtures to be known and losses on solvent
evaporation to be accounted for.
7.8.1 PCB test mixtures: SRM 2262 and SRM 2274
These test mixtures are standard reference materials (SRM) of concentrated PCB
congeners. The congeners present in SRM 2262 and SRM 2274 are provided in isooctane
(2,2,4 trimethyl pentane). The PCB standard solutions were spiked with the following
internal standards – PCB 103 and 1,2,3,4 tetrachloronaphthalene (TCN) both of which
were obtained from the Laboratory Dr. Ehrenstorfer, Germany.
Table 7.4 The components of PCB test mixture SRM 2274 and the concentration (pg/µL)
of each congener in three PCB standard solutions (PCB 10, PCB 25, PCB 50) [Internet
reference 30: National Institute of Standards and Technology, website].
Concentration (pg/µL)
PCB Number

106

Compound

PCB 10

PCB 25

PCB 50

31

2,4’,5-trichlorobiphenyl

14

33

65

49

2,2’,4,5’-tetrachlorobiphenyl

14

33

65

95

2,2’,3,4’,6-pentachlorobiphenyl

14

33

65

99

2,2’,4,4’,5-pentachlorobiphenyl

14

33

65

110

2,3,3’,4’,6-pentachlorobiphenyl

14

33

65

149

2,2’,3,4’,5’,6-hexachlorobiphenyl

14

33

65

151

2,2’,3,5,5’6-hexachlorobiphenyl

14

33

64

156

2,3,3’,4,4’,5-hexachlorobiphenyl

14

33

65

169

3,3’,4,4’,5,5’-hexachlorobiphenyl

14

33

64

183

2,2’,3,4,4’,5’,6-heptachlorobiphenyl

14

33

64

194

2,2’,3,3’,4,4’,5,5’-octachlorobiphenyl

14

33

64
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Table 7.5 The components of PCB test mixture SRM 2262 and the concentration (pg/µL)
in three PCB standard solutions (PCB 10, PCB 25, PCB 50) [Internet reference 30:
National Institute of Standards and Technology, website].
Concentration (pg/µL)
PCB Number

Compound

PCB 10

PCB 25

PCB 50

1

2-monochlorobiphenyl

14

33

64

8

2,4’-dichlorobiphenyl

15

34

66

18

2,2’,5-trichlorobiphenyl

14

33

64

28

2,4,4’-trichlorobiphenyl

14

33

64

29

2,4,5-trichlorobiphenyl

14

33

63

44

2,2’,3,5’-tetrachlorobiphenyl

14

32

63

50

2,2’,4,6-tetrachlorobiphenyl

14

33

64

52

2,2’,5,5’-tetrachlorobiphenyl

14

33

64

66

2,3’,4,4’-tetrachlorobiphenyl

14

32

63

77

3,3’,4,4’-terachlorobiphenyl

14

33

65

87

2,2’,3,4,5’-pentachlorobiphenyl

14

33

64

101

2,2’,4,5,5’-pentachlorobiphenyl

14

32

63

104

2,2’,4,6,6’-pentachlorobiphenyl

14

33

64

105

2,3,3’,4,4’-pentachlorobiphenyl

14

32

63

118

2,3’,4,4’,5-pentachlorobiphenyl

14

33

64

126

3,3’,4,4’,5-pentachlorobiphenyl

14

33

64

128

2,2’,3,3’,4,4’-hexachlorobiphenyl

14

33

64

138

2,2’,3,4,4’,5’-hexachlorobiphenyl

14

32

63

153

2,2’,4,4’,5,5’-hexachlorobiphenyl

14

32

63

154

2,2’,4,4’,5,6’-hexachlorobiphenyl

14

32

63

170

2,2’,3,3’,4,4’,5-heptachlorobiphenyl

14

32

63

180

2,2’,3,4,4’,5,5’-heptachlorobiphenyl

14

33

64

187

2,2’,3,4’,5,5’,6-heptachlorobiphenyl

14

32

63

188

2,2’,3,4’,5,6,6’-heptachlorobiphenyl

14

33

64

194

2,2’,3,3’,4,4’,5,5’-octachlorobiphenyl

1.5

3

7

195

2,2’,3,3’,4,4’,5,6-octachlorobiphenyl

14

32

63

201

2,2’,3,3’,4,5’,6,6’-octachlorobiphenyl

14

33

64

206

2,2’,3,3’,4,4’,5,5’,6-nonachlorobiphenyl

14

32

62

209

2,2’,3,3’,4,4’,5,5’,6,6’-decachlorobiphenyl

14

33

64

The HRGC-ECD chromatogram in Figure 7.10 shows the components of the PCB test
mixtures SRM 2274 and SRM 2262.
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104

TCN
44
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103

35

95

66

101
99
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77

151
149

118

45

188
105

153

138

50

126

187
128

183

156

55

201

180
169

170

60
195
194

65
206

70
209

75
80

Figure 7.10 HRGC-ECD chromatogram (ECD Method 3) of the components of the PCB
test mixtures SRM 2274 and SRM 2262 Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25
µm film); Temperature Program: 80oC (2 mins) @20 oC/min → 180oC (20 mins) @2
o

C/min → 250oC (15 mins).
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7.8.2 Pesticide test mixtures: SRM 2261 and SRM 2275
SRM 2261 and SRM 2275 are standard reference materials (SRM) of concentrated
pesticides. The pesticides in SRM 2261 are provided in n-hexane, while those in SRM
2275 are present in isooctane. The pesticide standard solutions were spiked with the
following

internal

standards–

epsilon-hexachlorocyclohexane

(ε-HCH),

pentachlorobenzene (PCBz), PCB 103 and 1,2,3,4 – Tetrachloronaphthalene (TCN), all of
which were purchased from the Laboratory Dr. Ehrenstorfer, Germany.
The two poly halogenated anisoles (methyl-phenyl-ethers), pentachloranisole (A19) and
2,4,6-tribromanisole (A33) are also present as components in the test mixtures as well as
tetrachlorodimethoxybenzene (TCDMB) and aldrin (which breaks down to dieldrin).
Tables 7.6 and 7.7 show the components of SRM 2261 and SRM 2275 respectively and
Figure 7.11 shows the mass spectrum of the internal standard pentachlorobenzene (PCBz).
The HRGC-ECD chromatogram in Figure 7.12 shows the chromatographic separation of
the components present in test mixtures SRM 2261 and SRM 2275.
Table 7.6 The components of pesticide test mixture SRM 2261 and the concentration
(pg/µL) in three pesticide standard solutions (pesticide 10, pesticide 25, pesticide 50)
[Internet reference 30: National Institute of Standards and Technology, website].
Concentration (pg/µL)
Compound

Pesticide 10

Pesticide 25

Pesticide 50

Hexachlorobenzene (HCB)

12

30

59

gamma-Hexachlorocyclohexane (γ-HCH)

12

30

60

Heptachlor

12

30

60

Heptachlorepoxide (HCE)

12

30

60

cis-Chlordane

12

30

60

trans-Nonachlor

12

30

60

Dieldrin

12

30

60

Mirex

12

30

60

2,4’-DDE

12

30

60

4,4’-DDE

12

30

60

2,4’-DDD

12

30

60

4,4’-DDD

12

30

60

2,4’-DDT

12

30

59

4,4’-DDT

12

30

59
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Table 7.7 The components of pesticide test mixture SRM 2275 and the concentration
(pg/µL) in three pesticide standard solutions (pesticide 10, pesticide 25, pesticide 50)
[Internet reference 30: National Institute of Standards and Technology, website].
Concentration (pg/µL)
Compound

Pesticide 10

Pesticide 25

Pesticide 50

alpha-Hexachlorocyclohexane (α-HCH)

12

32

63

beta-Hexachlorocyclohexane (β-HCH)

12

32

63

Oxychlordane

12

30

60

trans-Chlordane (gamma-Chlordane)

12

31

62

Endosulfan-I

12

31

61

Endrin

12

31

61

Endosulfan-II

12

31

62

cis-Nonachlor

12

31

62

Endosulfan-sulfate

12

31

62

M250

% Relative Intensity

H
Cl

Cl

Cl

Cl
Cl

Pentachlorobenzene (C6 HCl5)
Molecular mass = 250.34

Cl-

(M – Cl)-

35

215
40

60

80

100

120

140
m/z

160

180

200

220

240

260

280

Figure 7.11 Mass spectrum of pentachlorobenzene (PCBz) taken using MS Method 1
(ECNI mode, CH4). Stationary Phase: Varian VF 1701 MS (50 m x 0.32 mm, 0.25 µm
film); Temperature Program: 40oC (3 mins) @1.5 oC/min → 250oC (7 mins). M = Relative
molecular mass.
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Figure 7.12 HRGC-ECD chromatogram (ECD Method 3) of the components of the
pesticide test mixtures SRM 2275 and SRM 2261. Stationary Phase: ZB-5 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 80oC (2 mins) @20 oC/min → 180oC (20 mins)
@2 oC/min → 250oC (15 mins) [TCDMB = tetrachlorodimethoxybenzene].
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Chapter 8
Building the HPLC method
8.1 Considerations whilst developing the HPLC method
In order to develop a method for the group separation of the alkyl nitrates into their main
classes and ultimately the persistent organic pollutants (POPs), a series of steps can be
followed; these are summarised in Figure 8.1.

Figure 8.1 Summary of the steps for the development of a HPLC method [Snyder 1997a].
Before beginning there are a number of points one should consider, which will now be
discussed.
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The composition of the sample provides valuable information for the best choice for the
initial conditions for a HPLC separation [Snyder 1997a]. There are two main approaches a
theoretical approach and an empirical approach. The theoretical approach involves trying
to match the chemistry of the sample to a best choice of initial HPLC conditions. The
second approach involves trying a set of initial conditions without paying any real attention
to the nature of the sample. Both strategies can provide successful results and the best
strategy is probably a mixture of both of them, which is what has been used here.

8.2 The aims of the separation
What are the aims of the separation? These need to be specified clearly. It is unnecessary
to resolve all sample components in the separation, as we are interested in the group
separations of two main classes of compounds, namely the alkyl nitrates and the persistent
organic pollutants (POPs).
Quantification of the compounds in the samples is also not a topic of concern during the
building of the HPLC method, as the final separation and quantification is to be carried out
using HRGC-MS or HRGC-ECD systems, on the fractions collected from the HPLC.
In order to test the system a number of samples from varying sources will be injected on
the HPLC system. Syntheses will be injected along with reference materials and air
samples in order to see the separation capabilities of the system. This means that samples
will be injected from a variety of matrices, although the primary aim of the system is to be
able to separate the alkyl nitrates and POPs collected from the atmosphere into groups
according to their classification.
Consideration needs to be given to the analysis time of the separation but it is not a
primary concern. Ideally one would like a short fast method, as this reduces costs in terms
of solvent and time. A long HPLC method would also mean that the air sample is
fractioned in a large volume, which is not ideal, as the solvent has to be reduced using a
rotary evaporator. The more solvent there is to reduce, the higher the likelihood of analyte
loss (see chapter 5). The boiling point of the solvent used for the HPLC separation is also
important. The higher the boiling point, the more likely the loss of analytes whilst using
the rotary evaporator as a combination of water bath temperature and vacuum is required in
order to remove the solvent.
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Whilst building the HPLC method the apparatus available also has to be taken into
consideration. Questions regarding the capabilities of the pump, the temperature regulation
of the HPLC system, and automation of valves for example have to be kept in mind.
As described in the section entitled Air sampling procedure (Chapter 5) air samples are
reduced in volume to around 50 µL in isooctane as the keeper. This is because the analytes
of interested have a range of volatilities and isooctane (bpt 99oC) is not readily volatile at
room temperature; it is therefore a good storage medium for short periods of time. The air
samples are therefore in a matrix where isooctane is used as a solvent. This is important to
note because the best results from a HPLC system are achieved when the composition of
the sample solvent directly matches or is close to the composition of the mobile phase. If
there is a large difference in the compositions, then problems arise with the baseline due to
solvent-mobile phase incompatibility. This can be seen when acetonitrile is injected on a
HPLC system that has n-hexane as the mobile phase (Figure 8.2).

Figure 8.2 HPLC-UV chromatogram showing the sample solvent-mobile phase
incompatibility when acetonitrile is injected with n-hexane as the mobile phase. Stationary
phase: SiO2 column: 150 x 4.0 mm (5 µm), ambient column temperature, mobile phase npentane with a flow rate of 1.0 mL/min and detection at 210 nm.
The section on air sampling details the steps required for concentrating an air sample into
50 µL of isooctane. For injection of the sample, a 200 µL HPLC injection loop was used. It
is important that the entire sample is loaded and separated on the HPLC in one injection, as
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the analysis is one shot so all components of interest are to be analysed in one single
injection.

8.3 Detection in HPLC
Detection in terms of selectivity and sensitivity is very important in HPLC method
development. There are a number of detectors available at the disposal of the analyst in
HPLC; these include the refractive index detector (RI), fluorescence detection,
electrochemical detectors and the mass spectrometer. However the ultraviolet-visible (UVVis) detector still remains one of the most widely used [Milano 1976; Snyder 1997a].
During the method development stage, an ultraviolet-visible (UV-Vis) variable wavelength
detector or diode array detectors (UV-Vis) are in most cases used. Alternatives to these
detector types are only selected when samples have little or no UV absorbance, analyte
concentrations are too low for UV detection, sample interferes are important or qualitative
structural information is required [Snyder 1997a]. UV detection works on the principal of
the Beer-Lambert law (see equation 8.1). The sample, present in a flow cell is subjected to
UV light and the consequent absorbance of the sample is measured.

A=ε ⋅c⋅l

(8.1)

where, A = absorbance, ε = molar absorptivity (absorbance of a 1M solution in a 1 cm cell,

c = concentration (moles per litre) and l is the path length, usually 1 cm.
Some features are common to all UV detectors. A light source, typically a deuterium lamp,
provides light with a wavelength between 190-400 nm (UV range). A higher energy
tungsten-halide lamp is often used when measurements are required in the visible range
(400-700 nm). The light from the lamp enters the grating assembly through an entrance slit
and is focussed on a grating by a mirror. The position of the grating can be varied in order
to direct monochromatic light of a selected wavelength onto a second mirror, and from
here it exits via the exit slit. Figure 8.3 illustrates the process.
In variable wavelength detectors, the grating is positioned between the lamp and the
sample cell and in a diode array detector (DAD) it is positioned after the sample cell, so
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that the sample is subjected to light of all wavelengths. Figure 8.4 demonstrates the
differences between the detector types.

Mirror A

Entrance Slit

Mirror B

Diffraction
Grating

Exit Slit

Figure 8.3 Schematic of a typical grating assembly in a UV detector [Snyder 1997a].

A

B

Figure 8.4 Comparison of a variable wavelength detector (A) and a diode array detector
(B); it is seen that in (A) the diffraction grating is placed before the sample and in (B), it is
placed after the sample [Internet reference 34: LC resources website].
8.3.1 The diode array detector (DAD)
The process, by which this detector works, will now be looked at in a little detail. Light is
emitted from a lamp, which has a broad emission source. This polychromatic light is
directed through a flow cell, containing the analyte(s) of interest together with the eluting
medium. The light is absorbed and the transmitted light is spread into a spectrum by a
dispersion device such as a diffraction grating or a prism. Gratings are linear devices that
produce spectra equally resolved over all wavelengths. Prisms on the other hand are nonlinear devices that produce greater dispersion in UV than visible wavelengths. This
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dispersed light is directed and falls upon a diode array. The array may contain many
hundreds of diodes and the output from each diode can be sampled and stored by computer
[Riordon 2000; Internet reference 33: Chromatography-On-Line website].
The DAD allows the simultaneous collection of chromatograms at different wavelengths in
the UV-Vis range, during a single run, any of which can be displayed following a run.
Therefore DADs provide more information with regard to sample composition in
comparison to single wavelength detectors [Snyder 1997a]. As the UV spectrum is also
obtained for each separated peak, this in part enables identification and provides
information regarding the optimum wavelength to be found for the final HPLC method.
For the analysis of complex mixtures found within the atmosphere, the diode array detector
can be used in a similar manner to the SIM mode of a mass spectrometer. For example, it
can be used to extract the signal for compounds with a ketone functionality found within a
sample by detecting at in the range 270-285 nm.
The DAD can be used for both peak identification and for peak purity thereby increasing
the quality of the analysis results in comparison to conventional single channel variable
wavelength detectors [Jaufmann 1998].
Peak identification is carried out by comparing and overlapping the spectra from a sample
and that of a standard, both of which should have the same retention time. This can be a
successful method for peak identification particularly when the spectral resolution of the
DAD is high [Snyder 1997a; Jaufmann 1998].
Peak purity, that is the overlapping of compounds in the same retention window, can be
similarly evaluated by comparison of spectra at the beginning, middle and end of a peak or
better still by using ratiograms [Snyder 1997a]. The plots of the absorbance at two
wavelengths are taken for standards and the sample. The absorbance ratio is then plotted
for the standards and the sample in question and comparisons made. It must be noted that
the DAD alone is by no means conclusive in establishing peak purity [Snyder 1997a;

Internet reference 33: Chromatography-On-Line website].
Due to the versatility of the DAD it has been used in a number of applications within the
chromatographic circle [Kube 1985; White 1987; Beck 1993; Foukaridis 1994].
8.3.2 Detection of the compounds of interest
The nitrate group (ONO2) is a chromophore, which has a maximum at around 270 nm in
the UV spectrum [Ungnade 1956]. Although this wavelength is specific for the nitrooxy
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group, the molar absorptivity (ε) at the wavelength is not particularly high, which means a
large concentration needs to be injected, for a significant signal to be seen (see equation
8.1). As a result the nitro group (NO2) is used for most of this work, as a means of
detecting the alkyl nitrates when UV detection is used. This group has an absorbance at
210 nm, which is strong.
For the PCBs and some pesticides, 254 nm is an appropriate wavelength as this enables the
detection of aromatic rings.

Figure 8.5 The UV-Visible spectum of the phenyl alkyl nitrate 1Ph1C1 showing the strong
absorption band of the nitro group (NO2) at 210 nm.

8.4 Selecting the type of HPLC and deciding on initial conditions
Information about the sample can be used to help select the conditions for the initial
experimental separation. Figure 8.6 gives information on how one can decide on what type
of separation one should begin with.
If HPLC is the method of first choice, then the first decision that needs to be made is to
decide whether the samples are regular or non-regular (special) [Snyder 1997a]. Regular
samples can be defined as typical mixtures of small molecules (<2000 atomic mass units)
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that can be separated using more-or-less standardized starting conditions. It is usually
better to separate non-regular samples with a different column and customised conditions
[Snyder 1997a].
From figure 8.6 below it can be seen that regular samples can be further separated into
neutral or ionic. Ionic samples include acids, bases, amphoteric compounds and organic
salts (ionised strong acids or bases). The addition of buffer to the mobile phase is usually
required if the compound is acidic or basic but if the sample is neutral in nature, buffers or
additives are generally not required.

Figure 8.6 Method selections dependent upon the nature of the sample [Snyder 1997a].
An initial run (usually using RP-HPLC) provides information on whether isocratic or
gradient elution is most suitable. At this point it may also be apparent that typical RP
conditions provide insufficient sample retention, suggesting the use of either ion-pair, or
NP-HPLC.
Another scenario is that the sample may be strongly retained with 100% acetonitrile as the
mobile phase, which would suggest the use of either non-aqueous reverse-phase (NARP)
chromatography or NP-HPLC.
After reviewing these general considerations, it appears that the likelihood for a group
separation of the alkyl nitrates will be based on a NP-HPLC separation. There are a
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number of possible ways of carrying out the separation and at these initial development
stages all possibilities should be kept in mind.
Gradient or isocratic elution is one of these variables. With gradient elution there are the
possibilities of a linear gradient or a step gradient provided the HPLC pump has the
capabilities. During linear gradient elution (often used in RP-HPLC), there is a gradual
change in mobile phase composition over a period of time. During step gradient elution
large changes in mobile phase compositions are observed during shorter periods of time.
This may also be termed as relay gradients and has been used with great success in NPHPLC by Treiber [Treiber 1995] and Jandera [Jandera 1997].

8.5 Multi-column strategies: Column coupling
If the selectivity of one column is not adequate enough for the group separation of the alkyl
nitrates, there is the possibility of carrying out the separation using two or more columns in
combination. The reason for doing this is due to the lack in plate numbers in HPLC
resulting in a suffering in resolution and peak capacity in comparison to GC [Köhne 1999].
As a result there is often a lack in separation power for multi-component mixtures. One
way to enhance the peak capacity of a LC system is to introduce a second dimension. This
lack in separation power for multi-component analysis may be seen as an advantage for the
group separation of compounds; this is explained further in chapter 10.
To finish this section on considerations for method development, the information that can
be gathered from a chromatogram are to be looked at and some of the most commonly
used definitions are to be described and discussed.

8.6 Information and parameters from a HPLC chromatogram
A vast amount of information can be obtained from a chromatogram. A chromatogram can
provide information about baseline drift and even electronic spikes created by the
instrument itself. Both quantitative and qualitative data can also be obtained. The peak area
or peak height is proportional to the amount of analyte present, which can be calculated
after measurement. The position of a peak in the chromatogram after a defined amount of
time can be referred to as the retention time of the peak. This retention time known as the
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band retention time, tR is the sum of the time required for the mobile phase to be
transported from the point of injection to the detector (known as the column dead-time, to)
and the net retention time, tR’ which is the time the analyte spends over the stationary
phase.

t R = t o + t R'

(8.2)

The column dead-time (to) is related to the column dead volume, Vm, (which is the volume
of mobile phase inside the column) and the flow rate, F.

to =

Vm
F

(8.3)

There are a number of ways that to can be estimated [Snyder 1997a]:
1) Injection of an un-retained compound
2) First significant baseline disturbance
3) Use of a very strong solvent as the mobile phase to avoid any retention
4) Calculation from column dimensions

Figure 8.7 HPLC-UV chromatogram showing significant baseline disturbance (allowing to
to be estimated) when n-hexane is injected with n-hexane/tetrahydofuran (THF) 92/8 (v/v)
as the mobile phase. Stationary phase: Restek Allure Silica, column temperature 20oC,
with a flow rate of 1.0 mL/min and detection at 210 nm.
The first method for determining the dead-time volume is by injection of a substance that
is completely (or at least hardly) un-retained as it has a very small or indeed, no interaction
at all with the stationary phase. This method is reliable and accurate. For RP-HPLC, uracil
(pyrimidine-2,4 dione, C4H4N2O2) or a solution of sodium nitrate (NaNO3) is often used.
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For NP-HPLC, carbon tetrachloride (CCl4), chloroform (CHCl3), or acetone (propanone,
CH3COCH3) are often used.
The first significant baseline disturbance can be noticed by the deflection above and below
the baseline at to which is caused by the difference in compositions of the sample solution
and the mobile phase (Figure 8.7). This method for the determination of to is not as reliable
as determining to via injection of a strong solvent. In this case the sample leaves the
column as an unresolved plug.
The fourth method for the determination of to is by using the equation above, and
estimating Vm from the column dimensions:

V m ≈ 0.5Ld c2

(8.4)

where, Vm is in mL, L = length in cm and dc is the internal diameter of the column in cm.
The values obtained from this method, are likely to carry a large amount of error, but for
method development purposes, this method is suitable and convenient.
The dead-time of a system varies from system to system, depending upon the distance
from the point of injection to the detection point, hence the term retention factor (k) is
often quoted, which is the retention time relative to the dead-time of the system.

k=

t R − to
to

(8.5)

This expression can be represented as a ratio of the amount in moles of substance on the
stationary phase to the amount present in the mobile phase. This is shown in equation 8.6:

k=

ns
nm

(8.6)

where, ns is amount in moles on the stationary phase and nm in the amount in the mobile
phase.
A further method for expressing retention time is by using relative retention times (RRT),
where the analyte retention time is quoted relative to a component within the
chromatogram (usually a standard).
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RRT =

t R (analyte)
t R (sta ndard )

(8.7)

Peaks in a chromatogram need to be compared to one another and one way is by use of the
separation factor (α), which is described below. This allows the comparison of two
individual peaks in a chromatogram.

α=

k2
k1

(8.8)

where, k2 is the retention factor of the later eluting peak and k1 the retention factor of the
earlier eluting peak.
From the peak shape in a chromatogram, important information can be extracted. The
interaction of an analyte with the stationary phase allows the separation of components.
Chromatographic peaks tend to be much broader than expected due to three main factors as
described by Van Deemter [Van Deemter 1956]. The peak width (w) is measured usually at
half height (w0.5), due to the inaccuracies with the determination at the baseline of a peak,
but in practice the peak form is not Gaussian in form and hence tailing is often seen. The
tailing factor can be calculated as shown in Figure 8.8 below:

height
Tailing factor
= b/a

a

b
0.1
height

Figure 8.8 Illustrating the calculation of the tailing factor for asymmetrical peaks.
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Peak shape and separation form neighbouring peaks increases when column efficiency (N)
is increased. Column efficiency, also known as the column plate number, is effectively
related to peak capacity, which is a measure of the number of peaks that can be separated
from one another. A theoretical plate is the area/distance in the chromatographic system,
where equilibrium of a solute/analyte maybe considered to have been established between
the two phases, if the process were not continuous. Upon increasing N, the peaks become
sharper, narrower and better separated, but the position in the chromatogram is not altered.
Column efficiency is a measure of the column quality or performance and can be defined
in equation 8.9 [Snyder 1997a].

t 
N = 16 R 
W 

2

(8.9)

Due to inaccuracies associated with baseline width measurement, peak width is measured
at half peak height and hence equation 8.10 is used.

 t 
N = 5.54 R 
 W0.5 

2

(8.10)

Values of the order 10,000 and higher are common for a well-packed column.
Assuming sufficient column efficiency (plate numbers of 1000 or higher), Giddings
[Giddings 1967] derived a simplified equation that can be used to estimate the theoretical
isocratic peak capacity (P). Peak capacity is defined as the number of peaks separated with
resolution Rs = 1, in between the retention of a non-retained peak VR,1 and the last eluting
peak, VR,Z in a fixed separation time (or volume of the eluate). The column is expected to
provide approximately equal plate numbers for all sample analytes (i) so that the baseline
bandwidths of the sample analytes (wi) increase proportionally to increasing retention
times [Jandera 2004].

P=
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where, k1 and kz are the retention factors of the first (1) and last (z) eluting compounds
respectively, k is defined above (8.5) as the retention factor of the two compounds. N is the
number of theoretical plates of the column, approximately equal for all sample analytes.
It is important to note that the peak capacity is generally higher in gradient elution than in
isocratic mode, because of the significantly lower bandwidths in gradient elution LC.
In a chromatogram some of the peaks are better separated than others. A measure of the
quality of a separation can be expressed in terms of resolution. The resolution is equal to
the distance between the peak centres divided by the average band width. Resolution (Rs)
can be defined by equation 8.12.

Rs =

2(t R 2 − t R1 )
W1 + W 2

(8.12)

where tR1 and tR2 are the retention times of two adjacent bands in a chromatogram and W1
and W2 their respective peak widths.
There are a number of ways to measure resolution. Calculation, using the above equation,
is probably the most frequently used. Comparison of the bands with standard resolution
curves is also another possibility. The third way is to base calculations on the valley
between two bands [Snyder 1997a]. Calculations of resolution using the equation above
tend not to be as accurate when the peaks are not well separated. So an alternative, which
provides more reliable values, is the measurement of bandwidths at half height (8.13).

Rs =

1.18(t R 2 − t R1 )
W1( 0.5) + W2 ( 0.5)

(8.13)

Chromatographers ideally prefer baseline resolution, (Rs> 1.5) as an accurate baseline is
possible, which removes the chances of error during peak height or area calculations.
Resolution (Rs) can be expressed in terms of the three experimental parameters, capacity
factor (k) separation factor (α) and column plate number (N), which are directly related to
experimental conditions [Snyder 1997a]. These three parameters can be combined into one
equation expressing resolution:
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Rs = 1 / 4 N

• (α − 1 / α ) •

(Efficiency) (Selectivity)

k2
k1 + 1

(8.14)

(Retention)

When the retention times are reduced (smaller k), resolution usually becomes worse. If k is
increased, resolution usually improves. If the separation factor (α) is increased the
respective two peaks move apart, thereby increasing the resolution. As explained earlier,
increases in efficiency create narrower and better separated peaks. It is seen from equation
8.14, that in order to double the resolution, a four-fold increase in the efficiency is
required.
The selectivity and retention factors are largely affected by conditions that are associated
with the retention and equilibrium distribution of the sample between the mobile phase and
the column packing [Snyder 1997a]. The three main conditions are:
1) Composition of the mobile phase
2) Composition of the stationary phase (column)
3) Temperature
Conditions 1 and 2 generally affect selectivity and retention and have little effect on the
column efficiency. As changes in temperature can affect retention as well as selectivity, in
order to maintain retention times and resolution in HPLC analysis it is recommended to
control the temperature of the separation by means of a column thermostat. Column
efficiency is affected by alterations in the column conditions, examples of which are listed
below:
1) Flow rate
2) Column length
3) Particle size
Increasing the column length or reducing the flow rate (with an increase in retention time),
will increase the column efficiency. A reduction in the particle size of the column packing
material will also increase column efficiency, but results in higher column backpressures.
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Chapter 9
HPLC method for the analysis of multifunctional alkyl nitrates
9.1 Why is a group separation needed?
The complexity of alkyl nitrate formation in the atmosphere and the requirement of a
highly appropriate analysis procedure is probably the principal reason why scientists in the
past have not looked at these compounds as part of the NOy pool. When analysing complex
mixtures of organics at the trace level at least one pre-separation step, usually by liquid
chromatography (LC) is required [Kastler 1998] otherwise overlap of components is often
seen. Air samples provide a good case for complex matrices, as the number of components
they contain is vast. In particular, the family of alkyl nitrates and other aliphatic and
aromatic hydrocarbons as well as the man made POPs found in air samples, are comprised
of a large number of isomers that serve as an excellent example for group separations. This
section of the thesis will concentrate on the group separation of alkyl nitrates by HPLC.
Why is a separation of the alkyl nitrates into different groups at all needed? An example of
the overlapping signals from the injection of a number of multifunctional alkyl organic
nitrates on a HRGC-MSD (ECNI) system are shown in Figure 9.1 [Woidich 2007].

carbonyl
alkyl nitrates
hydroxy alkyl
nitrates
alkyl
dinitrates
alkyl
mononitrates
0,00

0,20

0,40

0,60

0,80

1,00

1,20

1,40

1,60

1,80

RRT (to 1Ph1C1)

Figure 9.1 Illustration showing the overlap of the alkyl nitrates using capillary GC
separations. HRGC/MSD in ECNI mode (CH4): Stationary Phase: CP-Sil 19 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 40oC (3 mins) @2 oC/min → 150oC @5 oC/min
→ 250oC (22 mins) [Woidich 2007].
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The large amounts of overlap from the different alkyl nitrate groups often seen in HRGC is
shown Figure 9.1; this is further demonstrated in the HRGC-ECD chromatograms from an
air sample (L19-T) shown in Figures 9.2, 9.3 and 9.4 taken prior to a NP-HPLC group
separation. It is seen there is considerable overlap due to co-elution of analytes and of the
matrix. Figure 9.4 shows the elution of some PCBs, which overlap to some extent with the
pesticides.
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Figure 9.2 HRGC-ECD chromatogram (5-35 minutes) of air sample L19-T (40 L) prior
to pre-separation using NP-HPLC. ECD Method 2, Stationary Phase: ZB-5 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins)
@10 oC/min → 250oC (15 mins). [3OH2C5/2OH3C5 and 4OH3C6 are present as two
diastereomers I & II, U = Unknown].
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Figure 9.3 HRGC-ECD chromatogram (35-65 minutes) of air sample L19-T (40 L) prior
to pre-separation using NP-HPLC. ECD Method 2, Stationary Phase: ZB-5 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins)
@10 oC/min → 250oC (15 mins). [HCP = heptachloropropane, U = Unknown].
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Figure 9.4 HRGC-ECD chromatogram (65-95 minutes) of air sample L19-T (40 L) prior
to pre-separation using NP-HPLC. ECD Method 2, Stationary Phase: ZB-5 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins)
@10 oC/min → 250oC (15 mins). [U = Unknown].
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9.2 Group separations: Separations in multifunctional alkyl nitrate analysis
In previous work, [Kastler 1999a; Wöβner 1999] the range in polarities of the different
groups of alkyl nitrates was utilised to build a group separation method, using one HPLC
column. Kastler and co-workers prepared a nitric acid ester stationary phase by nitrating a
commercially available polyol phase, using a mixture of sulphuric and nitric acids. The
results are published by Kastler [Kastler 1998]. The assumed structure of the polyol HPLC
stationary phase along with the structure of the modified stationary phase after nitration,
are shown in Figure 9.5.

OH
SiO2

O
OH

ONO 2
SiO2

O
ONO 2

Assumed structure of
polyol HPLC
stationary phase

Assumed structure of
the nitrated polyol
HPLC stationary
phase

Figure 9.5 Assumed structure of the polyol stationary phase, before and after modification
[Kastler 1998].
Group separation of the alkyl nitrates was based on the principle that ‘like dissolves like.’
A separation of the alkyl nitrates using the nitrated-polyol stationary phase and n-hexane as
the mobile phase, divides the alkyl nitrates into three main groups: alkyl mononitrates,
alkyl dinitrates and hydroxy alkyl nitrates. Unfortunately co-elution of the alkyl dinitrates
with the carbonyl alkyl nitrates is seen. The hydroxy alkyl nitrates were eluted from the
column by increasing the strength of the mobile phase from n-hexane to nhexane/dichloromethane (10/3 v/v).
Wöβner and co-workers [Wöβner 1999] synthesised a ß-cyclodextrin phase to resolve the
group separation problem. The results have been previously published [Wöβner 2000]. The
alkyl nitrates could once again be separated into three fractions. The first fraction
contained alkyl mononitrates along with phenyl alkyl nitrates, the second fraction
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contained the alkyl dinitrates and the third fraction, containing carbonyl alkyl nitrates and
the hydroxy alkyl nitrates, was eluted from the column by changing the mobile phase to a
more eluotropic solvent. Later work showed the column to be unstable for carbonyl alkyl
nitrates [Woidich 2007].
The previous group separation methods both involve the use of a self-synthesised HPLC
column. Questions regarding the robustness, long-term durability, and reproducibility of
the columns remain. Ideally one would like a commercially available column, as the
packing materials tend to be more reproducible than self-synthesised packing materials. A
further advantage is their general availability.
The following columns, representing a broad spectrum of stationary phases, will be used to
develop a group separation for multifunctional alkyl nitrates:
1) Allure Silica: 250 x 4.6 mm (5 µm), 60 Å (Restek)
2) Ultra C1: 250 x 4.6 mm (5 µm), 100 Å (Restek)
3) Maxsil RP2: 250 x 4.0 mm (5 µm), 60 Å (Phenomenex)
4) Perfluoro C8: 150 x 4.6 mm (5 µm) (Fluorous Technologies, Inc)
5) Hypercarb: 50 x 4.6 mm (7 µm), 250 Å (Thermo Electron Corporation)
These commercially available columns have been used for a wide range of applications,
more details of which can be found on the company websites [Internet reference 35:
Thermo electron corporation website; Internet reference 36: Fluorous website; Internet
reference 38: Restek website; Internet reference 42: Phenomenex website].

9.3 Comparison in selectivity using the four silica-based columns
The aim is to build a HPLC system that is able to separate the alkyl nitrates into their four
main classes. In order to understand the differences in selectivity of the different silicabased columns (Allure Silica, Restek C1, Maxsil RP2 and perfluoro C8), a series of
benzene standards containing a variable second functional group were injected using
HPLC instrument 2 with n-hexane as the mobile phase. This way a direct comparison
could be made between the columns. The retention times of the compounds were noted so
that the retention factors (k) of the compounds could be calculated using the formula:

k=

t R − to
to

tR = retention time
to = zero dead time volume (calculated using chloroform)
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Conditions
HPLC Instrument 2

Flow rate: 1.0 mL/min

Injection Volume: 50 µL

Mobile Phase: n-hexane

Temperature: 20oC

Detection 254 nm
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Figure 9.6 Structures of the benzene standards used for the selectivity test.
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Table 9.1 Molecular weights and dipole moments (*measurement in benzene solution) of
the investigated substances. Dipole moments are often expressed in units of debye (after
Peter J. W. Debye), where 1 debye = 3.336 x 10-30 coulomb meters.
Substance

Empirical Formula

Relative Molecular

Dipole Moment

Mass (Mr)

debye (D*)

Methyl Benzene

C7H8

92.14

0.39 [McClellan, 1963]

Ethyl Benzene

C8H10

106.17

0.36 [McClellan, 1963]

Benzyl Chloride

C7H7Cl

126.58

1.82 [Schaefer, 1986]

Benzyl Bromide

C7H7Br

171.03

1.93 [Valitova, 1987]

Phenyl Nitrate

C7H7NO3

153.14

Not available

Methyl Benzoate

C8H8O2

136.15

1.86 [McClellan, 1963]

Methoxy Benzene

C7H8O

108.14

1.20 [McClellan, 1963]

Benzonitrile

C7H5N

103.12

3.20 [McClellan, 1963]

Acetophenone

C8H8O

120.15

2.91 [McClellan, 1963]

Benzyl Alcohol

C7H8O

108.14

1.70 [McClellan, 1963]

The nature of chemical bonds is such that the positive and negative charges do not
completely overlap in most molecules. Hence, many molecules have dipole moments due
to non-uniform (asymmetrical) distributions of positive and negative charges on the
various atoms. The dipole moment is defined as the product of the total amount of positive
and negative charge and the distance between their centroids [Internet reference 41: An
introduction to the electronic structure of atoms and molecules website]. Molecules with
permanent dipoles are often referred to as polar molecules.
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After injection of the investigated substances, the results were gathered and are represented
in Table 9.2 and Figure 9.7 below.
Table 9.2 Retention factors (k) of the series of benzene standards used for the selectivity
test on the Restek Allure Silica, Restek Ultra C1, Phenomenex Maxsil RP2 and Perfluro
C8 columns, using n-hexane as the mobile phase.
Compound

Restek Silica

Restek C1

Maxsil RP2

Perfluoro C8

0.04
0.04
0.37
0.36
1.74
20.22
2.99
0.16
20.22
20.22

0.00
0.00
0.00
0.00
0.04
0.79
0.15
0.52
2.23
9.10

0.00
0.00
0.04
0.00
0.36
6.70
0.70
10.24
12.22
8.95

0.00
0.00
0.04
0.08
0.16
1.29
0.03
0.33
5.20
21.73

Methyl Benzene (1)
Ethyl Benzene (2)
Benzyl Chloride (3)
Benzyl Bromide (4)
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Methoxy Benzene (7)
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Acetophenone (9)
Benzyl Alcohol (10)
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Figure 9.7 Graphical representation of the selectivity test using the four silica-based
columns; Restek Allure Silica, Restek C1, Phenomenex RP2 and perfluro C8; n-hexane
used as the mobile phase.
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Compounds that are able to interact with the stationary phase via Lewis acid/Lewis base
properties show longer retention times than those where the interaction is not as strong.
Typically alcohols, nitriles, esters and carbonyl functional groups have the longer retention
times. The other functional group aromatics elute at or close to the solvent front. From the
graph it is clear to see that alcohols and carbonyl functional groups are the most strongly
retained compounds as these compounds interact the strongest with the stationary phase.
The order of elution of the compounds in the selectivity test can be related to the free
energy of sorption of the benzene substituted functional groups ( Q o i ), which indicate the
analyte (solute) separation factors, as shown in Table 3.1 (chapter 3). Of the four columns
the perfluoro C8 and silica columns have the most amount of retention for the alcohol,
ester and carbonyl functional groups used in the selectivity test.
Figures 9.8, 9.9 and 9.10 show the correlation of the dipole moments against the retention
factors for the compounds used for the selectivity test. From the graphs it is clear to see
that there is a general increase in retention factor with increasing strength of the dipole
moment. This is seen for three of the four silica-based columns used. The only anomalous
value not fitting the trend is that of benzyl alcohol, which has a large amount of retention
on all columns, but has a dipole moment of only 1.70 [McClellan 1963].

Dipole moment against Retention factor (k) for the Restek C1 Column
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1

1,5

2
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3,5
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Dipole moment (D)

Figure 9.8 Graph showing the correlation between the dipole moment and the retention
factor (k) for the test compounds in the selectivity test using the Restek C1 column.
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Dipole moment against Retention factor for the Maxsil RP-2 Column
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Figure 9.9 Graph showing the correlation between the dipole moment and the retention
factor (k) for the test compounds in the selectivity test using the Maxsil RP2 column.

Dipole moment against Retention factor (k) for the Perfluoro C8
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Figure 9.10 Graph showing the correlation between the dipole moment and the retention
factor (k) for the test compounds in the selectivity test using the Perfluoro C8 column.
It appears that the graphs can be split into two main bands either side of the line of best fit.
Above the line appears to be the compounds containing one or more oxygen atoms and
below the line, those without oxygen in their structure. Those compounds with oxygen in
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their structure have the ability to interact with the silanol groups of the adsorbent, via
dipole interactions as well as being able to interact via the π-interactions of the aromatic
ring, which may explain the longer retention factors seen for this group of compounds.

9.4 Single column separations of multifunctional alkyl nitrates: Allure type B silica column
Silica gel (not actually a gel) is the highest capacity adsorbent available. It is an
amorphous, porous, partially hydrated granular form of silica, made from the two most
abundant elements in the earth’s crust, silicon and oxygen. It is synthetically manufactured
from sodium silicate. Each granule is composed of a vast network of inter-connecting
microscopic pores, which attract and hold moisture by adsorption and capillary
condensation. It is a naturally occurring mineral that is purified and processed into either
granular or beaded form [Internet reference 37: Kukdong chemical co. ltd website].
9.4.1 Silica types
There are various types of silica gel, namely A, B and C.
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Figure 9.11 Type A and Type B silica [Henry 2002].
Type A silica has a high-moisture absorbing capacity at low humidity and type B has a
high-moisture absorbing capacity only at high humidity. Type A is often used as a
desiccant for the storage of food and metal parts and type B is usually used for moisture
control.
Type B silica is a relatively new generation of purified, deactivated silica with improved
HPLC performance for basic compounds [Snyder 1997a]. It has generally replaced type A
silica, as the packing of choice for developing new HPLC methods. Type B silica is
synthesised from metal-free reagents to ensure a very low initial metal content. In
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comparison to type A silica, type B silica is uniform with close to ideal bonding
characteristics.
Type A silica does however continue to be used in more established methods. It typically
has a higher concentration of metal impurities, which results in a more heterogeneous,
acidic surface [Henry 2002]. As a result the bonded form is not uniform and has residual
active sites causing poor peak shape with some samples. Type A silica can undergo a base
deactivation process which helps to generate a homogenous surface so it’s characteristics
become similar to type B silica.
The third type of silica is type C. This is not a hybrid of the silica usually found, but has
silicon-hydride groups (Si-H) instead of the traditional silanol groups (Si-OH), see Figure
9.12. It behaves somewhat differently but seems still to have a low level of silanols.
Columns can be used in reverse phase mode as well as in non-aqueous reverse phase mode,
in which organic mobile phases are used. The retention behaviour is different in
comparison to regular C18 phases [Internet reference 39: LCGC Magazine website]. The
Si-H bond, however, may be easily affected by water.
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Figure 9.12 Type C silica; taken from Capital HPLC (www.capital-hplc.co.uk/cogent.htm)
After acquiring data on the different types of silica available, a type B silica column was
purchased from the Restek company; Allure Silica 250 x 4.6 mm (5 µm).
This commercially available type B column is made from high purity silica, has a very
high surface area and is therefore very retentive. The column is normally used in LC/MS
separations [Internet reference 38: Restek website]. Some physical properties are shown in
Table 9.3.
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Table 9.3 Physical characteristics of the type B Restek Allure Silica column (250 x 4.6
mm, 5 µm, 60 Å) [Internet reference 38: Restek website].
Pore size (Å)

pH range

Temperature Limit (oC)

Spec. Surface (m2/g)

60

2.5-7.5

80

~500

9.4.2 Hexane as an eluent
The Allure silica column was initially tested in normal-phase mode using HPLC
instrument 1 and n-hexane as the mobile phase. The different families of alkyl nitrates
were injected and their retention behaviours observed.
9.4.2.1 Alkyl mononitrates and phenyl alkyl nitrates
The alkyl mononitrates are the first group of alkyl nitrates to elute. They elute at or near to
the solvent front with the longest alkyl chain eluting first and the shortest eluting last (see
Figure 9.13).
A few alkyl nitrates from the family of phenyl alkyl nitrates were also injected onto the
column (1Ph1C1, 1Ph1C2, 1Ph1C3). Of the ones injected, phenyl nitrate (1Ph1C1) is the
last eluting one.
Separation of the alkyl mononitrate and the phenyl alkyl nitrate groups in an air sample is
theoretically possible upon consideration of Figure 9.13, where synthesised standards and
n-hexane is used as the mobile phase. However, upon injection of an air sample which
contains a number of families of compounds, the retention times of the differing groups
tend to shift, leading to some overlap and a difficult to define separation point for these
two alkyl nitrate groups.
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Figure 9.13 HPLC-UV chromatograms of alkyl mononitrates and phenyl alkyl nitrates
using the Allure Silica column. Stationary phase: Restek Allure Silica (250 x 4.6 mm, 5
µm), column temperature 20oC, mobile phase n-hexane with a flow rate of 1.0 mL/min and
detection at 210 nm. [U = Unknown].
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9.4.2.2 Alkyl dinitrates
A series of alkyl dinitrates were also injected onto the system. A general remark that can
be made is that the separation of the alkyl dinitrates is in order of decreasing carbon chain
length when n-hexane is used as the eluent. Long retention times are seen in comparison to

1,9 C9

the alkyl mononitrates and phenyl alkyl nitrates.

25
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31

33

35

37

39
Minutes

Figure 9.14 HPLC-UV chromatogram of the alkyl dinitrate, 1,9C9 using the Allure Silica
column. Stationary phase: Restek Allure Silica (250 x 4.6 mm, 5 µm), column temperature
20oC, mobile phase n-hexane with a flow rate of 1.0 mL/min and detection at 210 nm.
Using the Restek Allure silica column, the alkyl dinitrates are separated from other classes
of compounds using n-hexane as the mobile phase. The results are similar to those
presented by Malins [Malins 1964] who demonstrated that alkyl mononitrates and alkyl
dinitrates can be separated from other classes of compounds by Thin Layer
Chromatography (TLC) using n-hexane as the eluent.
The retention characteristics of vicinal and non-vicinal alkyl dinitrates in the range 1,2C2
to 1,12C12 were looked at in particular detail, as there is likely to be a difference in the
chromatography between these two groups. To investigate the vicinal and non-vicinal alkyl
dinitrates in more detail, injections were made on HPLC instrument 2 using the Allure
silica column with n-hexane/tetrahydrofuran (THF) 90/10 (v/v) as the mobile phase. The
non-vicinal alkyl dinitrates used are all 1-standing and the vicinal alkyl dinitrates are all in
the 1,2 position. Retention data is shown in the Table 9.4 and Table 9.5 where the dead
time (to) was determined using chloroform (CHCl3); the formula is shown below:
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k=

t R − to
to

tR = retention time
to = zero dead time volume (calculated using chloroform)

The data is also presented graphically in Figure 9.15.
Upon injection of various alkyl dinitrates, onto the silica column, it is observed that nonvicinal alkyl dinitrates have longer retention times than vicinal alky dinitrates of the same
alkyl chain length. For example, the alkyl dinitrate 1,8C8 has a longer retention time than
1,2C8. This pattern was noticed for a number of alky dinitrates and is likely due to the nonvicinal dinitrates being able to form cyclic structures with the stationary phase as a result
of the end-standing positions of the nitroxy groups.
Table 9.4 Retention times and retention factors (k) of non-vicinal alkyl dinitrates using the
Restek Allure Silica column and n-hexane/THF 90/10 (v/v) as the eluent.
Compound

Rt time (mins)

Retention factor (k)

1,12C12

4.99

0.20

1,8C8

7.17

0.73

1,7C7

8.64

1.08

1,5C5

14.72

2.55

1,3C3

20.03

3.83

Table 9.5 Retention times and retention factors (k) of vicinal alkyl dinitrates using the
Restek Allure silica column and n-hexane/THF 90/10 (v/v) as the eluent.
Compound

Rt time (mins)

Retention factor (k)

1,2C12

4.80

0.16

1,2C8

6.46

0.56

1,2C7

6.84

0.65

1,2C5

8.55

1.06

1,2C3

16.91

3.07
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Comparison of Vicinal and Non-Vicinal alkyl dinitrates using the Restek Allure Silica column
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Figure 9.15 Graph showing retention factors (k) of vicinal and non-vicinal alkyl dinitrates
using the Restek Allure Silica column and n-hexane/THF 90/10 (v/v) as the eluent.
When using the Restek silica column in combination with n-hexane as the eluent, the
separation of 1Ph1C1 from 1,12C12 (and 1,9C9 as previously seen in Figures 9.13 and
9.14) is possible; this enables the alkyl dinitrates to be separated from the phenyl and alkyl
mononitrates. This has significant implications for the group separation of these two
groups of compounds.
9.4.3 Elution order of multifunctional alkyl nitrates using n-hexane as the mobile phase
The retention characteristics of numerous carbonyl alkyl nitrates and hydroxy alkyl nitrates
were looked at. Elution times of the carbonyl alkyl nitrates overlapped the alkyl dinitrates
and no elution was observed for very short chain carbonyl alkyl nitrates when n-hexane
was used as the eluent. None of the hydroxy alkyl nitrates tested eluted in a reasonable
amount of time when n-hexane is used as the eluent.
From the data gathered in NP-HPLC, the order of elution of the different alkyl nitrates
using the Restek Allure silica column (type B) and n-hexane as the eluent, is as follows:
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Alkyl mononitrates < Phenyl alkyl nitrates < Alkyl dinitrates ≤ Carbonyl alkyl nitrates ≤
Hydroxy alkyl nitrates
The polar functional group present (besides the nitrooxy group) in the five different classes
of nitrates is shown below with an example:
Class

Functional group present

Shorthand nomenclature

Mono

No second polar group present

1C5

Phenyl

Phenyl group

1Ph1C1

Di

Nitro-oxy group

1,5C6

Carbonyl

Carbonyl group

3O2C5

Hydroxy

Hydroxy group

1OH2C6

Figure 9.16 Showing the different class of alkyl nitrates, thereby explaining the order of
elution seen using the Restek Allure Silica column with n-hexane as the eluent.
The elution order seen using the Restek Allure silica column with n-hexane as the eluent,
can be explained by consideration of the second polar group present within the molecules,
as this group dictates the elution order of the different alkyl organic nitrate groups.
Compounds with the least polar second group elute first and those with the most polar
second functional group elute last. Therefore hydroxy alkyl nitrates have the strongest
retention and alkyl mononitrates the least.
Each individual group of alkyl nitrates elute with the longest alkyl chain first and the
shortest last. So, for example in the alkyl mononitrate group 1C1-1C10, the alkyl
mononitrate 1C10 elutes first and the 1C1 last.
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9.4.4 Elution of polar alkyl nitrates based on tetrahydrofuran/n-hexane mixtures
Work focussed on the elution of the higher polarity alkyl nitrates, namely the hydroxy
alkyl nitrates, the carbonyl alkyl nitrates and short chain alkyl dinitrates (C2-C6). Mobile
phase mixtures of THF in n-hexane (0→10%) were prepared and tried. A group separation
of the alkyl nitrates using a step gradient on this one column was tried using three mixtures
of n-hexane/THF (99/1, 95/5 and 90/10 (v/v)). It is seen that the critical parts in the
chromatograms obtained, appear to be between the hydroxy alkyl nitrate, 1OH2C6 and the
alkyl dinitrate, 1,2C2. These two bands are difficult to separate, which makes the group
separation near impossible due to the overlap of alkyl dinitrates and hydroxy alkyl nitrates
using the Allure silica column and eluent mixtures of n-hexane/THF. This is illustrated in
the proceeding pages in Figures 9.17 and 9.18. Furthermore the alkyl dinitrates elute over a
very large time window (over 50 minutes) as seen in Figures 9.17.
On consideration of Figures 9.17 and 9.18 a change in selectivity is seen between the two
critical bands dictating the end of the alkyl dinitrate group (1,2C2) and the start of the
hydroxy alkyl nitrate group (1OH2C6). The change in selectivity is somewhat surprising as
the components of the mobile phase are the same but only the composition of the strong
solvent differs. A change in selectivity is normally observed upon changing the strong
solvent (in this case THF, a basic localising solvent) to a non-basic localising solvent, such
as acetonitrile or a non-localising solvent (dichloromethane) [Snyder 1997a].
9.4.5 Use of other organic solvents
Retention and selectivity behaviour was also noted with a range of other mobile phases. nPentane, cyclohexane and heptane were tested along with mixtures of n-hexane with 2propanol and methyl tertiary butyl ether (MTBE). However, no advantage was gained in
selectivity by changing the second solvent in the eluent as overlap between the polar alkyl
groups was still seen; also very little difference was observed between n-pentane and nhexane. When n-pentane is used as the mobile phase, a little more retention is seen for all
the alkyl nitrates. Cyclohexane and heptane show similar elution characteristics to nhexane, but both these solvents have the disadvantage of having higher boiling points (81
and 98oC respectively), so no real advantage is seen in using these two solvents for the
separation.
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Figure 9.17 HPLC-UV chromatogram of multifunctional alkyl nitrates using the Allure
Silica column. Stationary phase: Restek Allure Silica (250 x 4.6 mm, 5 µm), column
temperature 20oC, mobile phase n-hexane/THF 95/5 (v/v) with a flow rate of 1.0 mL/min
and detection at 210 nm.
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Figure 9.18 HPLC-UV chromatogram of multifunctional alkyl nitrates using the Allure
Silica column. Stationary phase: Restek Allure Silica (250 x 4.6 mm, 5 µm), column
temperature 20oC, mobile phase n-hexane/THF 90/10 (v/v) with a flow rate of 1.0 mL/min
and detection at 210 nm.
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9.5 Single column separations of multifunctional alkyl nitrates: Restek C1 column
The Restek Ultra C1 column (250 x 4.6 mm, 5 µm), is the least retentive reverse-phase
hydrocarbon packing. The phase is exceptionally stable and is assumed to have the
following structure as packing material:

Si CH3

Figure 9.19 Assumed structure of C1 phase.

Table 9.6 Physical characteristics of the Restek Ultra C1 column (250 x 4.6 mm, 5 µm,
100 Å) [Internet reference 38: Restek website].
Pore size (Å)

pH range

Temperature Limit (oC)

Spec. Surface (m2/g)

100

2.5-7.5

80

~300

This Restek C1 column was first tested in normal-phase mode using instrument 1.
Although manufactured columns are usually end-capped, (a process used to fully react or
silanize the silica support surface) residual silanol groups remain, which would allow
separation in normal-phase mode. Examples of residual silanols that are likely to be
present are shown in Figure 9.20.

OH

OH

HO

Si

Si

Free Silanol

Geminal Silanol
OH

OH

Si

Si

Associated Silanol
Figure 9.20 Examples of residual silanols.
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9.5.1 Hexane as an eluent
Various alkyl nitrates were injected to test the selectivity on the column. A series of
hydroxy alkyl nitrates were injected ranging from C2 to C6; all have retention times longer
than those seen for the alkyl mononitrates, alkyl dinitrates and carbonyl alkyl nitrates
which elute practically at the solvent front. The column has a preference for retaining
hydroxy alkyl nitrates in comparison to other multifunctional alkyl nitrates (Figures 9.21
and 9.22).
From observation of Figure 9.21 a general trend is seen; the shorter the alkyl chain of the
hydroxy alkyl nitrate, the longer the retention time on the column. By addition of a small
amount of alcohol to the mobile phase, (5%, 2%, and 1% 2-propanol or 1%, 2% ethanol)
the hydroxy alkyl nitrates were seen to elute earlier. The results are promising for a group
separation.

Figure 9.21 HPLC-UV chromatograms of various hydroxy alkyl nitrates. Stationary phase:
Restek C1 (250 x 4.6 mm, 5 µm), column temperature 20oC, mobile phase n-hexane with a
flow rate of 1.0 mL/min and detection at 210 nm.
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Figure 9.22 reveals elution of the other multifunctional alkyl nitrates, at or close to the
solvent front. A little retention of the most polar alkyl dinitrate (1,2C2) is observed, which
does not change the possibility of separating the hydroxy alkyl nitrates from the other
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multifunctional organic nitrates, which may be grouped together in a set time window.
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Figure 9.22 HPLC-UV chromatograms of various multifunctional alkyl nitrates. The alkyl
mononitrates, phenyl alkyl nitrates, alkyl dinitrates and the carbonyl alkyl nitrates all elute
at or close to the solvent front in comparison to the hydroxy alkyl nitrates. Stationary
phase: Restek C1 (250 x 4.6 mm, 5 µm), column temperature 20oC, mobile phase n-hexane
with a flow rate of 1.0 mL/min and detection at 210 nm. [U = Unknown].
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9.5.2 Fluorinated solvents: HFE-7200, FC-72 and FC-77
Fluorinated solvents are known to be less eluotropic than the usual hydrocarbon solvents
(n-pentane and n-hexane) used in NP-HPLC. With this in mind, a number of fluorinated
solvents were tested using the Restek C1 column, as they have the potential to retain the
hydroxy alkyl nitrates further, in comparison to when n-hexane is used. Fluorinated
compounds have been used successfully for organic syntheses as they can be separated
from standard organic compounds by simple work up techniques such as liquid-liquid
extraction (two–three-phases) or solid-liquid extraction [Internet reference 36: Fluorous
website].
Fluorinated compounds can also be separated from each other based on the fluorine
content by fluorous chromatography [Internet reference 36: Fluorous website]. The
separations capitalize on the unique feature of fluorinated solid phases, which have the
ability to separate molecules primarily by fluorine content [Internet ref 2: Fluorous
website].
Perfluorinated or very highly fluorinated solvents are typically immiscible with organic
solvents and water. FC-72 (containing mainly C6 fluorinated compounds) is the most
renowned fluorous solvent and is available from the 3M company.
Ethoxynonafluorobutane (C4F9OC2H5) is another fluorinated solvent produced by the 3M
company under the trademark HFE-7200. It has been used in NP-HPLC as an alternative
for n-hexane [Kagan 2001]. Other perfluorinated solvents commercially available from the
3M company include FC-77 (which contains mainly C8 fluorinated compounds). All three
of these solvents were kindly donated by the 3M company and tested using the Restek C1
column.

Organic
Water Soluble

Figure 9.23 The immiscibility of fluorinated
solvents, often used in organic syntheses.

Fluorous

The physical properties of HFE-7200, FC-72 and FC-77 in comparison to n-hexane are
shown in Table 9.7.
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Table 9.7 The physical properties of HFE-7200, FC-72 and FC-77 in comparison to nhexane. N/A = Data not available [Kagan 2001; Internet reference 40: 3M website].
Physical Properties

n-Hexane

HFE-7200

FC-72

FC-77

Boiling Point (oC)

68.7

76

56

97

Viscosity (cP)

0.313

0.61

0.40

0.8

Density (g/mL)

0.65

1.43

1.68

1.78

Molecular mass

195

264

340

415

UV cut off (nm)

191.5

220

N/A

N/A

Flammable

Yes

No

No

No

Solubility of water in solvent (ppm)

100

92

10

13

Solvent strength on silica

0.01

~0.012

N/A

N/A

In order to test the selectivity and retention characteristics of the column with the
perfluorinated solvents, a selection of alkyl nitrates were injected (alkyl mononitrates,
alkyl dinitrates, carbonyl alkyl nitrates and hydroxy alkyl nitrates).
The retention of alkyl nitrates when using HFE-7200 as the eluent is similar to n-hexane;
with FC-72 and FC-77 more retention of the alkyl nitrates is observed. However, all groups
overlap. Although the fluorinated solvents provide similar selectivity properties to the
commonly used normal phase solvents, the characteristically high boiling points of these
solvents are unfavourable for volatile and semi-volatile alkyl nitrates. A sample loss during
solvent evaporation, prior to the subsequent HRGC analysis, is likely in comparison to if n-
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Figure 9.24 HPLC-UV chromatograms of the 1-alkyl mononitrates (1C2-1C10) and the
alkyl dinitrate (1,2C2) using the fluorinated solvents, FC-77 and FC-72, respectively.
Stationary phase: Restek C1 (250 x 4.6 mm, 5 µm), column temperature 20oC, mobile
phase FC-77 (A) and FC-72 (B) with a flow rate of 1.0 mL/min and detection at 210 nm.
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9.5.3 Restek C1 column in reverse-phase mode
For completeness, the C1 column’s characteristics in reverse phase mode were
investigated. Mixtures of methanol/water and acetonitrile/water were tried. Methanol and
acetonitrile are both localising solvents. The selectivity in reverse phase chromatography
of methanol is often different to that of acetonitrile due to the presence of a proton donor
group [Snyder 1997a]. However, the column behaves as expected; separation is based on
solvation and the column separates compounds depending on hydrophobicity
characteristics. Overlap of the groups is seen and there is little chance of a group
separation.
A

B

D

C

Figure 9.25 HPLC-UV chromatograms of various multifunctional alkyl nitrates.
Stationary phase: Restek C1 (250 x 4.6 mm, 5 µm), column temperature 20oC, mobile
phase acetonitrile/water 70/30 (v/v) (A & B) and methanol/water 90/10 (v/v) (C & D) with a
flow rate of 1.0 mL/min and detection at 210 nm. [U = Unknown].

9.6 Single column separations of multifunctional alkyl nitrates: Maxsil RP-2 column
The next column to be looked at is a Phenomenex Maxsil RP2 250 x 4.0 mm, (5 µm) 60 Å
column. This silica-based column is usually used in reverse-phase mode, but due to the
excellent stability of the stationary phase, can also be used in normal phase mode. It
consists of an ethyl group (CH2CH3) bonded to silica.
Table 9.8 Physical characteristics of the Phenomenex Maxsil RP2 column (250 x 4.0 mm,
5 µm, 60 Å) [Internet reference 42: Phenomenex website].
Pore size (Å)

pH range

Temperature Limit (oC)

Spec. Surface (m2/g)

60

2.5-7.5

80

~500
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9.6.1 Hexane as an eluent
The column was initially tested in normal phase mode using HPLC instrument 1 with nhexane as the mobile phase. The different functional alkyl nitrate groups were injected and
their retention characteristics noted. Some example chromatograms are shown in Figure
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Figure 9.26 HPLC-UV chromatograms of a mixture containing the 1-alkyl mononitrates
(1C2-1C16) and 2C5, 2C6 and 2C7 (A) and a mixture of the alkyl dinitrates (1,2C8, 1,5C6,
1,5C5 and 1,3C3) (B) using the RP-2 column. Stationary phase: Phenomenex Maxsil RP-2
(250 x 4.0 mm, 5 µm), column temperature 20oC, mobile phase n-hexane with a flow rate
of 1.0 mL/min and detection at 210 nm.
To some surprise from the experimental data gathered, longer retention times were
observed for both the carbonyl alkyl nitrates and the hydroxy alkyl nitrates in comparison
to the Restek C1 column. This surprising result is explained by looking at the type of silica
that is used to pack the stationary phase. The stationary phase is composed of irregularly
sized type A silica, which as previously discussed has a hydroxylated heterogeneous
surface entailing residual silanols. Furthermore, the stationary phase (RP-2) is not
endcapped.
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9.6.2 Stabilisation of retention times
Alkyl mononitrates elute at the solvent front and the alkyl dinitrates (C1 to C12) have
retention factors (k) of 0.3 to 2. The polar alkyl carbonyl nitrate, 3-nitro-oxy-2-butanone
(3O2C4) elutes with a retention factor (k) in the order of 2.5 using n-hexane as the eluent.
To stabilise the drifting retention times observed (when n-hexane is used as the eluent) and
to decrease the retention times for the carbonyl and hydroxy alkyl nitrates, the strength of
the mobile phase was increased by addition of a small amount of strong solvent to the
mobile phase (n-hexane). The strong solvents used included, 2-propanol (isopropyl
alcohol, IPA), dichloromethane, acetonitrile and MTBE ranging from 0 to 5%. The strong
solvents have different properties in terms of their localising, non-localising and basic
properties [Snyder 1997a]. Only a small addition of a strong solvent makes a large
difference to the chromatography of the alkyl nitrates. The alkyl nitrates are seen to elute
Solvent front

earlier. Example chromatograms are shown in Figure 9.27.
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Figure 9.27 HPLC-UV chromatograms of the diastereomeric hydroxy alkyl nitrates,
4OH3C6 I & II. Stationary phase: Phenomenex Maxsil RP-2 (250 x 4.0 mm, 5 µm),
column temperature 20oC, mobile phase n-hexane (A), n-hexane + 0.1% acetonitrile (B), nhexane + 0.5% acetonitrile (C), n-hexane + 1.0% acetonitrile (D) flow rate 1.0 mL/min and
detection at 210 nm.
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Addition of a small amount of 2-propanol (0.01%) to the mobile phase was shown to give
desirable results for the separation of the carbonyl alkyl nitrates from the hydroxy alkyl
nitrates over the Maxsil RP-2 column (Figure 9.28). Furthermore using n-pentane (Figure
9.29), rather than n-hexane, reduces the chance of analyte loss during the rotary
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Figure 9.28 HPLC-UV chromatograms of multifunctional alkyl nitrates using the RP-2
column. The 1-alkyl mononitrates and the alkyl dinitrate 1,12C12 are seen to elute at the
solvent front. Stationary phase: Phenomenex Maxsil RP-2 (250 x 4.0 mm, 5 µm), column
temperature 20oC, mobile phase 0.01% IPA in n-hexane with a flow rate of 1.0 mL/min
and detection at 210 nm. 4OH3C6 is present as two diastereomers I & II.
158

1C2-1C10 alkyl mono nitrates

9 HPLC method for the analysis of multifunctional alkyl nitrates

0

1

2

3

4

5

Minutes

Figure 9.29 HPLC-UV chromatograms of multifunctional alkyl nitrates using the RP-2
column. The 1-alkyl mononitrates and the alkyl dinitrate 1,12C12 are seen to elute at the
solvent front. Stationary phase: Phenomenex Maxsil RP-2 (250 x 4.0 mm, 5 µm), column
temperature 20oC, mobile phase 0.01% IPA in n-pentane with a flow rate of 1.0 mL/min
and detection at 210 nm. 4OH3C6 present as two diastereomers I & II.
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Until now the commonly used silica or silica based stationary phases have been employed
in normal-phase mode for the analysis of multifunctional alkyl nitrates. The next column to
be considered is also silica based but is modified by a fluorinated surface.

9.7 Single column separations of multifunctional alkyl nitrates: Perfluoro C8 column
From the selectivity testing carried out in section 9.3 it is seen that the perfluorinated C8
column (Fluorous Technologies, Inc) retains alcohols, esters and carbonyl functional
groups, which explains the ability of the column to retain hydroxy alkyl nitrates and
carbonyl alkyl nitrates. This was observed when various multifunctional alkyl nitrates were
injected on the column using n-hexane as the mobile phase. The elution order of the
different alkyl organic nitrate classes was observed to be alkyl mononitrates, phenyl alkyl
nitrates, alkyl dinitrates, carbonyl alkyl nitrates and the last eluting alkyl nitrates are the
hydroxy alkyl nitrates.
Table 9.9 Physical characteristics of the Perfluoro C8 column (150 x 4.6 mm, 5 µm)
[Internet reference 36: Fluorous website].
Pore size (Å)

pH range

Temperature Limit (oC)

Spec. Surface (m2/g)

60

2.5-7.5

80

~450

Work carried out by Woidich also shows the group separation of the alkyl nitrates into
three main classes, namely alkyl mononitrates and phenyl alkyl nitrates, alky dinitrates and
carbonyl alkyl nitrates and hydroxy alkyl nitrates [Woidich 2007]. The system used,
couples the perfluoro C8 column with a self-synthesised ß-cyclodextrin column [Wöβner
1999]. The perfluoro C8 column retains the carbonyl and hydroxy alkyl nitrates and the
alkyl mononitrates and phenyl alkyl nitrates are separated from the alkyl dinitrates on the
ß-cyclodextrin phase. The carbonyl alkyl nitrates and the hydroxy alkyl nitrates are eluted
together from the perfluoro C8 column using a backflush technique.
As the column has been successfully used in the past [Woidich 2007] for retaining carbonyl
alkyl nitrates and hydroxy alkyl nitrates, tests were made by injection of various alkyl
nitrates, to decide on a cut-off point after the elution of the last alkyl dinitrate (1,2C2) and
before the first carbonyl alkyl nitrate 3-nitro-oxy-4-heptanone (4O3C7). This cut-off point
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would enable alky mononitrates and phenyl alkyl nitrates along with alkyl dinitrates to be
separated from carbonyl alkyl nitrates and hydroxy alkyl nitrates, as the carbonyl and
hydroxy alkyl nitrates are retained on this column.
The cut-off point was determined to be 10 minutes (10 mL) using 0.01% 2-propanol in npentane with a flow rate of 1 mL/min. This means that all alkyl mononitrates, phenyl alkyl
nitrates and alkyl dinitrates elute from the column before 10 minutes using this eluent.

9.8 Single column separations of multifunctional alkyl nitrates: Hypercarb column (porous
graphitic carbon)
As a means to test the selectivity of the multifunctional alkyl nitrates on a non-silica based
column, a Hyperarb column was purchased from the Thermo Electron Corporation. The
column is a 100% porous graphitic carbon (PGC) column, which due to the type of
molecular interaction that is possible should have very different selectivity properties to the
silica columns. Since the advent of carbon as a column packing material for HPLC and GC
[Gilbert 1982] there have been numerous examples where a PGC column has been
successfully applied for chromatographic separations. PGC has been used for sugar
analysis [Koimur 1996], the analysis of phenol derivatives [Forgács 1993] and for the
study of terpene derivatives [Clarot 2000]. Indeed a PGC column was successfully used in
recently published work, for the analysis of nitrate esters, nitramine and nitroaromatic
explosives by LC-MS [Tachon 2007].
Hypercarb is a unique packing material for HPLC. It consists of fully porous spherical
carbon particles comprised of flat sheets of hexagonally arranged carbon atoms (see Figure
9.30). The carbon atoms have a fully satisfied valence and offer completely different
retention and selectivity to silica and polymer based phases [Internet reference 35: Thermo
electron corporation website]. Chromatographic retention of investigated substances by
Hypercarb from aqueous/organic eluent systems can be determined by a balance of the
multifarious interactions [Polyakova 2005]. Dispersive interactions (London type) are
present between the graphite surface and the sample. The hydrophobic interactions, which
tend to drive samples out of solution, may have an important effect on the selectivity of
Hypercarb. There are similar interactions between the Hypercarb surface and the eluent,
which is displaced by the sample. However, it is a special interaction mode, which
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determines the extraordinary chromatographic characteristics of Hypercarb. In the
literature these interactions are termed “polar retention” by Hypercarb. They consist of the
interaction of polarised or polarisable functional groups of the sample with a graphite
surface (charge-induced interactions) and this stereochemistry of the sample molecules
forces the polar groups close to the graphite surfaces [Polyakova 2005]. As a result,
Hypercarb excels in the analysis of structurally related compounds (e.g. stereo- and
diastereomers and positional isomers) where no separation occurs on conventional
materials [Internet reference 35: Thermo electron corporation website]. This is due to the
flat adsorptive surface of Hypercarb.
PGC columns are physically and chemically stable. Hypercarb can be used for RP and NP
chromatography with a pH range from 1 to 14, and at extremes of temperature and pressure
(> 400 bar), which is a problem for most silica based supports [Internet reference 35:
Thermo electron corporation website].

Figure 9.30 Comparison of PGC and bonded silica, taken from the Phenomenex HPLC
and GC catalogue (2002/2003).

Table 9.10 Physical characteristics of the Hypercarb column (50 x 4.6 mm, 7 µm, 250 Å)
[Polyakova 2005].
Particle Size (µm)

Pore size (Å)

Pore volume (cm3/g)

Spec. Surface (m2/g)

5-7

250

0.7

120
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9.8.1 Hexane as an eluent
Initial testing was carried out in NP-mode using the Hypercarb column (Thermo Electron
Corporation) with n-hexane as the mobile phase. The retention of various alkyl nitrates
was observed using various standards synthesised in the department. Alkyl mononitrates
and hydroxy alkyl nitrates were injected as they show the widest range in polarities for this
group of compounds. The alkyl mononitrates (1C2 to 1C5) have very little retention on this
type of column and are seen to elute at the solvent front.
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Figure 9.31 HPLC-UV chromatograms of the 1-alkyl mononitrates (1C2-1C5). Elution is
seen at the solvent front. Stationary phase: Hypercarb column (50 x 4.6 mm, 7 µm),
column temperature 20oC, mobile phase n-hexane (A) and n-pentane (B) with a flow rate
of 1.0 mL/min and detection at 210 nm.
A hydroxy alkyl nitrate standard, 1OH2C6 was also injected. The standard has more
retention on the column than the alkyl mononitrates, but for a group separation, elution is
too close to the solvent front. A large amount of peak tailing was seen for this standard,
which is then to be expected for all hydroxy alkyl nitrates. At this point it should be noted
that the alkyl nitrates are a group of compounds with a large number of positional isomers
and beyond C7 the number of isomers increases exponentially [Schneider 1996b].
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When one considers that there is alkyl mononitrates, alkyl dinitrates, carbonyl and hydroxy
alkyl nitrates to consider for the group separation, space in the chromatogram is needed
which under these conditions is not adequate enough. Space in a chromatogram is more
commonly referred to peak capacity and is a measure of the number of peaks that can be
separated from one another. An equation gives a numerical value for the peak capacity and
can be developed from the plate theory and is discussed in chapter 8. A change in the
mobile phase is therefore required. As n-hexane is used as the mobile phase, a less
eluotropic solvent should be used. n-Hexane is relatively high up in the eluotropic series
using carboneous adsorbents (see section on NP-HPLC, chapter 3) with only n-pentane
less eluotropic. The difference between n-pentane and n-hexane is minimal (see Figure
9.31).
9.8.2 Fluorinated solvents
After consideration of solvents which are less eluotropic than n-pentane, perfluorinated
solvents were looked at. From Table 9.7 it can be seen that the UV cut-off for HFE-7200 is
220 nm. The optimum wavelength used for the detection of the alkyl nitrates is 210 nm,
which enables the full detection capabilities of the UV detector for the alkyl nitrates
(although 270 nm is more specific, as previously discussed). As a result the baseline
observed in the chromatograms whilst using HFE-7200 appears unsteady. The sensitivity
for the alkyl nitrates using the UV-detector is therefore lacking in comparison to when nhexane is used as the mobile phase, hence larger concentrations of analyte are required to
overcome the background interference.
The general behaviour of the fluorinated solvents using the Hypercarb column is similar to
that seen with the Restek C1 column. HFE-7200 behaves very similar to n-hexane. Alkyl
mononitrates elute at the solvent front, and hydroxy alkyl nitrates are more retained in
comparison to when n-hexane is used as the eluent. A small amount of tailing is observed
when the hydroxy alkyl nitrates are injected, otherwise excellent peak shape is observed.
FC-72 and FC-77 were also tested. With the perfluorinated C6 solvent (FC-72) more
retention is shown for the alkyl nitrates in comparison to when HFE-7200 is used (Figure
9.32) and further retention for the alkyl nitrates is seen when FC-77 (perfluorinated C8
solvent) is used as the mobile phase (Figure 9.33). Despite being able to separate
individual compounds of each family of alkyl nitrates, a group separation is not possible
due to overlapping of the different multifunctional groups. For a group separation the aim
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is not to separate individual molecules of the group, but to separate entire alkyl nitrate
families defined by their functional groups in a short amount of time.
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Figure 9.32 HPLC-UV chromatogram of the 1-alkyl mononitrates (1C2-1C5). Elution is
seen at the solvent front. Stationary phase: Hypercarb column (50 x 4.6 mm, 7 µm),
column temperature 20oC, mobile phase HFE-7200 (ethoxynonafluorobutane) with a flow
rate of 1.0 mL/min and detection at 210 nm.
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Figure 9.33 HPLC-UV chromatogram of the 1-alkyl mononitrates (1C2-1C10). Stationary
phase: Hypercarb column (50 x 4.6 mm, 7 µm), column temperature 20oC, mobile phase
FC-77 (perfluorinated C8 solvent) with a flow rate of 1.0 mL/min and detection at 210 nm.
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Although FC-72 and FC-77 represent some of the least eluotropic mobile phases
commercially available, in combination with the Hypercarb column they are an unsuitable
combination for the group separation of the alkyl nitrates. With this column in NP-HPLC
mode, a group separation of the alkyl nitrates does not appear to be possible.
9.8.3 Hypercarb in reverse-phase mode
In NP-mode, there appears very little chance of a group separation of the alkyl nitrates
using the Hypercarb column. The selectivity of the column in reverse-phase was tested by
injection of various alkyl nitrates with different mobile phases. Various mixtures of
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Figure 9.34 HPLC-UV chromatograms of the 1-alkyl mononitrates (1C2-1C10).
Separation of 1C2-1C5 alkyl nitrates is seen when the percentage water in the mobile
phase is increased. Stationary phase: Hypercarb column (50 x 4.6 mm, 7 µm), column
temperature 20oC, mobile phase acetonitrile/water 90/10 (v/v) (A) and acetonitrile/water
70/30 (v/v) (B) with a flow rate of 1.0 mL/min and detection at 210 nm.
By using various compositions of mobile phase (methanol/water, acetonitrile/water and
ethanol/water) it was seen that the selectivity seen in reverse-phase mode is as expected,
but different to the selectivity in normal phase mode. In reverse-phase mode the individual
compounds of each family of alkyl nitrates elute in order of their chain length; the shortest
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chained carbon elutes first and the longest chain carbon elutes last. The mechanism of
separation is based upon the liquiphobicity of the compounds. A group separation in
reverse-phase mode also appears unlikely with this column as the individual compounds of
each family of alkyl nitrates have a range of retention times thereby resulting in overlap of
the different multifunctional groups. This is demonstrated in Figure 9.35.
In addition, various mixtures of 0.15 M sodium dodecyl sulphate (SDS) in alcohols
(pentanol, 2-propanol) were tested but to no avail, the different alkyl nitrate groups all
eluted at the solvent front [Diaz 1996; Gil-Agusti 2000; Martinavarro-Dominguez 2002].
However an interesting result was observed when mixtures of demineralised water with ßcyclodextrin were used as the mobile phase modifier (Figure 9.36). It is seen that the alkyl
dinitrate (1,2C2) elutes practically at the solvent front when a small addition of mobile
phase modifier (ß-cyclodextrin) is present in the mobile phase. This is most likely due to
ability of the analyte to enter the ß-cyclodextrin cavity, which protects it from the

1,2 C2

hydrophilic (water) mobile phase surrounding [Clarot 2000].
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6

Minutes

Figure 9.35 HPLC-UV chromatograms of multifunctional alkyl nitrates (phenyl alkyl
nitrate, hydroxy alkyl nitrate and an alkyl dinitrate). Elution is seen at or close to the
solvent front. Stationary phase: Hypercarb column (50 x 4.6 mm, 7 µm), column
temperature 20oC, mobile phase acetonitrile/water 70/30 (v/v) with a flow rate of 1.0
mL/min and detection at 210 nm [U = Unknown].
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Figure 9.36 HPLC-UV chromatograms of the alkyl dinitrate (1,2C2). Elution is seen at the
solvent front by addition of a small amount of mobile phase modifier (ß-cyclodextrin)
Stationary phase: Hypercarb column (50 x 4.6 mm, 7 µm), column temperature 20oC,
mobile phase demineralised water (A) and demineralised water + 2 mM ß-cyclodextrin (B)
with a flow rate of 1.0 mL/min and detection at 210 nm.

9.9 Table summarising the single column separations of multifunctional alkyl nitrates
Table 9.11 summarises the most important results observed for the single column
separations for the group separation of alkyl nitrates.

168

9 HPLC method for the analysis of multifunctional alkyl nitrates
Table 9.11 Table summarising the most important observations seen for each column
tested for the group separation of multifunctional alkyl nitrates.
Column
Allure Silica 250 x 4.6 mm (5 µm),

Observation
•

60 Å (Restek)

Separation of alkyl mononitrates and phenyl
alkyl nitrates from alkyl dinitrates, carbonyl
alkyl nitrates and hydroxy alkyl nitrates is
possible when n-hexane is used as the
eluent.

•

Elution of polar alkyl nitrates from the
column is achieved by use of a strong eluent
mixture,

for

example

n-hexane/THF

mixtures.
Ultra C1 250 x 4.6 mm (5 µm), 100

•

Å (Restek)

Retention of hydroxy alkyl nitrates is
observed when n-hexane is used as the
eluent; thereby isolating hydroxy alkyl
nitrates from other multifunctional alkyl
nitrates on the column.

Maxsil RP2 250 x 4.0 mm (5 µm),

•

60 Å (Phenomenex)

Hydroxy alkyl nitrates are retained when
0.01% 2-propanol in n-pentane is used as the
eluent; thereby isolating hydroxy alkyl
nitrates from other multifunctional alkyl
nitrates on the column.

Perfluoro C8 150 x 4.6 (5 µm)

•

(Fluorous Technologies, Inc)

Retention of hydroxy alkyl nitrates and
carbonyl alkyl nitrates is seen when 0.01%
2-propanol in n-pentane is used as the
eluent; thereby isolating hydroxy alkyl
nitrates and carbonyl alkyl nitrates from
other multifunctional alkyl nitrates on the
column.

Hypercarb 50 x 4.6 mm (7 µm), 250
Å (Thermo Electron Corporation)

•

No real possibility for the group separation
of alkyl nitrates in either NP or RP mode.
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9.10 Structure specific HPLC enrichment of hydroxy alkyl nitrates after synthesis
9.10.1 Clean-up of synthetic hydroxy alkyl nitrates standards
The results from the selectivity test (section 9.3) show that the Allure silica column has the
ability to retain hydroxy alkyl nitrates. In order to elute this group of alkyl nitrates an
appropriate eluent mixture is required. This selective retention for the hydroxy alkyl
nitrates on a silica stationary phase was utilised for the clean-up of these alkyl nitrates, as a
number of reaction by-products are present after synthesis. Hence, a structure specific
HPLC clean-up method was developed enabling clean standards of hydroxy alkyl nitrates
to be prepared. Preliminary method development using the Phenomenex Maxsil RP-2
column with 0.5% acetonitrile in n-hexane as the mobile phase, showed the usefulness of
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Figure 9.37 HRGC-ECD chromatogram using ECD method 1 of the hydroxy alkyl nitrate
standards (2OH1C5 and 1OH2C5) prior to NP-HPLC sample clean-up. Stationary Phase:
ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min
→ 150oC (10 mins) @10 oC/min → 250oC (15 mins).
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Figure 9.38 HRGC-ECD chromatogram using ECD method 1 of the hydroxy alkyl nitrate
standards 2OH1C5 and 1OH2C5 after NP-HPLC sample clean-up using the Phenomenex
Maxsil RP-2 column (250 x 4.0 mm, 5 µm) with 0.5 % acetonitrile in n-hexane. Flow rate
1.0 mL/min and column temperature set at 20oC. Two NP-HPLC fractions were taken;
Fraction 1 (2OH1C5), 10-12 minutes and Fraction 2 (1OH2C5), 21-24 minutes.
HRGC-ECD conditions; Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film);
Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min →
250oC (15 mins).
Structural elucidation of the components in Figures 9.37 and 9.38 (2OH1C5 and 1OH2C5)
was carried out using

13

C NMR in Attached Proton Test (APT) mode which provides

conclusive evidence for the order of elution of these two components. Upon consideration
of the two molecules in question (see Figure 9.38) it is evident that the two carbon atoms in
question are numbers one and two. 2OH1C5 has the hydroxy group in position two (one
proton attached) and the nitrooxy group in position one (two protons attached). As the
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chemical shift for the nitrooxy group is much larger in comparison to the hydroxy group
these two signals in an NMR spectrum can be clearly assigned [Treves 2000]. In APT
mode all carbon atoms in a molecule attached to two protons are seen as positive signals
(above the baseline) and all carbon atoms attached to one or three protons are seen as
negative signals (below the baseline). Upon the NP-HPLC separation of these two
components, isolation of each component was possible enabling the identification by
NMR. Further information regarding these NMR spectra can be found in work by Grünert
[Grünert 2007].
For the main part of the sample clean-up, a self-packed silica column was used (SiO2 150 x
4.0 mm, 5 µm). The bulk material was purchased from J. T. Baker (Phillipsburg, USA).
The clean-up was carried out on HPLC instrument 3 and the eluent used for the separation
was a mixture of n-hexane/methyl tertiary butyl ether (MTBE).
The retention factors (k) for a number of different standards are shown in Table 9.12,
calculated using chloroform as the dead time volume marker. The results are also shown
graphically in Figures 9.39 and 9.40.
Table 9.12 Retention factors (k) of various hydroxy alkyl nitrates using the self-packed
silica column (SiO2 150 x 4.0 mm, 5 µm). n-hexane/MTBE 97/3 (v/v) was used as the
eluent; flow rate 1.0 mL/min with detection at 210 nm.

Chain length (Cn)
5
5
5
6
7
6
5
6
8
10
5
5
6
5
6
7
6
6
8
5
10
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Hydroxy alkyl nitrate
1OH2C5
2M4OH3C4
2M1OH2C4
1OH2C6
1OH2C7
2M2OH1C5
2M2OH1C4
2M5OH4C5
1OH2C8
1OH2C10
2M3OH2C4
2OH1C5
4OH3C6
2M2OH3C4
2OH1C6
2OH1C7
2M1OH2C5
2M4OH5C5
2OH1C8
2M3OH4C4
2OH1C10

Retention factor (SiO2)
23.16
22.50
21.62
21.44
20.02
18.52
18.21
17.79
16.47
14.99
14.25
11.37
11.30
11.13
10.22
9.38
9.01
8.32
8.17
8.09
7.21
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Figure 9.39 Graphical representation of the retention factors (k) for the hydroxy alkyl
nitrates over the silica column (SiO2 150 x 4.0 mm, 5 µm). n-hexane/MTBE 97/3 (v/v) was
used as the eluent; flow rate 1.0 mL/min with detection at 210 nm. 4OH3C6 present as two
diastereomers I & II.
Retention Factor Vs Carbon Chain Length for a Number of Hydroxy Alkyl Nitrates
25

2M4OH3C4
2M1OH2C4

1OH2C5
1OH2C6
1OH2C7

20
2M2OH1C5
2M5OH4C5

2M2OH1C4

Retention Factor (k)

1OH2C8
1OH2C10

15
2M3OH2C4

2M2OH3C4

2OH1C5

4OH3C6
2OH1C6

10

2OH1C7

2M1OH2C5
2M4OH5C5

2M3OH4C4

2OH1C8
2OH1C10

5

0
0

2

4

6
Carbon Chain Length

8

10

12

Figure 9.40 Graphical representation of the retention factors (k) for the hydroxy alkyl
nitrates over the self packed silica column (SiO2 150 x 4.0 mm, 5 µm). n-hexane/MTBE
97/3 (v/v) was used as the eluent; flow rate 1.0 mL/min with detection at 210 nm.
4OH3C6 present as two diastereomers I & II.
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Figure 9.39 shows the retention factors (k) of the different hydroxy alkyl nitrates over the
silica column. When the retention factors against the carbon chain length are plotted as
shown in Figure 9.40, further information regarding the elution order of the alkyl nitrates
can be seen. Generally, the hydroxy alky nitrates elute in order of alkyl chain length. This
is seen in Figure 9.40 by a decrease in retention factor from left to right as the carbon chain
length increases. The hydroxy alkyl nitrates with a carbon chain length of 10 have the most
amount of retention and those with a carbon chain length of 5 the least. A second
observation from the graph is that, the end-standing hydroxy alkyl nitrates have the most
retention; for example 1OH2C6 has a retention factor of 21.44 in comparison to 10.22 for
2OH1C6 and 1OH2C7 is more retained than 2OH1C7. Longer retention times are seen in
comparison to when the OH group is located along the carbon chain length. This trend also
holds true for branched hydroxy alkyl nitrates; 2M1OH2C4 shows more retention than
2M2OH1C4 and 2M4OH3C4 shows more retention than 2M3OH4C4. This is most likely
because in the end-standing position the hydroxy alky nitrate is more able to access the
sites available on the stationary phase.
After purification of the hydroxy alkyl nitrate standards, a number of primary, secondary
and tertiary hydroxy alkyl nitrates were taken and injected on HPLC instrument 2, using
the Restek Allure silica column and an eluent mixture of n-hexane/MTBE 97/3 or 95/5 (v/v)
as the mobile phase. A flow rate of 1.0 mL/min was employed and the ultraviolet
absorption spectra of the different hydroxy alkyl nitrates (1o, 2o and 3o) were looked at
using the diode array detector [Ungnade 1956]. The strong signal seen for the nitro group
(NO2) at 210 nm was evident along with a much smaller but perhaps significant signal at
around 350 nm which may characterise this group of alkyl nitrates. The more specific band
at 270 nm, characteristic of the nitrooxy group (ONO2), is not seen.

Figure 9.41 UV-Visible spectra of the primary (2OH1C5) and secondary (1OH2C5)
hydroxy alkyl nitrates; the strong absorption band for the nitro group (NO2) is evident.
174

9 HPLC method for the analysis of multifunctional alkyl nitrates
9.10.2 The enrichment of hydroxy alkyl nitrates synthesised from gasoline
The self-packed silica column (SiO2 150 x 4.0 mm, 5 µm) has been shown to be extremely
useful for the purification of hydroxy alkyl nitrates standards after synthesis, in the
previous section. This purification was extended further for the enrichment of hydroxy
alkyl nitrates after their synthesis from gasoline thereby simulating atmospheric patterns
[Grünert 2007].
As the synthesised hydroxy alkyl nitrates are present in an alkane matrix (namely gasoline)
the isolation of these compounds by chromatographic methodology is complicated further.
The matrix can interfere with chromatography of these compounds, disrupting the
separation by causing overlap and a drift in retention times in comparison to when clean
standards are injected. The matrix itself may well cause a background signal that interferes
with the chromatography of the analyte(s) of interest.
The first step employed in order to develop a clean-up stage for the enrichment of hydroxy
alkyl nitrates from gasoline, was the injection of pure gasoline over the self packed silica
column (SiO2 150 x 4.0 mm, 5 µm) with n-hexane/MTBE 95/5 (v/v) used as the mobile
phase. The flow rate was set at 1.0 mL/min and detection was carried out at 210 nm. This
enabled the background signal from the matrix to be observed. The chromatogram in
Figure 9.42 was observed.

Figure 9.42 HPLC-UV chromatogram of 50 µL of ‘Super Benzin’ using the self packed
silica column. Stationary phase: Self-packed silica column (150 x 4.0 mm, 5 µm), column
temperature ambient, mobile phase n-hexane/MTBE 95/5 (v/v) with a flow rate of 1.0
mL/min and detection at 210 nm.
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It is seen that the matrix itself has a strong signal that has a considerable effect on the
baseline in the chromatogram. A clean hydroxy alkyl nitrate standard (3OH2C5/2OH3C5 I
& II, four diasteromers) present within the matrix (gasoline) was then injected using the
same conditions; the chromatogram observed is shown in Figure 9.43 (A).

A

B

Figure 9.43 HPLC-UV chromatogram of the hydroxy alkyl nitrate standard
3OH2C5/2OH3C5 (four diastereomers I & II) present in ‘Super Benzin’ (A) and after
removal from the Super Benzin matrix (B) using the self packed silica column. Stationary
phase: Self-packed silica column (150 x 4.0 mm, 5 µm), column temperature ambient,
mobile phase n-hexane/MTBE 95/5 (v/v) with a flow rate of 1.0 mL/min and detection at
210 nm.
From Figure 9.43 (A) it is seen that the matrix disrupts the chromatography of the analytes.
Fractions of the hydroxy alkyl nitrates (3OH2C5/2OH3C5 I & II) from the NP-HPLC
system were collected at the outlet of the detector, the solvent removed by use of a rotary
evaporator and then the reduced sample was re-injected onto the NP-HPLC system. The
resulting chromatogram is shown in Figure 9.43 (B). Here the effect of removal of the
hydroxy alkyl nitrates from the matrix can be seen. The chromatography observed after
removal of the matrix is similar to the chromatography obtained of the clean hydroxy alkyl
nitrate standards, thereby showing the effect the matrix has upon the separation of an
analyte within a sample.
For the enrichment of hydroxy alkyl nitrates synthesised from gasoline, hydroxy alkyl
nitrates with alkyl chain lengths ranging from C5 to C10 were collected, as this covers all
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hydroxy alkyl nitrates that may be realistically formed from gasoline [Grünert 2007]. The
isolation and enrichment of this range of alkyl hydroxy nitrates from the synthesis using
gasoline was carried out by injection of the hydroxy alkyl nitrate standards 1OH2C10 and
1OH2C5 as these standards indicate the boundary limits for the fractioning (see Figures
9.39 and 9.40). The C10 hydroxy nitrate standard indicated the start of the hydroxy alkyl
nitrate fraction and the C5 indicated the end of the fraction.
By utilising the HPLC system comprising of the self-packed silica column (SiO2 150 x 4.0
mm, 5 µm) and using eluent mixtures of n-hexane/MTBE in combination with the two
hydroxy alky nitrate standards (1OH2C10 and 1OH2C5), the successfulness of the
purification, isolation and enrichment of hydroxy alkyl nitrates from gasoline was shown
[Grünert 2007].
9.10.3 Comparison of the selectivity in separation of hydroxy alky nitrates using silica (J.
T. Baker) and perfluoro C8 stationary phases
As the perfluoro C8 column (150 x 4.6 mm, 5 µm; Fluorous Technologies, Inc) was also
observed to retain the hydroxy alkyl nitrates when n-hexane was used as the eluent (see
section 9.7), a number of hydroxy alky nitrates (see Table 9.13) were injected to observe
any differences in selectivity between the silica (SiO2 150 x 4.0 mm, 5 µm) and the
perfluro C8 columns.
For this selectivity test, HPLC instrument 3 with n-hexane/MTBE 97/3 (v/v) as the mobile
phase was used. The flow rate was set at 1.0 mL/min and detection at 210 nm. The
hydroxy alkyl nitrates were injected and the retention factors calculated using chloroform
as the dead-time volume marker.
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Table 9.13 Retention factors (k) of various hydroxy alkyl nitrates using a silica column
(SiO2 150 x 4.0 mm, 5 µm) and a perfluoro C8 column (150 x 4.6 mm, 5 µm; Fluorous
Technologies, Inc). n-hexane/MTBE 97/3 (v/v) was used as the eluent; flow rate 1.0
mL/min with detection at 210 nm.
Hydroxy alkyl nitrate

Perfluoro C8 column

Silica column

1OH2C5

2.70

23.16

2OH1C5

1.90

11.37

1OH2C6

1.99

21.44

2OH1C6

1.39

10.22

1OH2C7

1.54

20.02

2OH1C7

0.94

9.38

Comparision of the perfluoro C8 and the silica columns for the separation of a selection of hydroxy
alkyl nitrates
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Figure 9.44 Graphical representation of the retention factors (k) observed using the silica
(SiO2 150 x 4.0 mm, 5 µm) and the perfluro C8 columns (150 x 4.6 mm, 5 µm; Fluorous
Technologies, Inc). HPLC instrument 3 used, with n-hexane/MTBE 97/3 (v/v) as the
mobile phase, flow rate set at 1.0 mL/min and detection at 210 nm.
From the results in Figures 9.44 and 9.45, the general observation that the hydroxy alkyl
nitrates are more retained on the silica column in comparison to the perfluoro C8 column
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can be made, when n-hexane/MTBE 97/3 (v/v) is used as the eluent. The elution order of
the injected hydroxy nitrates is generally the same on both columns.
The difference in retention times between end-standing hydroxy alkyl nitrates and when
the hydroxy group is in the second position are more pronounced with the silica column.
With the perfluoro there is very little difference in retention between these groups of
compounds.
There are however, slight selectivity differences between the two columns. When using the
perfluoro C8 column the hydroxy alkyl nitrate 1OH2C7 elutes earlier than 2OH1C5; the
elution order on the silica column is 2OH1C5 and then 1OH2C7 (Figure 9.45).

Comparision of the perfluoro C8 and the silica columns for the separation of a selection of hydroxy
alkyl nitrates
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Figure 9.45 Graphical representation of the retention factors (k) observed using the silica
(SiO2 150 x 4.0 mm, 5 µm) and the perfluro C8 columns (150 x 4.6 mm, 5 µm; Fluorous
Technologies, Inc). HPLC instrument 3 used, with n-hexane/MTBE 97/3 (v/v) as the
mobile phase, flow rate set at 1.0 mL/min and detection at 210 nm.
A further selectivity change is seen when the hydroxy alkyl nitrate standard 3OH2C5 (two
diastereomers I & II) and 2OH3C5 (two diastereomers I & II) is investigated. There are
differences in the component order in the chromatograms when these standards are injected
as a mixture over both columns. Separation of the hydroxy alkyl nitrate standard on the
self-packed silica column with n-hexane/MTBE 97/3 (v/v) as the mobile phase, yields the
chromatogram shown in Figure 9.46 with three clear peaks.
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Fractions from the HPLC separation (F1-F3) were taken and the solvent was reduced under
streaming nitrogen. The analytes were concentrated in isooctane and then injected onto the
HRGC-MS system with temperature program MS2. Careful analysis showed four
components to be present. From the synthesis, four diastereomeric products are possible
due to the stereochemistry present. Fraction 1 contains two components, 3OH2C5 (I & II:
S,S/R,R & S,R/R,S) and fraction 2 contains one single component, 2OH3C5 (I). Fraction 3
is comprised of 2OH3C5 (II), despite it appearing to be an overlapping signal in the NPHPLC chromatogram (Figure 9.46). This is probably the result of the column and detector
being overloaded, as it is not plausible that the two enantiomeric pairs (S,S & R,R or S,R
& R,S) should be separated using silica as the stationary phase. Further details including
HRGC-MS chromatograms and mass spectra obtained may be found in work by Grünert
[Grünert 2007].

Figure 9.46 HPLC-UV chromatogram of the hydroxy alkyl nitrate standard
3OH2C5/2OH3C5 (four diastereomers two for each standard, I & II) using the self packed
silica column. Stationary phase: Self-packed silica column (150 x 4.0 mm, 5 µm), column
temperature ambient, mobile phase n-hexane/MTBE 97/3 (v/v) with a flow rate of 1.0
mL/min and detection at 210 nm.
Upon injection of the 3OH2C5/2OH3C5 (I & II) hydroxy alkyl nitrate standard over the
perfluoro C8 column the HPLC-UV chromatogram shown in Figure 9.47 was obtained.
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The fractions (F1-F3) were once again collected, reduced in volume and injected onto the
HRGC-MS system with the temperature program MS2 employed. Careful analysis once
again showed four components to be present. Fraction 1 does not contain any hydroxy
alkyl nitrates; but fractions 2 and 3 both contain two components. Fraction 2 contains the
two diastereomers of 3OH2C5 (I & II) partly separated and fraction 3 contains the two
diastereomers of 2OH3C5 (I & II). More details from the HRGC-MS chromatograms and
spectra may be found in work by Grünert [Grünert 2007].

Figure 9.47 HPLC-UV chromatogram of the hydroxy alkyl nitrate standard
3OH2C5/2OH3C5 (four diastereomers I & II) using the Perfluoro C8 column. Stationary
phase: Perfluoro C8 (Fluorous Technologies, Inc; 150 x 4.6 mm, 5 µm), column
temperature ambient, mobile phase n-hexane/MTBE 97/3 (v/v) with a flow rate of 1.0
mL/min and detection at 210 nm.
Upon comparison of the fractions taken from both HPLC columns, it is seen that the
elution order of 2OH3C5 is different over the two columns showing the difference in
selectivity of the two columns. The silica column has the ability to separate the two
diastereomers of 2OH3C5 (I & II) where the perfluoro C8 column cannot. However, a
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partial separation of the two diastereomers of 3OH2C5 (I & II) is possible using the
perfluoro C8 column.
When considering the selectivity changes seen in this work it is important to realise that
different results may occur upon changing the composition of the mobile phase. The
solvent selectivity effects of the chromatographic behaviour of diastereomers using silica
as an adsorbent have been previously published by Snyder [Snyder 1986]. The study
consists of results from twenty diasteroisomeric compounds as a function of mobile phase
composition, using TLC on silica. The general importance of solvent-solute localisation in
the separations of these compounds was shown.
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Chapter 10
Building a HPLC method for the analysis of multifunctional alkyl nitrates:
Column coupling
By using a single HPLC column, the separation of the different class of alkyl nitrates has
in part been successful [Kastler 1999a; Chapter 9]. However there does not seen to be one
column that is able to separate all the different classes of alkyl nitrates. As the columns
have differing selectivity and preferences, this property will now be exploited by coupling
of the columns.
Column switching is also termed multi-dimensional column chromatography [Snyder
1997a]. If more than one column in combination is used, column-switching devices may
be required. There have been many modifications of single column separations enabling an
increase in resolution when the selectivity and efficiency are inadequate [Davis 2005].
Among the modifications include the use of tandem columns, recycling, column switching
and multi-dimensional separations. There are numerous examples in both LC and GC and
combinations of both illustrating the multidimensional approach [Campo 2006, 2007]. A
traditional approach is to use two or more columns of different selectivity, with the
expectation that compounds of interest are separated by at least one of them [Davis 2005].
The successfulness of a RP-HPLC system coupling two columns has been demonstrated
within our department for the separation of polychlorinated biphenyls [Kurz 1990].
When columns are coupled it is important to recognise whether the separation is in fact
two-dimensional, comprehensive, or orthogonal. A two-dimensional separation can be
called comprehensive if 1) every part of the sample is subjected to two different
separations, 2) equal percentage (either 100% or lower) of all sample components pass
through both columns and eventually reach the detector and 3) the separation (resolution)
obtained in the first dimension is essentially maintained. Comprehensive two-dimensional
liquid chromatography was probably first introduced by Erni and Frei [Erni 1978; Dugo
2004] and since then there have been a number of examples where it has been successfully
used with HPLC [Köhne 1999; Sweeney 2002].
Orthogonality on the other-hand implies that completely independent retention
mechanisms apply in two dimensions [Schoenmakers 2003]. Therefore many separations
that have been termed two-dimensional are in fact orthogonal.
When coupling columns, one should also be aware of the techniques known as heart
cutting and backflushing. Heart-cutting chromatography involves the transport of one or
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more segments of the eluent of the first separation step to the second separation step [Gray
2004a]. An advantage of this is that only the components of interest need to be analysed,
speeding the overall separation [Gray 2004b]. Also, when an isolation process is required
to obtain sample in-hand a heart-cutting approach may prove to be the most appropriate
process, especially in separation systems that display a high degree of chaotic band
displacement [Gray 2004b]. There are a number of examples within the literature where
the heart-cut technique has been successfully used [Torchio 1995; Matsui 1999; Gray
2004b; Dugo 2004].
The backflush technique may also be used in HPLC. It can be used to help clean-up
complex mixtures of environmental samples, as demonstrated by Carlsson and co-workers
[Carlsson 1997]. Carlsson and co-workers showed how the backflush technique can be
used for the isolation of polycyclic aromatic nitrogen heterocyclics (PANHs) in complex
sample matrices. The method involves the separation of carbazoles from acridine type
PANHs by isolating the acridines in a heart-cut fraction and then backflushing the
carbazoles from the column by flushing the column in the reverse direction. All the
remaining compounds can then be eluted from the column in one wash by using the same
mobile phase or by increasing the eluotropic strength of the solvent. The backflush
components usually elute altogether as one plug from the column. A chromatogram
showing how the backflush technique can be employed is shown in Figure 10.1.

Figure 10.1 Chromatogram extracted from work by Carlsson [Carlsson 1997] showing the
backflush technique.
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The backflush technique has been utilised in previous work within the working group for
the separation of chlorinated POPs [Arend 1997, 2000, 2001, 2002a, 2002b] and was used
by Grimvall and Östman whilst characterising some selected environmental pollutants
[Grimvall 1994b].
The technique has been utilised for sample clean-up in the coupling of a Normal Phase
system with a Reversed Phase system [Moret 2001]. As soon as the required poly aromatic
hydrocarbon (PAH) fraction was eluted from the sample, the initial silica column was
backflushed with dichloromethane to remove the fat present in the matrix. Upon elution of
the PAHs from the silica column, they were transferred to an on-line solvent evaporator
before being separated over a RP-C18 column with acetonitrile/water as the mobile phase.
Kamiński and co-workers describe another example illustrating the usefulness of the
backflush technique for the determination of class composition in the analysis of gasoline
[Kamiński 2004]. In this work a backflush step was used in conjunction with an
aminopropyl-bonded silica column. The class composition of gasoline was determined by
eluting paraffins and alkenes in the forward direction of the column. However, prior to the
elution of monocyclic aromatic hydrocarbons, a backflush step was used to elute all the
aromatic compounds and polar gasoline components, such as ethanol or other oxygenates.
This flushing of the column in the reverse direction ensured these components were eluted
in one band.

10.1 Two column coupling: Restek C1 and Restek Allure Silica
From the large amount of data collected using the Allure silica column, it is seen that the
column has high retentive capabilities for relatively polar compounds such as the carbonyl
alkyl nitrates and hydroxy alkyl nitrates. The alkyl mononitrates and phenyl alkyl nitrates
can be eluted in two separate fractions using n-hexane (see section 9.4.2.1, page 141), but
then there is overlap of the alkyl dinitrates, carbonyl alkyl nitrates and hydroxy alkyl
nitrates.
The Restek C1 column has the ability to retain hydroxy alkyl nitrates and the silica column
can separate alkyl mononitrates and phenyl alkyl nitrates from carbonyl alkyl nitrates and
alkyl dinitrates. In theory the separation of four groups of alkyl nitrates is possible 1) alkyl
mononitrates 2) phenyl alkyl nitrates 3) alkyl dinitrates and carbonyl alkyl nitrates 4)
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hydroxy alkyl nitrates, by combining the Restek C1 column with the Allure silica column.
The NP-HPLC system shown in Figure 10.2 was set-up.

V2

V1
Column 1

Pump
Injection port

Column 2

Alternative route
Detector

Column Oven

V3

Figure 10.2 NP-HPLC system coupling two HPLC columns; Restek C1 (column 1) with
the Restek Allure Silica (column 2).
A summary of the system details are shown below:
HPLC Instrument 1

Mobile phase: n-hexane

Column 1: Restek C1 250 x 4.6 mm (5 µm)

Column temperature: 20oC

Column 2: Restek Allure Silica 250 x 4.6 mm (5 µm)

Detection: 210 nm

Valves (V) 1, 2 and 3: Rheodyne 7125

Flow rate: 1 mL/min

The system was set-up so that columns 1 and 2 are in series. This allows separation of the
alkyl nitrates over both columns or just over the first column as required. Column 1 is used
to retain the hydroxy alkyl nitrates, and column 2 to separate the alkyl mononitrates and
the phenyl alkyl nitrates from the carbonyl alkyl nitrates and alkyl dinitrates.
1-alkyl mononitrates in the range 1C2-1C10 were injected over both columns in series and
also just over the Restek C1 column. The results are shown in Figure 10.3. From the
chromatograms it can be seen that the alkyl mononitrates are not at all retained on the
Restek C1 column but they are separated on the Allure silica column when the two
columns are coupled in series.
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A

B

Figure 10.3 HPLC-UV chromatograms of the 1-alkyl mononitrates (1C2-1C10) using the
NP-HPLC system shown in Figure 10.2. Elution is seen at the solvent front when the
Restek C1 column (column 1) alone is used, [alternative route] (A) and separation is seen
when the Restek C1 column (column 1) is used in combination with the Restek Allure
silica column (column 2) (B). Stationary phases: Restek C1 250 x 4.6 mm (5 µm) and
Restek Allure Silica 250 x 4.6 mm (5 µm), column temperature 20oC, mobile phase nhexane with a flow rate of 1.0 mL/min and detection at 210 nm.

Figure 10.4 HPLC-UV chromatogram of the hydroxy alkyl nitrates 2OH1C6 and
1OH2C6 using the NP-HPLC system shown in Figure 10.2. The components are retained
but co-elute when injected over the Restek C1 column (column 1) [alternative route].
Stationary phase: Restek C1 250 x 4.6 mm (5 µm), column temperature 20oC, mobile
phase n-hexane with a flow rate of 1.0 mL/min and detection at 210 nm.
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On consideration of the hydroxy alkyl nitrates 2OH1C6 and 1OH2C6 (Figure 10.4), it is
seen they co-elute and are retained on the Restek C1 column. These are C6 hydroxy alkyl
nitrates, shorter chain nitrates will elute with longer retention times so it should be possible
to group the hydroxy alkyl nitrates all together.
10.1.1 Separation of a test mixture of alkyl nitrates
To test the capabilities of the two-column system, a test mixture containing 2OH1C6 and
1OH2C6 (hydroxy alkyl nitrates), 1C2-1C10 (1-alkyl mononitrates), 1Ph1C1 (phenyl alkyl
nitrate) and 1,12C12 (alkyl dinitrate) was injected. These compounds were chosen as they
represent the boundary of the critical bands of the respective groups of alkyl nitrates in the
chromatogram. The critical elution space for the separation of alkyl dinitrates and carbonyl
alkyl nitrates from alkyl mononitrates and phenyl alkyl nitrates is between 1Ph1C1 and
1,12C12, so if these critical bands can be separated, then a group separation into alkyl
dinitrate and carbonyl alkyl nitrates from alkyl mononitrate and phenyl nitrates should be
possible.
The hydroxy alkyl nitrates elute in order of decreasing alkyl chain length; a C8 hydroxy
alkyl nitrate is the first eluting hydroxy alkyl nitrate realistically found in air samples
[Grünert 2007], which elutes in the same time frame as the C6 hydroxy alkyl nitrates.
After injection of the individual hydroxy alkyl nitrate standards 2OH1C6 and 1OH2C6 it is
seen that elution of the C6 hydroxy alkyl nitrates occurs at around 10 minutes over the C1
column (Figure 10.4); this indicates the start of the elution of the hydroxy alkyl nitrates.
The test mixture was injected with valves 2 and 3 in position 1 so that the mobile phase
flows over both columns to the detector. After the alkyl mononitrates, phenyl alkyl nitrates
and alkyl dinitrates, have eluted from the Restek C1 column (column 1) valves 2 and 3
were switched (time interval between 4 and 10 minutes, i.e just before elution of the
hydroxy alkyl nitrates) so that elution of the hydroxy alkyl nitrate continued over the
Restek C1 column with detection using the UV-lamp. Meanwhile the alkyl mononitrates,
phenyl alkyl nitrates and alkyl dinitrates are isolated on the Allure silica column.
Upon elution of the hydroxy alkyl nitrate, valves 2 and 3 were switched so that elution of
the alkyl mononitrates, phenyl alkyl nitrates and alkyl dinitrates continued over the Allure
silica column. The NP-HPLC UV chromatogram shown in Figure 10.5 demonstrates the
successful separation of the alkyl nitrates into 3 groups with the possibility to separate the
alkyl mononitrates from the phenyl alkyl nitrates as described in section 9.4.2.1 (page
141).
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Figure 10.5 HPLC-UV chromatogram of a test mixture of multifunctional alkyl nitrates
containing 2OH1C6 and 1OH2C6 (hydroxy alkyl nitrates), 1C2-1C10 (1-alkyl
mononitrates), 1Ph1C1 (phenyl alkyl nitrate) and 1,12C12 (alkyl dinitrate) using the NPHPLC system shown in Figure 10.2. Stationary phases: Restek C1 250 x 4.6 mm, 5 µm
(column 1) and Restek Allure Silica 250 x 4.6 mm, 5 µm (column 2), column temperature
20oC, mobile phase n-hexane with a flow rate of 1.0 mL/min and detection at 210 nm.
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If the test mixture contained shorter chain alkyl dinitrates (<C12) and carbonyl nitrates,
upon elution of 1Ph1C1 the remaining stronger retained alkyl dinitrates and carbonyl alkyl
nitrates could be removed from the silica column by flushing the column with a more
eluotropic solvent.
The limits of the system were shown when the C4 hydroxy alkyl nitrates (2OH1C4 and
1OH2C4) are added to a test mixture containing 2OH1C6, 1OH2C6, 1,12C12 (alkyl
dinitrate) and 1C2-1C10 1-alkyl mononitrates. The resulting chromatogram is shown in
Figure 10.6.
From Figure 10.6 it is seen the hydroxy alkyl nitrates are retained and grouped on the
Restek C1 column. As the retention time over a column increases an increase in band
broadening is observed (a common chromatographic effect). The test mixture only contains
C6 and C4 hydroxy alkyl nitrates. Broad peaks are already observed for the C4 compound
using n-hexane as the mobile phase, so for shorter chain hydroxy alkyl nitrates such as a
C2 hydroxy alkyl nitrate, more broadening will be seen as this component is even more
retained than a C4 component. This will make detection difficult if not impossible at the
concentrations found in air samples, as it will be difficult to differentiate the last eluting
hydroxy alkyl nitrate peak from the baseline. As a result, the time at which the valves
should be switched in order to isolate the hydroxy alkyl nitrates as a group on the Restek
C1 column, would be impossible to see from the detector signal as there would be little
differentiation from the baseline.
Upon analysis of Figures 10.5 and 10.6 another feature is evident. The 1-alkyl
mononitrates and the 1,12C12 alkyl dinitrate elute later in Figure 10.6 than in Figure 10.5.
No real comparison of the elution times of these compounds can be made as the operator
can decide when the elution of these components from the Allure silica column (column 2)
takes place upon the switching of valves 2 and 3 after elution of the hydroxy alkyl nitrates
from the Restek C1 column.
It should also be noted that elution of the components from either or both columns always
takes place in the forward direction over the detector using the system described in Figure
10.2.
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Figure 10.6 HPLC-UV chromatogram of a test mixture of multifunctional alkyl nitrates
containing the hydroxy alkyl nitrates 2OH1C6, 1OH2C6, 2OH1C4 and 1OH2C4, 1,12C12
(alkyl dinitrate) and 1C2-1C10 1-alkyl mono nitrates using the NP-HPLC system shown in
Figure 10.2. Stationary phases: Restek C1 250 x 4.6 mm, 5 µm (column 1) and Restek
Allure Silica 250 x 4.6 mm, 5 µm (column 2), column temperature 20oC, mobile phase nhexane with a flow rate of 1.0 mL/min and detection at 210 nm. Note: elution for the first
nine minutes (not shown) is achieved over both columns.
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10.1.2 Isolation of hydroxy alkyl nitrates
In order to combat the problem seen for the elution of the hydroxy alkyl nitrates, a change
in the mobile phase composition was tried. If a more eluotropic mobile phase or mobile
phase composition is used, the hydroxy alkyl nitrates will elute earlier and therefore less
band broadening will be seen, which would mean sharper peaks detectable using the UV
lamp. Using a more eluotropic mobile phase or mobile phase composition would also make
the retention times of the components more reproducible from injection to injection, but
that is not the initial intention here, as all components elute over the detector anyway,
thereby making the start and end of each alkyl nitrate group easy to define.
It is even more important to note that when making the mobile phase more eluotropic, the
separation of the alkyl mononitrates and phenyl alkyl nitrates from the alkyl dinitrates and
carbonyl alkyl nitrates must remain over the Restek Allure silica column (second column);
altering the mobile phase composition may affect the separation of these groups on the
second column.
Mobile phase compositions of n-hexane with methyl tertiary butyl ether (MTBE) and
acetonitrile were tried and various hydroxy alkyl nitrates were injected onto the Restek C1
column. A large difference in retention times can be seen with only small additions (0.51%) of a strong eluotropic solvent. The effects seen are similar to those seen in Figure
9.27. After injection of test mixtures containing alkyl mononitrates, alkyl dinitrates, phenyl
alkyl nitrates and hydroxy alkyl nitrates with mixtures of n-hexane and MTBE (0.5 - 1%),
it was seen that there is no real possibility for a group separation due to the low peak
capacity within the chromatogram.
MTBE is a basic localising solvent [Snyder 1997a]. In order for a change in selectivity to
be seen, a change in the type of strong solvent was tried. The strong solvent was changed
to acetonitrile. Acetonitrile is a non-basic localising solvent [Snyder 1997a]. Figure 10.7
illustrates the effect of adding a small amount of strong solvent to the mobile phase.
It is seen from Figure 10.7 that the separation of alkyl nitrates is successful for the chosen
compounds, when 0.5% acetonitrile in n-hexane is used as the eluent. But it is important to
note, the test mixtures tried do not include the entire range of polar alkyl dinitrates or
carbonyl alkyl nitrates.
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Figure 10.7 HPLC-UV chromatogram of a test mixture of multifunctional alkyl nitrates
containing 2OH1C5 and 1OH2C5 (hydroxy alkyl nitrates), 1C2-1C10 (1-alkyl
mononitrates), 1Ph1C1 (phenyl alkyl nitrate) and 1,12C12 (alkyl dinitrate) using the NPHPLC system shown in Figure 10.2. Stationary phases: Restek C1 250 x 4.6 mm, 5 µm
(column 1) and Restek Allure Silica 250 x 4.6 mm, 5 µm (column 2), column temperature
20oC, mobile phase n-hexane/acetonitrile 99.5/0.5 (v/v) with a flow rate of 1.0 mL/min and
detection at 210 nm.
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10.1.3 Elution of alkyl dinitrates and carbonyl alkyl nitrates from the silica column
The alkyl dinitrate 1,12C12 is a critical band, dictating the needed end of elution of the
phenyl alkyl nitrates and the start of the elution of alkyl dinitrates. In order to remove the
more polar carbonyl alkyl nitrates and the more polar alkyl dinitrates from the Restek
Allure silica column, the mobile phase was changed in the run to 100% methyl tertiary
butyl ether (MTBE). A number of carbonyl and alkyl dinitrates were injected onto the
system and just before the expected elution of 1,12C12 the mobile phase was switched to
100% MTBE to elute the alkyl dinitrates and carbonyl alkyl nitrates as one group. An
example separation of a test mixture of multifunctional alkyl nitrates is illustrated in Figure
10.8. The test mixture contains the two alkyl dinitrates 1,12C12 and 1,2C2 which covers
the wide range in polarities observed for this group of compounds. Fractions from the NPHPLC system were taken and analysed by HRGC in order to confirm the identity of the
components present.
Although separation of the test mixture into the different groups of nitrates has proved
successful by combining the two columns in series, the problem of eluting short chain
hydroxy alkyl nitrates in the forward direction over the Restek C1 column still remains.
Long retention times are observed, which comes hand in hand with broad peaks. Eluting
the hydroxy alkyl nitrates in the forward direction over the Restek C1 column requires a
large amount of eluent, which is not ideal or cost effective.
It is also theoretically possible in an air sample to have di-hydroxy alkyl nitrates or other
compounds with strong retention properties such as hydroxy-carbonyl alkyl nitrates. One
needs to consider that the system should accommodate for these compounds as well.
With the results obtained, and by consideration of previously used systems [Woidich 2007]
trial injections were made over the Restek C1 column with a backflush technique in place.
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Figure 10.8 HPLC-UV chromatogram of a test mixture of multifunctional alkyl nitrates
containing the hydroxy alkyl nitrates 2OH1C6, 1OH2C6, 2OH1C4 and 1OH2C4, 1C21C10 (1-alkyl mononitrates), 1,12C12 and 1,2C2 (alkyl dinitrates) using the NP-HPLC
system shown in Figure 10.2. Stationary phases: Restek C1 250 x 4.6 mm, 5 µm (column
1) and Restek Allure Silica 250 x 4.6 mm, 5 µm (column 2), column temperature 20oC,
mobile phase n-hexane/acetonitrile 99.5/0.5 (v/v) and MTBE (100%) used as a flush solvent
with a flow rate of 1.0 mL/min and detection at 210 nm. Note: elution for the first four
minutes (not shown) is achieved over both columns.
195

10 Building a HPLC method: Column coupling
10.2 Two column coupling using the backflush technique
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Figure 10.9 A NP-HPLC system incorporating a backflush step coupling the Restek C1
column with the Restek Allure Silica column for the group separation of the alkyl nitrates.
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Column 1: Restek C1 250 x 4.6 mm (5 µm), 100 Å
Column 2: Restek Allure Silica 250 x 4.6 mm (5 µm), 60 Å
Valves (V) 1, 2, 3 and 4: Rheodyne 7125

Column temperature controlled at 20oC

Flow rate: 1 mL/min

Detection: 210 nm

Figure 10.9 shows the different stages used for the group separation of the alkyl nitrates. In
order to trap the hydroxy alkyl nitrates on the Restek C1 column and to group separate the
alkyl mononitrates and phenyl alkyl nitrates from the alkyl dinitrates and carbonyl alkyl
nitrates, n-hexane is used as the mobile phase.
The first step isolates the hydroxy alkyl nitrates on the Restek C1 column by switching
valve 3 after a defined volume determined experimentally by injection of a variety of
hydroxy alkyl nitrates in the range C2-C6. The first eluting hydroxy alkyl nitrate (a C6
hydroxy alkyl nitrate) is at around 5 minutes (or 5 mL), which indicates the start of this
class of alkyl nitrates and the end of the carbonyl alkyl nitrate group.
The separation is then continued on the Allure silica column (step 2), which separates alkyl
mononitrates and phenyl alkyl nitrates from the alkyl dinitrates and carbonyl alkyl nitrates.
After the alkyl mononitrates and phenyl alkyl nitrates are separated, elution of the more
polar alkyl dinitrates and carbonyl alkyl nitrates from the Allure silica column is achieved
with a change in eluent to MTBE. The start of the alkyl dinitrate and alkyl carbonyl nitrate
groups was determined by injection of a 1,12C12 alkyl dinitrate standard. In step 3, valves
1, 3, 4 are switched to allow the backflush of hydroxy alkyl nitrates from the Restek C1
column.
10.2.1 Separation using self-synthesised standards, test mixtures and air samples
The capabilities of the system described in Figure 10.9 were proved by injection of a range
of individual organic nitrate standards, test mixtures of organic nitrates and a variety of
syntheses (which use pyridium dichromate and yield alkyl mononitrate and carbonyl alkyl
nitrates). As the syntheses yield the different functional alkyl nitrate groups, this is a good
simulation for an air sample. The system successfully separated a pyridium dichromate
synthesis (section 7.1.3) into the different alky nitrates groups. Group separations were
then performed using air samples collected on campus at the University of Ulm.
The NP-HPLC was set-up as shown in Figure 10.9 above. The entire system including both
columns was rinsed firstly with 2-propanol (10 column washes) and then washed with the
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mobile phase, n-hexane (10 column washes). The reason for washing the columns with 2propanol before conditioning with the mobile phase is so that all impurities that could be
on the column are removed (as 2-propanol is a strong eluting solvent), secondly the alcohol
binds to active residual silanols and when the 2-propanol is removed with n-hexane all
sites are regenerated.
The Allure silica column also has a strong ability to absorb water from the solvent (see
chapter 3). Flushing with fresh n-hexane equilibrates the system prior to sample injection.
When creating a method, reproducibility is very important so each time a group separation
was carried out the same procedure was applied.
On line B of the pump, MTBE was primed. After the baseline stabilised, (approximately
30 minutes or 30 mL were required), the single compound dinitrate standard, 1,12C12, was
injected over both columns and its retention time noted. The elution time of this C12 alkyl
dinitrate indicates the start of collection of the alkyl dinitrates and carbonyl nitrates. This
was determined to be at approximately 30 minutes. 1-alkyl mononitrates in the range 1C21C10 were also injected as a test mixture. The elution volumes also noted.
The fractions from the test mixtures and samples were taken at the outlet of the detector by
simple collection in centrifuge tubes prior to HRGC analysis.
After collection and extraction of the air samples they were concentrated in 50 µL of
isooctane prior to being injected on the NP-HPLC system (see chapter 5). The NP-HPLC
group separation proceeded by initially positioning the switching valves so that the mobile
phase flows over both the Restek C1 and Restek Allure Silica columns (see Figure 10.9).
The group separation of air samples using the system described in Figure 10.9 proceeded
as follows:
Step 1: Isolation of hydroxy alkyl nitrates on the Restek C1 column. After 5 minutes (5
mL) valve 3 was switched and the flow/separation continued over the Allure silica column.
Step 2: Collection of alkyl mononitrates and phenyl alkyl nitrates using n-hexane over the
Allure silica column.
Step 3: After 25 minutes the mobile phase was changed to 100% MTBE and the alkyl
dinitrates and carbonyl alkyl nitrates were eluted in the forward direction in one fraction
over the Allure silica column. 15 mL MTBE (around 5 column washes) were used to
ensure complete elution of all components from the column.
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Step 4: Valves 1, 3, 4 were switched so that the Restek C1 column is flushed in the reverse
direction with MTBE to backflush the hydroxy alkyl nitrates isolated in step 1. 10 mL of
MTBE were used for this step, which is equivalent to around four column washes.
An example of an air sample separated using the NP-HPLC system described in Figure
10.9 is the mainland continental Europe sample L9-T taken in Ulm, Germany. The
fractions taken for the group separation of this air sample summarised below.
L9-T Air Sample (Ulm, Germany)
Fraction 1: 0-25 minutes (eluent: 25 mL n-hexane) Alkyl mononitrates and phenyl alkyl
nitrates were collected from the Allure silica column [note at 5 minutes (5 mL eluate)
valve 3 was switched].
Fraction 2: 25-40 minutes (eluent: 15 mL MTBE) Alkyl dinitrates and carbonyl alkyl
nitrates collected from the Allure silica column.
Fraction 3: 40-50 minutes (eluent: 10 mL MTBE) Hydroxy alkyl nitrates collected from
the Restek C1 column in backflush mode by switching valves 1, 3 and 4.
Figure 10.10 shows the NP-HPLC-UV chromatogram obtained for the separation of the
Ulm air sample L9-T. The multifunctional alkyl nitrate groups can be clearly seen.
After collection of each fraction, the fractions were reduced on the rotary evaporator with
the aid of a keeper (50 µL isooctane). The n-hexane fraction was reduced using a 40oC
water bath and a vacuum of around 400 mBar. The MTBE fractions were also reduced to
50 µL isooctane at 40oC but at vacuum of 600 mBar. All fractions were injected onto the
HRGC-ECD for component identification and fraction 3 was injected on the HRGC-MS to
establish if the hydroxy alkyl nitrates had been isolated from the other functional group
nitrates. HRGC-ECD chromatograms from the NP-HPLC group separation are shown in
Figures 10.11 to 10.13. For a group separation it is not important to label every single peak
in each of the fractions; the purpose is to demonstrate that the group is found collectively
together.
The identification of the components from each fraction was confirmed using HRGC-MS
in ECNI mode (CH4).
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Figure 10.10 NP-HPLC-UV chromatogram of the Ulm air sample L9-T using the NPHPLC system shown in Figure 10.9. Stationary phases: Restek C1 250 x 4.6 mm, 5 µm
(column 1) and Restek Allure Silica 250 x 4.6 mm, 5 µm (column 2), column temperature
20oC, mobile phase n-hexane and MTBE (100%) used as a flush solvent with a flow rate of
1.0 mL/min and detection at 210 nm.
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10.2.2 Discussion of early results
The HRGC-ECD chromatograms (Figures 10.11 to 10.13) show the successful group
separation of the alkyl nitrates into three major groups (group 1: alkyl mononitrates and
phenyl alkyl nitrates, group 2: alky dinitrates and carbonyl alkyl nitrates and group 3:
hydroxy alkyl nitrates). This result is significant especially for the analysis of carbonyl
alkyl nitrates and hydroxy alkyl nitrates as previous group separations [Wöβner 1999;
Woidich 2007] showed overlap of the carbonyl alkyl nitrates and hydroxy alkyl nitrates in
fraction 3 of the LC. This made subsequent HRGC-MS analysis of the hydroxy alkyl
nitrates and the carbonyl alkyl nitrates difficult, as the carbonyl alkyl nitrates cannot be
measured in EI mode as they show no characteristic fragmentation pattern; in CI mode
their fragmentation pattern is similar to the hydroxy alkyl nitrates [Grünert 2007].
However, it is seen by the HRGC-MS results not presented here, that although the hydroxy
alkyl nitrate fraction is clean from alkyl dinitrates, the most polar carbonyl alkyl nitrate
3O2C4 looked at, is present in the hydroxy alkyl nitrate fraction 3. Hence, the cut-off point
for the hydroxy alkyl nitrates on the Restek C1 column needs to be lengthened to more
than 5 minutes so that this component is directed onto the Allure silica column thereby
eluting in fraction 2.
For fractions two and three, MTBE is used to flush the Allure silica and Restek C1
columns. Although this solvent has strong enough eluotropic properties to flush the
columns of the more polar alkyl dinitrates, carbonyl alkyl nitrates and hydroxy alkyl
nitrates, it has a boiling point of 55oC meaning that a slight vacuum is required to remove
the solvent at 40oC. When a vacuum is required the possibility of analyte loss by solvent
removal is increased. As a result, other solvents in the eluotropic table were considered. Of
the ones considered, dichloromethane was decided upon, due to its eluotropic strength and
it’s relatively low boiling point (40oC). Dichloromethane also has the added advantage of
being relatively viscous so no problems regarding solvent pumping should be encountered.
The alkyl mononitrates range from volatile to semi-volatile compounds. As n-hexane
(boiling point 69oC) is used as the eluent to collect the alkyl mononitrates, solvent removal
on the rotary evaporator requires a large amount vacuum. After careful consideration an
azeotrope with acetone (boiling point 56oC) was decided upon. The azeotrope reduces the
boiling point of n-hexane from 69oC to 50oC, which is a temperature reduction of 19oC.
The reduction in the temperature of the azeotrope would enable the vacuum to be increased
from 400 mBar, which is required for the removal of n-hexane at 40 oC, thereby reducing
the chance of analyte loss.
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Figure 10.11 HRGC-ECD chromatogram LC1 (alkyl mononitrates and phenyl alkyl
nitrates) of air sample L9-T (1.6 m3), after a NP-HPLC group separation using the HPLC
system described in Figure 10.9. ECD Method 1; Stationary Phase: ZB-5 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins)
@10 oC/min → 250oC (15 mins). U = Unknown. A more complete peak assignment is
given by Eberhardt [Eberhardt 2007].
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Figure 10.12 HRGC-ECD chromatogram LC2 (alkyl dinitrates and carbonyl alkyl
nitrates) of air sample L9-T (1.6 m3), after a NP-HPLC group separation using the HPLC
system described in Figure 10.9. ECD Method 1; Stationary Phase: ZB-5 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins)
@10 oC/min → 250oC (15 mins). U = Unknown. A more complete peak assignment is
given by Woidich [Woidich 2007].
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Figure 10.13 HRGC-ECD chromatogram LC3 (hydroxy alkyl nitrates) of air sample L9T (1.6 m3), after a NP-HPLC group separation using the HPLC system described in Figure
10.9. ECD Method 1; Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film);
Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min →
250oC (15 mins). 3OH2C5/2OH3C5 and 4OH3C6 are present as two diasteromers (I &
II), U = Unknown. A more complete peak assignment is given by Grünert [Grünert 2007].
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10.2.3 Separation using the improvements in the LC procedure
With the slight improvements discussed in section 10.2.2 (adjustment of the cut-off point,
the use of dichloromethane (DCM) as a flush solvent and use of an azeotrope of n-hexane
and acetone), the group separation of the alkyl nitrates was tried once again using the same
separation steps as described for the separation of air sample L9-T. Air samples that had
been collected in the botanical garden at the University of Ulm in Germany were injected
on the NP-HPLC system shown in Figure 10.9. Two samples were collected, both during
the night-time where the NO3. radical is dominant and the production of carbonyl alkyl
nitrates is theoretically high (see chapter 2). HRGC-ECD chromatograms of the air sample
taken on the 28th July 2005 are shown in Figures 10.14 to 10.16 and a summary of the
fractions taken over the NP-HPLC system described in Figure 10.9, are shown below.
Botanical Garden Air Sample (28th July 2005, Ulm, Germany)
Fraction 1: 0-25 minutes (eluent: 25 mL n-hexane) Alkyl mononitrates and phenyl alkyl
nitrates were collected from the Allure silica column [note at 5 minutes (5 mL eluate)
valve 3 was switched].
Fraction 2: 25-40 minutes (eluent: 15 mL dichloromethane) Alkyl dinitrates and carbonyl
alkyl nitrates collected from the Allure silica column.
Fraction 3: 40-50 minutes (eluent: 10 mL dichloromethane) Hydroxy alkyl nitrates
collected from the Restek C1 column in backflush mode by switching valves 1, 3 and 4.
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Figure 10.14 HRGC-ECD chromatogram LC1 (alkyl mononitrates and phenyl alkyl
nitrates) of air sample Botanical Garden 28th July 2005 (0.5 m3), after a NP-HPLC group
separation using the HPLC system described in Figure 10.9. ECD Method 1; Stationary
Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2
o

C/min → 150oC (10 mins) @10 oC/min → 250oC (15 mins). U = Unknown. A more

complete peak assignment is given by Eberhardt [Eberhardt 2007].
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Figure 10.15 HRGC-ECD chromatogram LC2 (alkyl dinitrates and carbonyl alkyl
nitrates) of air sample Botanical Garden 28th July 2005 (0.5 m3), after a NP-HPLC group
separation using the HPLC system described in Figure 10.9. ECD Method 1; Stationary
Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2
o

C/min → 150oC (10 mins) @10 oC/min → 250oC (15 mins). HCP = Internal standard. A

more complete peak assignment is given by Woidich [Woidich 2007].
207

10 Building a HPLC method: Column coupling
10
15

3O2C4

2OH1C3

2OH1C2
1OH2C3

20
2OH1C4

25

1OH2C4
3OH2C5 I & 2OH3C5 I+II
3OH2C5 II

30

2OH1C5

Minutes

1OH2C5

4OH3C6

35
2OH1C6
1OH2C6

40
45
50
HCP

55
60

Figure 10.16 HRGC-ECD chromatogram LC3 (hydroxy alkyl nitrates) of air sample
Botanical Garden 28th July 2005 (0.5 m3), after a NP-HPLC group separation using the
HPLC system described in Figure 10.9. ECD Method 1; Stationary Phase: ZB-5 (60 m x
0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10
mins) @10 oC/min → 250oC (15 mins). 3OH2C5/2OH3C5 and 4OH3C6 are present as
two diasteromers (I & II). HCP = Internal standard. A more complete peak assignment is
given by Grünert [Grünert 2007].
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10.2.4 Overlap of the carbonyl alkyl nitrate 3O2C4 and the hydroxy alkyl nitrate 4OH3C6
After separation of the first botanical garden air sample (28th July 2005) it is seen that the
C4 carbonyl alkyl nitrate, 3O2C4 still elutes in the hydroxy alkyl nitrate fraction (Figure
10.16). Hence retention time of the earliest eluting hydroxy alkyl nitrate needs to be
closely monitored as this indicates the end of the carbonyl alkyl nitrate fraction.
At the start of the group separation the whole system is rinsed with 2-propanol (10 column
washes) before the system is switched to n-hexane (mobile phase). After the system was
switched to full flow using the mobile phase and the baseline stabilised (approximately 10
column washes), the hydroxy alkyl nitrate standard 4OH3C6 (two co-eluting
diastereomers, I & II) and the carbonyl alkyl nitrate standard 3O2C4 were injected over the
Restek C1 column regularly after every two column washes (1 wash~3 mL) with n-hexane
as the mobile phase at a flow rate of 1.0 mL/min. The retention times of the components
were noted.
Retention factors (k) were then calculated using the formula below and plotted against the
number of column washes (where one column wash is approximated at 3 mL).

k=

t R − to
to

tR = retention time
to = zero dead time volume (calculated using chloroform)

Table 10.1 Showing the retention times (minutes) and the retention factors (k) of the
hydroxy alkyl nitrate 4OH3C6 (two diastereomers I & II) and the carbonyl alkyl nitrate
3O2C4. Stationary phase: Restek C1 250 x 4.6 mm (5 µm), column temperature 20oC,
mobile phase n-hexane with a flow rate of 1.0 mL/min and detection at 210 nm.
4OH3C6 (I & II)

3O2C4

Washes

Retention Time (mins)

Retention Factor

Retention Time (mins)

Retention Factor

0
2
4
6
8
10
12
14
16

4.307
5.548
6.765
7.234
7.383
7.468
7.252
7.215
6.855

0.216
0.567
0.910
1.043
1.085
1.109
1.048
1.037
0.936

4.298
4.599
4.785
4.811
4.885
4.905
4.885
4.788
4.770

0.214
0.299
0.351
0.359
0.379
0.385
0.379
0.352
0.347
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Column Washes against retention factor for 4OH3C6 (I & II) and 3O2C4 using the Restek C1 HPLC
column
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Figure 10.17 Graph showing column washes against the retention factors (k) for the
hydroxy alkyl nitrates 4OH3C6 (two diastereomers I & II) and the carbonyl alkyl nitrate
3O2C4. Stationary phase: Restek C1 250 x 4.6 mm (5 µm), column temperature 20oC,
mobile phase n-hexane with a flow rate of 1.0 mL/min and detection at 210 nm.
10.2.5 Separation after improvements
From the Figure 10.17 and Table 10.1 it is seen that after around 10 column washes, the
separation between 3O2C4 and 4OH1C6 (two diastereomers I & II) is at its maximum in
terms of retention time difference using n-hexane as the mobile phase. The ‘cut-off’ point
for the hydroxy alkyl nitrates was changed to 5.5 minutes, which is equivalent to a
retention factor of approximately 0.6 for 4OH3C6 (I & II) after 10 column washes.
Using this information the second air sample from the botanical garden (15th July 2005)
was separated using the NP-HPLC system and fractions taken as described below. Fraction
1 was mixed with acetone to form an azeotrope (5 mL:6 mL n-hexane:acetone) and the
fraction reduced to 50 µL isooctane using a rotary evaporator at a temperature of 40oC and
a vacuum of 650 mBar. Fractions 2 and 3 were reduced to 50 µL isooctane at 40oC and a
vacuum at 890 mBar.
Fraction 2 (Figure 10.18) shows the presence of the carbonyl alkyl nitrate, 3O2C4 [Stolper
2005] thereby illustrating the successfulness of the separation of carbonyl alkyl nitrates
from hydroxy alkyl nitrates using this NP-HPLC system.
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Botanical Garden Air Sample (15th July 2005, Ulm, Germany)
Fraction 1: 0-25 minutes (eluent: 25 mL n-hexane) Alkyl mononitrates and phenyl alkyl
nitrates collected from the Allure silica column (note at 5.5 minutes, valve 3 was switched,
see Figure 10.9).
Fraction 2: 25-40 minutes (eluent: 15 mL dichloromethane) Alkyl dinitrates and carbonyl
alkyl nitrates collected from the Allure silica column.
Fraction 3: 40-50 minutes (eluent: 10 mL dichloromethane) Hydroxy alkyl nitrates
collected from the Restek C1 column in backflush mode after switching valves 1, 3 and 4.

Figure 10.18 HRGC-MS chromatogram ECNI mode (CH4), SIM 46 of LC2 from air
sample Botanical Garden (15th July 2005, 9.2 m3) [Stolper 2005] showing the presence of
the carbonyl alkyl nitrate, 3O2C4, after a NP-HPLC group separation using the HPLC
system described in Figure 10.9. Stationary Phase: Varian CP-Sil 5 MS (50 m x 0.32 mm,
1.2 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 140oC (1 mins) @5
o

C/min → 250oC (24 mins). Numbers refer to the isoprene nitrates listed in Figure 7.6.
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The separation of the alkyl nitrates into three main groups (group 1: alkyl mononitrates and
phenyl alkyl nitrates, group 2: alky dinitrates and carbonyl alkyl nitrates and group 3:
hydroxy alkyl nitrates) has been successfully achieved. The system was also used to
separate a number of samples taken on the Island of Madeira in the North Atlantic Ocean.
The two column NP-HPLC system allows the different alkyl groups to be clearly defined
by injection of a selected few alkyl nitrate standards, prior to injection of the sample, as all
signals can be monitored over the detector. The system can be applied for the group
separation of multifunctional alkyl nitrates, although it is difficult to obtain reproducible
retention times for the most polar carbonyl alkyl nitrate (3O2C4) using this normal phase
system. As a result this compound was sometimes found in the hydroxy alkyl fraction.
In order to try and further improve the separation between the carbonyl alkyl nitrate
3O2C4 and the hydroxy alkyl nitrate 4OH3C6 (I & II), the mobile phase was changed to npentane as this is slightly less eluotropic in comparison to n-hexane. Increases in retention
time are seen with the Restek C1 column and when the column is coupled with the Allure
silica column, but no real advantage in separation was gained by this change.

10.3 Two column coupling: Maxsil RP-2 and Restek Allure silica
The basis of the group separation developed using the Restek C1 column and the Restek
Allure silica column, relies on the C1 column’s ability to retain the hydroxy alkyl nitrates.
However, as polar carbonyl alkyl nitrates are also retained to some extent, overlap of the
carbonyl alkyl nitrates with the hydroxy alkyl nitrates is occasionally seen in some
samples. In order to solve this problem, the coupling of the Phenomenex Maxsil RP2
column was tried with the expectation, that, the hydroxy alkyl nitrates will still be retained,
but carbonyl alkyl nitrates will elute. The reasoning behind this being that the RP2 column
contains an ethyl group bonded to the stationary phase, thereby reducing the polarity of the
column in comparison to the Restek C1 column, which would enable the carbonyl alkyl
nitrate and hydroxy alkyl nitrate groups to be separated from one another.
After the initial testing shown in section 9.6, the Phenomenex Maxsil RP-2 column was
coupled with the Restek Allure silica column in HPLC instrument 1 as shown in Figure
10.19. The steps for the separation are as described in section 10.2, except valve 3 is
switched at 15 minutes, as this is the optimum cut-off point separating carbonyl alkyl
nitrates from hydroxy alkyl nitrates over the column, using 0.01% isopropyl alcohol (IPA)
in n-pentane; this was determined experimentally.
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Figure 10.19 A NP-HPLC system incorporating a backflush step coupling the
Phenomenex Maxsil RP-2 column (column 1) with the Restek Allure Silica column
(column 2) for the group separation of the alkyl nitrates.
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Column 1: Phenomenex Maxsil RP2 250 x 4.0 mm (5 µm), 60 Å
Column 2: Restek Allure Silica 250 x 4.6 mm (5 µm), 60 Å
Valves (V) 1, 2, 3 and 4: Rheodyne 7125

Column temperature controlled at 20oC

Flow rate: 1 mL/min

Detection: 210 nm

The entire system was first rinsed with 30 mL 2-propanol (about 10 column washes) and
then with 30 mL n-hexane (10 column washes) before equilibration with 30 mL of 0.01%
2-propanol (isopropyl alcohol, IPA) in n-pentane (mobile phase). Dichloromethane was
primed on line B of the pump and used as a flush solvent.
10.3.1 Group separation of synthetic mixtures of multifunctional alkyl nitrates
The group separation of the alkyl nitrates was tested, firstly by using a mixture of alkyl
dinitrates prepared by the reaction of olefinic compounds found in normal gasoline with
thalium trinitrate [Argyrakis 2006]. After injection of the 1,12C12 standard in order to
determine the start of the alkyl dinitrate and carbonyl alkyl nitrate fractions, the sample
was injected and the following fractions taken:
Alkyl dinitrate synthesis using normal gasoline and thallium trinitrate trihydrate in pentane
Fraction 1: 0-15 minutes (eluent: 15 mL 0.01% IPA in n-pentane) Alkyl mononitrates and
phenyl alkyl nitrates collected from the Allure silica column (note at 15 minutes, valve 3
was switched–see Figure 10.19).
Fraction 2: 15-35 minutes (eluent: 20 mL dichloromethane) Alkyl dinitrates and carbonyl
alkyl nitrates collected from the Allure silica column.
Fraction 3: 35-45 minutes (eluent: 10 mL dichloromethane) Hydroxy alkyl nitrates
collected from the RP2 column in backflush mode, after switching valves 1, 3 and 4.
Fractions were reduced on the rotary evaporator and then injected on the HRGC-ECD for
identification. The HRGC-ECD chromatogram from LC2 (alkyl dinitrates and carbonyl
alkyl nitrates) is shown in Figure 10.20 showing the successful group separation of alkyl
dinitrates and carbonyl compounds found in a synthetic mixture.
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Figure 10.20 HRGC-ECD chromatogram LC2 (alkyl dinitrates and carbonyl compounds)
of the synthesis of normal gasoline with thallium trinitrate after a NP-HPLC group
separation using the HPLC system described in Figure 10.19. Stationary Phase: J&W
Scientific DB 5-MS (60 m x 0.32 mm, 0.25 µm film); Temperature Program: 40oC (5
mins) @3 oC/min → 230oC (10 mins). See work by Argyrakis for synthesis details
[Argyrakis 2006].
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10.3.2 Group separation of air samples taken on campus at the University of Ulm
(Germany) in mainland Europe
The NP-HPLC system in Figure 10.19 (Maxsil RP2 and Allure silica columns) was then
utilised for the group separation of air samples taken on campus at the University of Ulm.
The procedure of pre-cleaning the system and columns with 30 mL 2-propanol (around 10
column washes) and then with 30 mL of mobile phase was carried out as described before.
After injection of the dinitrate standard, 1,12C12, the point of elution of the alkyl dinitrate
group could be determined. The pre-concentrated air samples were injected and fractioned
over the NP-HPLC system; some example separations are shown below.
17 October 2005 Air Sample (Ulm, Germany)
Fraction 1: 0-20 minutes (eluent: 20 mL n-pentane + 0.01% IPA) Alkyl mononitrates and
phenyl alkyl nitrates collected from the Allure silica column (note at 15 minutes, valve 3
was switched– see Figure 10.19).
Fraction 2: 20-40 minutes (eluent: 20 mL dichloromethane) Alkyl dinitrates and carbonyl
alkyl nitrates collected from the Allure silica column.
Fraction 3: 40-50 minutes (eluent: 10 mL dichloromethane) Hydroxy alkyl nitrates
collected from the RP2 column in backflush mode after switching valves 1, 3 and 4.

L15-T Air Sample (Ulm, Germany)
Fraction 1: 0-15 minutes (eluent: 15 mL n-pentane + 0.01% IPA). Alkyl mononitrates and
phenyl alkyl nitrates collected from the Allure silica column (note at 15 minutes, valve 3
was switched– see Figure 10.19).
Fraction 2: 15-35 minutes (eluent: 20 mL dichloromethane) Alkyl dinitrates and carbonyl
alkyl nitrates collected from the Allure silica column.
Fraction 3: 35-45 minutes (eluent: 10 mL dichloromethane) Hydroxy alkyl nitrates
collected from the RP2 column in backflush mode after switching valves 1, 3 and 4.
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All three fractions from both air samples were reduced in volume to 50 µL of isooctane in
a 40oC water bath at atmospheric pressure. The fractions were then injected onto the
HRGC-ECD and HRGC-MS systems for identification. Some example HRGC-ECD
chromatograms are shown in Figures 10.21 to 10.23.
The NP-HPLC system is set up so that all fractions are collected over the detector. As a
result, the start and end of each alkyl nitrate group is easy to define upon use of alkyl
nitrate standards prior to injection of a sample. This in combination with the output signal
at the detector allows the successful group separation of these atmospheric components.
After the NP-HPLC group separation using two HPLC columns with the employment of a
backflush technique and the identification of the main components in each of the fractions
by HRGC, the separation of the alkyl nitrates into three main groups (alkyl mononitrates
and phenyl alkyl nitrates, alkyl dinitrates and carbonyl alkyl nitrates and hydroxy alkyl
nitrates), has been demonstrated.

217

10 Building a HPLC method: Column coupling
10

2C4
C2Cl4
1C4
2M3C4

15

3C5

2C5

2M1C4

2M4C5
1C5

2M3C5

20

3C6
2C6

2M1C5

2E1C4
3M1C5

25
1C6
4C7
3C7
2C7

30

Minutes

1C7
4C8

35

3C8
1Ph1C1

U

1Ph1C2
2C8

40

1C8

5C9
4C9

3C9

1Ph1C3

45

2C9

5C10

4C10

1C9
3C10

2C10

50

HCP

4C11

6C11

5C11
1C10
3C11

55

2C11

60

6C12
5C12
4C12

Figure 10.21 HRGC-ECD chromatogram LC1 (alkyl mononitrates and phenyl alkyl
nitrates) of air sample 17th October 2005 (4.0 m3), after a NP-HPLC group separation
using the HPLC system described in Figure 10.19. ECD Method 1; Stationary Phase: ZB5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min →
150oC (10 mins) @10 oC/min → 250oC (15 mins). HCP = Internal standard, U =
Unknown.
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Figure 10.22 HRGC-ECD chromatogram LC2 (alkyl dinitrates and carbonyl alkyl
nitrates) of air sample L15-T (4.0 m3), after a NP-HPLC group separation using the
HPLC system described in Figure 10.9. ECD Method 1; Stationary Phase: ZB-5 (60 m x
0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10
mins) @10 oC/min → 250oC (15 mins). HCP = Internal standard.
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Figure 10.23 HRGC-ECD chromatogram LC3 (hydroxy alkyl nitrates) of air sample
L15-T (4.0 m3), after a NP-HPLC group separation using the HPLC system described in
Figure 10.9. ECD Method 1; Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film);
Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min →
250oC (15 mins). 3OH2C5/2OH3C5 and 4OH3C6 are present as two diasteromers (I &
II). HCP = Internal standard.
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10.4 Three column coupling: Perfluoro C8, Maxsil RP-2 and the Allure silica column
All NP-HPLC group separations to date have been based upon three fractions; alkyl
mononitrates and phenyl alkyl nitrates (fraction 1), alkyl dinitrates and carbonyl alkyl
nitrates (fraction 2) and hydroxy alkyl nitrates (fraction 3). Upon HRGC-MS analysis of
each of the fractions, fraction 2 is difficult to interpret due to a number of overlapping
signals caused by the alkyl dinitrates and carbonyl alkyl nitrates, despite the possibility to
use different ion sources.
In EI mode there is no characteristic fragmentation pattern for the carbonyl alkyl nitrates.
CI mode can be used for the interpretation of both these alkyl nitrate groups. As the alkyl
dinitrates have a specific fragmentation ion of 62, the mass spectrometer can be set up in
selective ion monitoring mode (SIM), thereby being effectively blind to the carbonyl alkyl
nitrates. This however as already discussed in chapter 1 is not a solution to the problem
with the separation of extremely complex organic mixtures. It is therefore advantageous if
these two groups can be separated prior to the HRGC-MS or HRGC-ECD analysis.
From the work in the single column separations it is known that the Allure silica column
can separate alkyl mononitrates and phenyl alkyl nitrates from alky dinitrates and the
Phenomenex RP2 column can separate carbonyl alky nitrates from hydroxy alky nitrates.
The perfluoro C8 column has the ability to retain carbonyl and hydroxy alkyl nitrates from
alkyl mononitrates, phenyl alkyl nitrates, and alkyl dinitrates using 0.01% IPA in npentane. The cut off point was experimentally determined to be 10 minutes (10 mL, see
section 9.7) which is stable due to the chemical nature of fluorinated packing material used
in the column. Fluorinated phases are very hydrophobic and considerably less retentive to
organic compounds in comparison to regular reverse phase silica gel [Curran 2001].
Hence, inconsistencies with retention times as a result of adsorption of water from the
mobile phase in normal phase mode are dramatically reduced. Indeed when using
fluorinated phases in reverse phase the water content of the mobile phase must be
drastically increased relative to standard reverse phase silica [Curran 2001].
With this information the NP-HPLC system illustrated in Figure 10.24 was set-up on
HPLC instrument 2 with the aim to separate the multifunctional alkyl nitrates into four
main classes; alkyl mononitrates and phenyl alkyl nitrates, alkyl dinitrates, carbonyl alkyl
nitrates and hydroxy alkyl nitrates. The system (incorporating seven valves, three columns,
a pump and one detector) was built so that all alkyl nitrate groups (except the hydroxy
alkyl nitrates) elute over the diode array detector (DAD). This enables each class of
nitrates to be monitored and fractioned upon elution.
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Figure 10.24 NP-HPLC system coupling a Perfluoro C8 column (column 1), a Restek
Allure Silica column (column 2) and a Maxsil RP2 column (column 3) for the group
separation of the alkyl nitrates.
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The NP-HPLC system combines the following HPLC columns:
Column 1: Fluorous Technologies, Inc Perfluoro C8 150 x 4.6 mm (5 µm)
Column 2: Restek Allure Silica 250 x 4.6 mm (5 µm), 60 Å
Column 3: Phenomenex Maxsil RP2 250 x 4.0 mm (5 µm), 60 Å
All valves (V1-V7): Rheodyne 7125

Column temperature controlled at 20oC

Flow rate: 1 mL/min

Detection using the DAD

Initially the entire system was first rinsed with 30 mL 2-propanol (10 column washes),
then with 30 mL n-hexane (10 column washes) and finally with the mobile phase (0.01%
2-propanol in n-pentane) until a stable baseline is achieved; 10 column volumes are always
required.
10.4.1 Steps of the separation
Step 1: (Preparation of the system prior to the group separation)
Injection of the alkyl dinitrate 1,12C12 over the perfluoro C8 and the Allure silica column
determines the end of the alkyl mononitrates and phenyl alkyl nitrate fractions and the start
of the alkyl dinitrate fraction. This elution time may vary depending on water content of
the mobile phase but 90% of the time it is in the range 11 to 14 minutes after utilising the
washing procedure previously described. To ensure of its elution, the standard is injected
before the start of any group separation; elution is seen over the detector.
Step 2: (Separation and collection of the alkyl mononitrates and phenyl alkyl nitrates)
After determination of the retention time of the 1,12C12 alkyl dinitrate standard, the valves
are positioned as shown in step 1 (Figure 10.24) and the sample injected at valve 3.
Fraction 1 (alkyl mononitrates and phenyl alkyl nitrates) is collected at the detector outlet
until the elution time of 1,12C12 has been reached. Meanwhile, valve 4 is switched at 10
minutes (10 mL) thereby retaining all carbonyl alkyl nitrates and hydroxy alkyl nitrates on
the perfluoro C8 column.
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Step 3: (Backflush and collection of carbonyl and hydroxy alkyl nitrates)
After collection of fraction 1, the isolated carbonyl alkyl nitrates and the hydroxy alkyl
nitrates are backflushed from the perfluoro C8 column over the Phenomenex RP-2 column,
(by switching valves 2, 4 and 7). The Phenomenex Maxsil RP-2 column separates the
carbonyl alkyl nitrates from hydroxy alky nitrates in the forward column direction. The
carbonyl alkyl nitrates are collected at the outlet from the detector; this is seen over the
diode array detector (DAD) by a reduction in the signal. In this way the DAD behaves in a
similar manner to the mass spectrometer in SIM mode. Three significant detector output
wavelengths were used on the DAD; 217 nm, 250 nm and 275 nm. 217 nm enables
detection of the nitro group (NO2) and 250 nm allows detection of compounds with an
aromatic ring. The 275 nm wavelength was also chosen as this provided detection of
compounds with ketone functionality. This enabled the detection of the carbonyl alkyl
nitrates from the Phenomenex Maxsil RP-2 column. The loss in signal seen on the DAD
signifies the elution of the carbonyl alkyl nitrates from the column and the start of the
elution of the hydroxy alkyl nitrates.
After collection of the carbonyl alkyl nitrates, the hydroxy alkyl nitrates are backflushed
from the Phenomenex Maxsil RP-2 column using 20 mL (approximately 7 column washes)
of dichloromethane and by switching valves 1, 5 and 6. Dichlromethane elutes the hydroxy
alkyl nitrates in a relatively small volume of solvent. It should be noted the collection of
the hydroxy alkyl nitrates does not pass through the detector.
Step 4: (Collection of the pre-separated alkyl dinitrates by fore-flushing)
Valves 1, 2, 4 and 7 are switched so that the elution of the pre-separated alkyl dinitrates
takes place in the forward direction over the Allure silica column (seen over the detector),
with dichloromethane. 20 mL (7 column washes) of dichloromethane are required.
The elution order of the four alkyl nitrate groups is dependent on the polarity of the eluent
used, hence it is required that the four differing groups elute in the order described.
To demonstrate the effectiveness of the group separation for the multifunctional alkyl
nitrates, a number of syntheses (which generate alkyl nitrates) and air samples were
injected over the NP-HPLC system described in Figure 10.24. Fractions were taken,
reduced in volume and concentrated in isooctane prior to being analysed by HRGC-MS
and HRGC-ECD for confirmation of component identification. The work-up procedure for
the samples is described in further detail within chapter 5.
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10.4.2 Example separations using alkyl nitrate syntheses and air samples
In order to test the capabilities of the system for the group separation of multifunctional
alkyl nitrates, syntheses and air samples taken at the University of Ulm and on the Island
of Madeira (North Atlantic Ocean) were separated. Some example chromatograms are
shown in Figures 10.25 to 10.28. A summary of the LC fractions, taken for some example
air samples using the NP-HPLC system described in Figure 10.24, is shown below.
08 November 2005 Air Sample (Ulm, Germany)
F1: Alkyl mononitrates and phenyl alkyl nitrates (20 mL 0.01% 2-propanol in n-pentane)
F2: Carbonyl alkyl nitrates (35 mL 0.01% 2-propanol in n-pentane)
F3: Hydroxy alkyl nitrates (20 mL dichloromethane)
F4: Alkyl dinitrates (20 mL dichloromethane)

L14-T Air Sample (Ulm, Germany)
F1: Alkyl mononitrates and phenyl alkyl nitrates (18 mL 0.01% 2-propanol in n-pentane)
F2: Carbonyl alkyl nitrates (23 mL 0.01% 2-propanol in n-pentane)
F3: Hydroxy alkyl nitrates (20 mL dichloromethane)
F4: Alkyl dinitrates (20 mL dichloromethane)

24Hr Air Sample (Ulm, Germany)
F1: Alkyl mononitrates and phenyl alkyl nitrates (15 mL 0.01% 2-propanol in n-pentane
F2: Carbonyl alkyl nitrates (35 mL – 0.01% 2-propanol in n-pentane)
F3: Hydroxy alkyl nitrates (20 mL dichloromethane)
F4: Alkyl dinitrates (20 mL dichloromethane)
From identification of the main components in the HRGC-ECD chromatograms presented
in Figures 10.25 to 10.28, it is seen that the group separation using NP-HPLC of the
multifunctional alkyl nitrates has been successful. By combining the three HPLC columns
and utilising the different selective properties, the alkyl nitrates have been separated into
four main classes; alkyl mononitrates and phenyl alkyl nitrates (I), alkyl dinitrates (II),
carbonyl alkyl nitrates (III) and hydroxy alkyl nitrates (IV).
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Figure 10.25 HRGC-ECD chromatogram LC1 (alkyl mononitrates and phenyl alkyl
nitrates) of air sample 08th November 2005 (2.0 m3), after a NP-HPLC group separation
using the HPLC system described in Figure 10.24. ECD Method 2; Stationary Phase: ZB5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min →
150oC (10 mins) @10 oC/min → 250oC (15 mins). HCP = Internal standard. A more
complete peak assignment is given by Eberhardt [Eberhardt 2007].
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Figure 10.26 HRGC-ECD chromatogram LC2 (alkyl dinitrates) of air sample 08th
November 2005 (2.0 m3), after a NP-HPLC group separation using the HPLC system
described in Figure 10.9. ECD Method 2; Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25
µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10
o

C/min → 250oC (15 mins). HCP = Internal standard. A more complete peak assignment

is given by Woidich [Woidich 2007].
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Figure 10.27 HRGC-ECD chromatogram LC3 (carbonyl alkyl nitrates) of the 24 hour air
sample (9.6 m3), after a NP-HPLC group separation using the HPLC system described in
Figure 10.9. ECD Method 2; Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film);
Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min →
250oC (15 mins). HCP = Internal standard. A more complete peak assignment is given by
Woidich [Woidich 2007].
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Figure 10.28 HRGC-ECD chromatogram LC4 (hydroxy alkyl nitrates) of air sample 08th
November 2005 (2.0 m3), after a NP-HPLC group separation using the HPLC system
described in Figure 10.9. ECD Method 2; Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25
µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10
o

C/min → 250oC (15 mins). 3OH2C5/2OH3C5 and 4OH3C6 are present as two

diastereomers (I & II), HCP = Internal standard. A more complete peak assignment is
given by Grünert [Grünert 2007].
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The group separation of the multifunctional alkyl nitrates was further extended to include
the enrichment and separation of these classes of compounds from a number of matrices
other than air. A number of frost samples, rain samples and snow samples were also
separated using the NP-HPLC system described in Figure 10.24 thereby confirming the
excellent group separation characteristics of the system from a variety of matrices. The
results of these separations may be found in work by Eberhardt [Eberhardt 2007].

10.5 Errors within the analytical procedure – efficiency of air sampling and sample workup
Within the analytical procedure used for the analysis of the multifunctional alkyl nitrates
there are a selected number of steps that contribute to loss of the analyte. The first
possibility for analyte loss is during the trace enrichment of the analytes during the
sampling of air. A measure of the efficiency of the adsorbent to hold the substances under
investigation can be obtained by performing a breakthrough test.
For this test, air sample L15-T (Ulm, Germany) was used. While collecting this air sample,
10 grams of additional adsorbent (Hayesep-D) were placed behind the primary adsorbent
bed (Hayesep-D, 40 grams). Both the primary bed and the back-up trap, containing the 10
grams of Hayesep-D, were subjected to the same work-up and analysis procedures as
previously described in chapter 5. The levels of the different multifunctional alkyl nitrates
of each fraction in the 10 grams of Hayesep-D, after the NP-HPLC group separation, were
estimated as a percentage of the primary adsorption bed (40 grams Hayesep-D).
Despite an almost entire range of alkyl mononitrates being found in fraction 1 of the NPHPLC (alkyl mononitrates and phenyl alkyl nitrates), only the alkyl mononitrates 3C5,
2C5, 3C6, 2C6 and the phenyl alkyl nitrate, 1Ph1C1 were found to be at significant levels
(>15%) in the back-up trap.
In fraction 2 (alkyl dinitrates and carbonyl alkyl nitrates) after the NP-HPLC group
separation, no real breakthrough of the compounds investigated was seen. Fraction 3
(hydroxy alkyl nitrates) of the breakthrough trap however, does contain significant
breakthrough (>10%) of the short chain alkyl nitrates, 2OH1C2 and 1OH2C3.
The next step of the analytical procedure to be discussed is the loss of analyte over the NPHPLC group separation step. For this, four compounds were investigated; three alkyl
mononitrates (1C4, 2C6 and 3C6) along with the most volatile alkyl dinitrate, 1,2C2; all
were present in n-hexane.
230

10 Building a HPLC method: Column coupling
The compounds were separated and collected using the NP-HPLC system described in
Figure 10.9 with n-hexane as the mobile phase. The subsequent analysis was performed
using the HRGC-ECD system with ECD Method 2. The components were analysed before
and after the LC separation. The recovery from the HPLC was estimated as a percentage of
the original amount prior to the NP separation. The results are shown in Table 10.2 below.
Table 10.2 Results of the recovery experiment for a selected few alkyl mononitrates and
the alkyl dinitrate 1,2C2 using the NP-HPLC system described in Figure 10.9.

Component
1,2C2
3C6
2C6
1C4

Peak Area
Before
After
11296559
10934615
4831699
3056221
2310800
1456600
3544611
1604161

% Recovery
97
63
63
45

Vapour pressure at 298 K, p0 [Pa]*
196
362
307
1445a

*Taken from work by Fischer unless stated [Fischer 1999]. aTaken from work by
Schneider [Schneider 1996a].
From Table 10.2 it is seen that for the components under investigation, an increase in
percentage recovery is seen with a decrease in vapour pressure. The most volatile alkyl
mononitrates (<C6) have the largest loss. This is as expected as the experiment includes a
solvent evaporation step which was carried out using a rotary evaporator with the help of a
keeper (isooctane). The loss over the NP-HPLC system is not expected to be large for the
less volatile alkyl dinitrates, carbonyl alkyl nitrates and hydroxy alkyl nitrates which have
lower vapour pressure than the alkyl mononitrates (Table 10.3).
Table 10.3 Comparison of the vapour pressure pL0 [Pa] for the different families of alkyl
nitrates [Fischer 1999].

a)

pL0 [Pa]

Alkyl
mononitrate

Alkyl dinitrate

Hydroxy alkyl
nitrate b)

Carbonyl alkyl
nitrate b)

C3
C4
C5
C5 a)
C6
C10 a)

4276 – 2910
1751 – 1107
361 – 150
400
121 – 44
4

151 – 53
106 – 13
49 – 5
–
30 – 1
–

1905 – 758
1000 – 436
182 – 177
3
55
0,03

–
1143 – 436
443 – 168
27
163 – 56
0,27

Estimation from work by Nielson [Nielson 1998] b) Work by Kastler [Kastler 1999a].
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The analyte loss over the rotary evaporator was investigated further using the alkyl
mononitrates. For this experiment, fraction 1 (alkyl mononitrates and phenyl alkyl nitrates)
from air sample 17th October 2005 (Ulm, Germany) after the NP-HPLC group separation
using the system described in Figure 10.19, was used. Upon reduction of the solvent using
the rotary evaporator, the waste was collected and reduced to the same volume (50 µL
isooctane) as the actual sample fraction. The waste fraction was then analysed using the
same HRGC-ECD system as that of the actual sample fraction. A comparison of the waste
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Figure 10.29 HRGC-ECD chromatograms LC1 (alkyl mononitrates and phenyl alkyl
nitrates) of air sample 17th October 2005 (4.0 m3) (A) and of the waste from the rotary
evaporator after re-concentration in isooctane (B). ECD Method 1, Stationary Phase: ZB5 (60 m x 0.25 mm, 0.25 µm Film); Temperature Program: 40oC (5 mins) @2 oC/min →
150oC (10 mins) @10 oC/min → 250oC (15 mins). HCP = Internal standard.
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From the results seen in Figure 10.29, an identical alkyl mononitrate and phenyl alkyl
nitrate pattern is seen in both the waste and the sample fraction. The percentage loss of the
components upon rotation of the LC fraction was estimated by careful integration of the
components in both chromatograms and expression of the values found in the waste
fraction to those found in the actual sample fraction. Calculation of the percentage loss was
not possible for all the alkyl mononitrates as some component (mainly those <C6) were
shown to fall outside the detector range. The results of the ones calculated are shown in
Table 10.4 below.
Table 10.4 Results of the percentage loss on rotation of a selection of alkyl mononitrates
from air sample 17th October 2005 using the NP-HPLC system described in Figure 10.19.

Component
1C6
1C7
4C8
3C8
1Ph1C1
1Ph1C2
2C8
1C8
5C9
4C9
3C9
1Ph1C3
2C9
5C10

Peak Area
Measured value
Waste value
10865330
2665635
7026820
1158192
15925520
3706382
12885060
3007086
9364990
1741711
17040030
2408293
12566480
2117077
7692590
480852
15838260
2584019
10786820
1613538
8352840
482068
8912720
1278877
13861340
929335
8186360
504695

Percentage loss upon rotary evaporation (%)
25
16
23
23
19
14
17
6
16
15
6
14
7
6

It is seen from Table 10.4 and Figure 10.29 that the percentage analyte loss decreases with
increasing alkyl chain length. A 25% loss is seen for the C6 alkyl mononitrate 1C6. Alkyl
mononitrates with an alkyl chain length <C6, which have not been calculated here are
expected to show greater than 25% loss upon reduction of the solvent by rotary
evaporation, after consideration of Figure 10.29.

10.6 Evaluation of the alkyl mononitrates 3C5 and 2C5 using air sample L14-T
In all air samples taken, the two alkyl mono nitrates 3C5 and 2C5 appear as dominant
signals within the LC 1 chromatograms. As n-pentane was used throughout the extraction
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procedure it was hypothesised that these signals may be a result of reaction of the solvent
upon exposure to the atmosphere.
In order to investigate this further, air sample L14-T (30 January 2006, Ulm, Germany)
was taken. After sampling, the Hayesep-D adsorbent was divided in four equal masses.
Each portion of the adsorbent was then subjected to different extraction procedure and a
NP-HPLC separation replacing n-pentane with cyclopentane. The air samples were
concentrated in isooctane. The conditions of the extractions are summarised in Table 10.5.
Table 10.5 Extraction and NP-HPLC conditions used for air sample L14-T.
Sample Name

Solvent used for the extraction of Mobile phase used for the group
the adsorbent (Azeotrope)

L14-T (C5/C5)

n-pentane/Acetone (80/20 w/w)+
w

n-pentane
*

L14-T (Cyc/Cyc)

Cyclopentane/Acetone (64/36 /w)

L14-T (Cyc/C5)

Cyclopentane/Acetone (64/36 w/w)*

L14-T (C5/Cyc)
*

separation by NP-HPLC

w

+

n-pentane/Acetone (80/20 /w)

azeotrope has a boiling point of 41oC

Cyclopentane
n-pentane
Cyclopentane

+

azeotrope has a boiling point of 32oC.

All samples were subjected to a NP-HPLC group separation using the HPLC system
described in Figure 10.24.
If the solvent is the cause of the large signals seen for the alkyl mononitrates (3C5 and 2C5
in LC1 of the air samples) then comparison of samples L14-T (C5/C5) and L14-T
(Cyc/Cyc) will indicate this. Both of these samples were analysed by HRGC-ECD and the
peak area of both signals taken and calculated as a ratio of the alkyl mononitrate 4C9
within the chromatogram, as this component is not affected with the choice of solvent used
for the extraction or the NP-HPLC separation. Table 10.6 shows the results of the
investigation and Figures 10.30 and 10.31 show the HRGC-ECD chromatograms of
fraction 1 (alkyl mononitrates and phenyl alkyl nitrates) from L14-T (C5/C5) and L14-T
(Cyc/Cyc) respectively.
Table 10.6 Peak ratios of 3C5/4C9 and 2C5/4C9 for L14-T (C5/C5) and L14-T (Cyc/Cyc).
Peak Area
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Peak ratio

Sample Name

3C5

2C5

4C9

3C5/4C9

2C5/4C9

L14-T (C5/C5)
L14-T (Cyc/Cyc)

1344100
1302516

1832566
1830301

679154
673297

1.979
1.934

2.698
2.718
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From the results it is seen that there is very little if any difference in the peak ratios of
3C5/4C9 and 2C5/4C9 for L14-T (C5/C5) and L14-T (Cyc/Cyc). This shows that the
solvent used for the extraction procedure and for the NP-HPLC separation has little if any
effect upon the size of the signals seen for the alkyl mononitrates 3C5 and 2C5 in LC1 of
the sampled air.
Analysis of Figures 10.30 and 10.31 reveals further information regarding the alkyl
mononitrates. When cyclopentane (bpt 49oC) or n-pentane (bpt 36oC) are used as the
mobile phase no apparent difference is seen in the alkyl mononitrate pattern for the more
volatile organic nitrates (<C6). The earliest eluting alkyl mononitrate is 2C4. Until now (as
far as it is known) quantification of the C4 alkyl nitrates has not been possible due to loss
of analyte in the high-volume air sampling procedure. This is a testament to the analytical
procedure and the developed NP-HPLC group separation used in this work.

10.7 Separation characteristics of the organic nitrates of isoprene
Upon synthesis and indeed within air samples, the isoprene nitrates can be identified using
a number of analytical techniques including NMR, GC and HPLC. Werner and co-workers
[Werner 1999] identified five organic nitrates of isoprene in ambient air, of a possible
nineteen using a combination of pre-separation with NP-HPLC followed by HRGC.
Following the group separation methods employed in this work, along with new synthesis
routes [Stolper 2005; Woidich 2007], eleven of the possible nineteen organic isoprene
nitrates have been found in ambient air and are to be published shortly [Woidich 2007 to be
published]. Using the developed HPLC methods, the isoprene organic nitrates are
generally separated according to their functional classification. They appear in the
corresponding alkyl nitrate fractions either as dinitrates, carbonyl nitrates or hydroxy
nitrates. In order to confirm and identify these components, the fractions were reduced and
injected onto HRGC-MS and HRGC-ECD systems for closer examination.
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Figure 10.30 HRGC-ECD chromatogram (ECD Method 2) LC1 (alkyl mononitrates and
phenyl alkyl nitrates) of air sample L14-T (C5/C5, 1.0 m3), after a NP-HPLC group
separation using the HPLC system described in Figure 10.24. Stationary Phase: ZB-5 (60
m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC
(10 mins) @10 oC/min → 250oC (15 mins). HCP = Internal standard, U = Unknown.
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Figure 10.31 HRGC-ECD chromatogram (ECD Method 2) LC1 (alkyl mononitrates and
phenyl alkyl nitrates) of air sample L14-T (Cyc/Cyc, 1.0 m3), after a NP-HPLC group
separation using the HPLC system described in Figure 10.24. Stationary Phase: ZB-5 (60
m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC
(10 mins) @10 oC/min → 250oC (15 mins). HCP = Internal standard. U = Unknown.
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10.8 Summary tables of the group separations
Table 10.7 summarises the most important results observed for the group separation of
multifunctional alkyl nitrates using the column coupling strategies.
Tables 10.8, 10.9 and 10.10 summarise the air samples taken in this work along with the
analysis methods used.
Table 10.7 Table summarising the most important observations seen for each column
couple tested for the group separation of multifunctional alkyl nitrates.

NP-HPLC system

Summary of the group separation

Coupling of the Restek C1 (250 x 4.6

• Separation of the alkyl nitrates into three groups is possible

mm, 5 µm, 100 Å) and the Restek

using n-hexane as the eluent: (1) alkyl mononitrates and phenyl

Allure Silica (250 x 4.6 mm, 5 µm,

alkyl nitrates (2) alky dinitrates and carbonyl alkyl nitrates (3)

60 Å) columns – no backflush

hydroxy alkyl nitrates.
• A limitation of the system is the collection of short chain

technique used.

hydroxy alkyl nitrates.
Coupling of the Restek C1 (250 x

• Separation of the alkyl nitrates into three groups is possible

4.6mm, 5µm, 100 Å) and the Restek

using n-hexane as the eluent: (1) alkyl mononitrates and phenyl

Allure Silica (250 x 4.6mm, 5µm, 60

alkyl nitrates (2) alky dinitrates and carbonyl alkyl nitrates (3)

Å) columns using a backflush step.

hydroxy alkyl nitrates.
• The most polar carbonyl alkyl nitrate (3O2C4) is occasionally
found in the hydroxy alkyl nitrate fraction.

Coupling of the Phenomenex RP2

• Separation of the alkyl nitrates into three groups is possible

(250 x 4.6 mm, 5 µm, 60 Å) and the

using 0.01% 2-propanol (isopropyl alcohol, IPA) in n-pentane:

Restek Allure Silica (250 x 4.6 mm, 5

(1) alkyl mononitrates and phenyl alkyl nitrates (2) alky

µm, 60 Å) columns using a backflush

dinitrates and carbonyl alkyl nitrates (3) hydroxy alkyl nitrates.
• The carbonyl alkyl nitrate, 3O2C4, was rarely found in the

step.

hydroxy alkyl nitrate fraction.
Fluorous

• Separation of the alkyl nitrates into four groups is possible using

Technologies, Inc perfluoro C8 (150

0.01% 2-propanol (isopropyl alcohol, IPA) in n-pentane: (1)

x 4.6 mm, 5 µm, column 1), Restek

alkyl mononitrates and phenyl alkyl nitrates, (2) alky dinitrates,

Allure Silica (250 x 4.6 mm, 5 µm,

(3) carbonyl alkyl nitrates and (4) hydroxy alkyl nitrates.

Coupling

of

the

60 Å, column 2) and the Phenomenex
Maxsil RP2 (250 x 4.0 mm, 5 µm, 60
Å, column 3), using the backflush
technique.

• The Allure silica column allows the separation of the alkyl
mononitrates and phenyl alkyl nitrates from the alkyl dinitrates.
• The perfluoro C8 column retains the carbonyl alkyl nitrates and
hydroxy alkyl nitrates which are then backflushed from the
column over the Phenomenex Maxsil RP2 column. This column
separates these two alkyl nitrate classes.
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Table 10.8 Summary of the analysis methods for the air samples taken in mainland
continental Europe (Germany) *addition of 0.01% 2-propanol to the mobile phase.
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Table 10.9 Summary of the analysis methods for the air samples taken in mainland
continental Europe (Germany) *addition of 0.01% 2-propanol to the mobile phase.
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Table 10.10 Summary of the analysis methods for the air samples taken on the Island of
Madeira (North Atlantic Ocean) *addition of 0.01% 2-propanol to the mobile phase.
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10.9 Relative retention times of the multifunctional alkyl nitrates
Using the HRGC-ECD system in combination with ECD Method 2, the relative retention
times of the multifunctional alkyl nitrates to the internal standard 1,1,1,2,2,3,3
heptachloropropane (HCP) were calculated and are shown in Tables 10.11 to 10.13.

Table 10.11 Relative retention times of the alkyl mononitrates and phenyl alkyl nitrates to
the internal standard heptachloropropane (HCP). ECD Method 2; Stationary Phase: ZB-5
(60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min →
150oC (10 mins) @10 oC/min → 250oC (15 mins). See Figure 10.21 – components eluting
later in the chromatogram are also included.
Component
1C4
2M3C4
3C5
2C5
2M1C4
2M4C5
2M3C5
1C5
3C6
2C6
2M1C5
2E1C4
3M1C5
1C6
4C7
3C7
2C7
1C7
4C8
3C8
1Ph1C1
1Ph1C2
2C8
1C8
5C9

Relative Retention (HCP)
0.247
0.271
0.293
0.298
0.317
0.362
0.369
0.370
0.409
0.430
0.440
0.447
0.464
0.518
0.532
0.546
0.569
0.656
0.668
0.684
0.710
0.755
0.775
0.796
0.800

Component
4C9
3C9
1Ph1C3
2C9
1C9
5C10
4C10
3C10
2C10
HCP
6C11
5C11
4C11
1C10
3C11
2C11
6C12
5C12
4C12
1C11
3C12
2C12
1C12
1C13

HCP
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Relative Retention (HCP)
0.819
0.851
0.854
0.888
0.923
0.925
0.928
0.948
0.973
1.000
1.042
1.045
1.049
1.051
1.071
1.095
1.157
1.161
1.168
1.173
1.188
1.213
1.307
1.456

50.97 minutes
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Table 10.12 Relative retention times of the alkyl dinitrates and carbonyl alky nitrates to
the internal standard heptachloropropane (HCP). ECD Method 2; Stationary Phase: ZB-5
(60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min →
150oC (10 mins) @10 oC/min → 250oC (15 mins). See Figures 10.26 and 10.27.

Component
1,2C2
1,2C3
2,3C4
1,2C4
1,3C3
1,2C5
1,2C6
1,4C5
HCP
1,2C8

Relative Retention (HCP)
0.539
0.550
0.595
0.655
0.692
0.767
0.888
0.893
1.000
1.123

Component
2O3C5
3O2C5
4O3C6
2O3C6
3O2C6
4O3C7
2O3C7
3O4C7
3O2C7
HCP

HCP

51.06 minutes

HCP

Relative Retention (HCP)
0.411
0.424
0.545
0.553
0.561
0.666
0.668
0.674
0.691
1.000
50.87 minutes

Table 10.13 Relative retention times of the hydroxy alkyl nitrates to the internal standard
heptachloropropane (HCP). ECD Method 2; Stationary Phase: ZB-5 (60 m x 0.25 mm,
0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10
o

C/min → 250oC (15 mins). See Figure 10.16.

Component
2OH1C3
2OH1C2
1OH2C3
2OH1C4
1OH2C4
3OH2C5 I + 2OH3C5 I&II
3OH2C5 II
2OH1C5
1OH2C5
4OH3C6
2OH1C6
1OH2C6
HCP

Relative Retention (HCP)
0.346
0.352
0.386
0.471
0.509
0.522
0.541
0.603
0.639
0.642
0.740
0.767
1.000

HCP

50.90 minutes
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Chapter 11
Persistent organic pollutants (POPs)
11.1 Introduction
During the last four decades, polychlorinated biphenyls (PCBs) and chlorinated pesticides
such

as

hexachlorobenzene

(HCB),

hexachlorocyclohexanes

(HCHs)

and

dichlorodiphenyltrichloroethane (DDT), have been recognised as ubiquitous pollutants
even in the most remote regions of the globe [Jensen 1966; Ballschmiter 1980b, 2002;
Oehme 1982; Montone 2005]. These pollutants have been found in considerable amounts
in atmospheric deposition, soils, lake waters, sediments, marine mammals and fish [Jensen
1969; Zell 1978; Ballschmiter 1981b; Mößner 1995; Van Drooge 2004]. As a result these
compounds are generally considered as priority pollutants, thus making their monitoring in
the environment and studies of their toxic effects on living organisms of prime importance
[Gambaro 2005].

Atmosphere (Stratosphere)
Atmosphere (Troposphere)
Plants

Soil, Sediments

Biota

Particles

Water

Figure 11.1 Model showing the distribution of an environmental pollutant. The preference
for one of the four major compartmental regions may be described as geo, bio, aquo or
aero accumulation [Ballschmiter 1992a].
Dispersion in the atmosphere of these compounds mainly occurs via mass flow of air
[Ballschmiter 1992a; Montone 2005]. However, as over 75% of the earth is covered with
water, with the Pacific and Atlantic Oceans contributing to over 200 million km2, the
oceans provide a large area for the distribution of POPs. The oceans are areas from the
surface to the ocean bed that can be divided up into seven main layers, from the air above
the surface water to the sediments in the ocean bed [Hackenberg 2004]. The two main
political protocols regulating the emission of POPs are the Convention on Long-range
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Transboundary Air Pollution (LRTAP) and the 2001 POP treaty [Ballschmiter 2002].
Recent work by van der Gon details an emission inventory for POPs in the year 2000, with
emission projections for the years 2010, 2015 and 2020 [van der Gon 2007].
Table 11.1 The chemicals regulated under the 1998 LRTAP protocol and the 2001 POP
treaty [1998 LRTAP POP protocol and the 2001 POP treaty].
Compound Use/Origin

1998 – LRTAP POP

2001 – POP treaty

Protocol
Pesticide

Aldrin

Aldrin

Pesticide

Chlordane

Chlordane

Pesticide

4,4’ DDT

4,4’ DDT

Pesticide

Dieldrin

Dieldrin

Pesticide

Endrin

Endrin

Pesticide

Heptachlor

Heptachlor

Flame Retardant

Hexabromobiphenyl

-

Fungicide/by-product

Hexachlorobenzene

Hexachlorobenzene

Pesticide

Chlordecone (kepone)

-

Pesticide

Lindane

-

Pesticide

Mirex

Mirex

Pesticide

Toxaphene

Toxaphene

PCBs

PCBs (also as by-product)

By-product

PCDDs

PCDDs

By-product

PCDFs

PCDFs

By-product/particulates

Benzo(a)pyrene (PAH)

-

By-product/particulates

Benzo(b)fluoranthene

-

Transformer oil

(PAH)
By-product/particulates

Benzo(k)fluoranthene

-

(PAH)
By-product/particulates

Indeno (1,2,3-c,d)pyrene)

-

(PAH)
After a NP-HPLC group separation of the air sampled at the University of Ulm and on the
Island of Madeira, it is seen that the alkyl mononitrate fraction (LC 1) contains the group
of PCBs and pesticides to be discussed in this section (see Figure 11.2).
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Figure 11.2 HRGC-ECD chromatogram (ECD Method 1, air aliquot of 4.0 m3) showing
the presence of POPs in LC1 (alkyl mononitrates and phenyl alkyl nitrates) of air sample
17 October 2005, after a NP-HPLC group separation using the HPLC system described in
Figure 10.19. Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature
Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min → 250oC (15 mins).
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The presence of these persistent organic pollutants in living organisms can be attributed to
bioconcentration and biomagnification factors. These will now be briefly discussed.

11.2 Bioconcentration and Biomagnification
11.2.1 The bioconcentration factor (BCF)
Bioconcentration considers the uptake from the environment a species inhabits, whereas
biomagnification describes the uptake through the food chain [Ballschmiter 1996a]. When
considering organic compounds, some general remarks can be made. Organic compounds
with polar functional groups such as OH and NH2 have a higher solubility in water in
comparison to organic compounds without such groups. Within a related group of
compounds, the solubility of an organic compound in water decreases as the molecular
mass increases.
This increase in solubility is equally true if we consider solubility in fatty tissues in fish
and aquatic mammals rather than solubility in laboratory solvents [Reeve 2004]. As a result
dissolved organic material will readily dissolve into fatty tissues present in organs for
example, that are in close contact with aqueous fluids. Hence the kidneys tend to be large
accumulators. Therefore the conclusion that the lower the solubility of an organic
compound in water, the greater its ability to accumulate in fatty tissues and the greater its
potential for toxic effects can be made [Reeve 2004]. In the same light, molecules with
high molecular mass may pose greater aquatic environmental problems than compounds
with lower molecular mass [Ballschmiter 1996a].
The bioconcentration factor (BCF) can be described by the following equation:
BCF = Co/Cw

(11.1)

where, Co is the concentration of a compound in an organism and Cw is the concentration
in the surrounding water.
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11.2.2 The biomagnification factor (BMF)
Biomagnification is a result of the food chain as animals obtain their food from other
plants or animals [Ballschmiter 1996a]. The presence of a pollutant in the first organism of
a food chain means there will be an increase in the concentrations in each subsequent
species within the food chain. This is because the body mass of a species generally
increases the further up the food chain meaning species at the top of the food chain are
usually the largest consumers.
Biomagnification (BMF) = Co/CF

(11.2)

where Co is the concentration in the organism and CF is the concentration in the food.

11.3 Persistent organic pollutants in the atmosphere
When one analyses the last third of the HRGC-ECD chromatograms for LC1 (alkyl
mononitrates and phenyl alkyl nitrates) shown in chapter 10, it is seen there are a large
number of signals that are unaccounted for. This is illustrated in Figure 11.2 with an air
sample taken at the University of Ulm on the 17th October 2005.
By injection of standard reference solutions of the persistent organic pollutants (POPs) a
number of these unaccounted signals can be accounted for. From the chromatograms
obtained (Figures 11.3 and 11.4) it is seen there is a large amount of overlap of signals as
the HRGC-ECD method developed up until now, has been used specifically for the
analysis of multifunctional alkyl nitrates.
By optimisation of the HRGC temperature program, a HRGC-ECD method especially for
the analysis of the POPs was developed. The standard reference solutions of POPs were
injected and the HRGC-ECD chromatograms are illustrated in Figures 11.5 and 11.6.
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Figure 11.3 HRGC-ECD chromatogram (ECD Method 1) of the pesticide test mixtures
SRM 2275 and SRM 2261 using the HRGC temperature program for the analysis of the
multifunctional alkyl nitrates. Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film);
Temperature Program: 40oC (5 mins) @ 2oC/min → 150oC (10 mins) @10 oC/min →
250oC (15 mins).
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Figure 11.4 HRGC-ECD chromatogram (ECD Method 1) of the PCB test mixtures SRM
2274 and SRM 2262 using the HRGC temperature program for the analysis of the
multifunctional alkyl nitrates. The overlap of HCH (α and γ), HCB and pentachlorobenzene
is also shown. Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature
Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min → 250oC (15 mins).
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Figure 11.5 HRGC-ECD chromatogram (ECD Method 3) of the pesticide test mixtures
SRM 2275 and SRM 2261 using the HRGC temperature program developed for the
analysis of the POPs. Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film);
Temperature Program: 80oC (2 mins) @20 oC/min → 180oC (20 mins) @2 oC/min →
250oC (15 mins).
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Figure 11.6 HRGC-ECD chromatogram (ECD Method 3) of the PCB test mixtures SRM
2274 and SRM 2262 using the HRGC temperature program developed for the analysis of
the POPs. Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature
Program: 80oC (2 mins) @20 oC/min → 180oC (20 mins) @2 oC/min → 250oC (15 mins).
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11.3.1 Relative retention times of the PCB and pesticide test mixtures
From the developed HRGC-ECD method for the analysis of the POPs, the relative
retention times of the components of test mixtures SRM 2261, SRM 2262, SRM 2274 and
SRM 2275 were calculated.
For the pesticide test mixtures (SRM 2261 and SRM 2275) the relative retention times of
the components were calculated relative to the internal standard tetrachloronapthalene
(TCN). The values are tabulated in Table 11.2.
For the PCB test mixtures (SRM 2262 and SRM 2274), the relative retention times were
also calculated relative to TCN and in addition to the sum of the retention times for PCB
52 and PCB 180. The values for the relative retention times are shown in Table 11.3.
Table 11.2 Relative retention times of the components in pesticide test mixtures SRM
2261 and SRM 2275 based on tetrachloronapthalene (TCN; retention time 27.04 minutes).
Component
Pentachloro benzene (PCBz)
A33
α-HCH
Hexachlorobenzene (HCB)
TCDMB
A19
β-HCH
γ-HCH
ε-HCH
Heptachlor
TCN
Aldrin
PCB 103
Oxy Chlordane
Heptachlorepoxide (HCE)
trans Chlordane
2,4’ DDE
Endosulfan I
cis Chlordane
trans Nonachlor
Dieldrin
4,4’ DDE
2,4’ DDD
Endrin
Endosulfan II
4,4’ DDD & 2,4’ DDT & cis Nonachlor
Endosulfan Sulphate
4,4’ DDT
Mirex

Relative Retention Time
0.402
0.467
0.542
0.561
0.563
0.569
0.602
0.618
0.715
0.853
1.000
1.013
1.157
1.210
1.215
1.318
1.356
1.369
1.386
1.409
1.481
1.495
1.527
1.566
1.608
1.665
1.778
1.807
2.130
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Table 11.3 Relative retention times of the components in PCB test mixtures SRM 2262
and SRM 2274 based on tetrachloronapthalene (TCN; retention time 27.06 minutes) and
on the sum of PCBs 52 and 180 [Fischer 1988; Frame 1997a]. ND = Not determined.
Component
PCB 1
PCB 8
PCB 18
PCB 29
PCB 50
PCB 31
PCB 28
PCB 52
PCB 49
TCN
PCB 104
PCB 44
PCB 103
PCB 66
PCB 95
PCB 101
PCB 99
PCB 87
PCB 154/PCB 110
PCB 77
PCB 151
PCB 149
PCB 118
PCB 188
PCB 153
PCB 105
PCB 138
PCB 126
PCB 187
PCB 183
PCB 128
PCB 156
PCB 201
PCB 180
PCB 169
PCB 170
PCB 195
PCB 194
PCB 206
PCB 209

Relative Retention (TCN)
ND
0.435
0.540
0.642
0.742
0.789
0.794
0.944
0.966
1.000
1.025
1.050
1.152
1.257
1.260
1.366
1.388
1.479
1.520
1.525
1.572
1.620
1.626
1.689
1.717
1.728
1.819
1.851
1.883
1.901
1.917
2.003
2.024
2.064
2.134
2.162
2.308
2.381
2.533
2.679

Relative Retention (Σ PCB 52 + PCB 180)
ND
0.145
0.180
0.213
0.246
0.262
0.264
0.314
0.321
0.332
0.341
0.349
0.383
0.418
0.419
0.454
0.461
0.492
0.505
0.507
0.522
0.538
0.541
0.561
0.571
0.574
0.605
0.615
0.626
0.632
0.637
0.666
0.673
0.686
0.709
0.719
0.767
0.792
0.842
0.892

In the following sections the chemical background to the components of the pesticide test
mixtures will be discussed followed by the group of PCBs.
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11.3.2 Aldrin and Dieldrin
Aldrin and Dieldrin are insecticides with similar chemical structures, previously used for
the extermination of pests in grains, potatoes, cotton and for termite liquidation. In the
environment and in the body, aldrin quickly breaks down to dieldrin. Both compounds are
white powders in their pure form with a mild chemical odour. Less pure forms have a tan
colour. In 1974 the Environmental Protection Agency (EPA) banned all uses of dieldrin
and aldrin, except for the control of termites. In 1987 all uses of these compounds was
banned [Internet reference 43: Agency for Toxic Substances & Disease Registry (Aldrin &
Dieldrin) website; Internet reference 44: The National Implementation Plan for
Implementation of the Stockholm Convention in the Czech Republic].
Sunlight and bacteria can convert aldrin to dieldrin. Both bind tightly to soil and slowly
evaporate to the air. Degradation in soil and water is slow and once uptaken by the body is
stored within the fat. Typical symptoms upon exposure include headaches, dizziness,
irritable vomiting and uncontrolled muscle movements. Although dieldrin and aldrin have
been shown to cause cancer in mice, there is no evidence supporting this in humans
[Internet reference 43: Agency for Toxic Substances & Disease Registry (Aldrin &
Dieldrin) website].
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Endrin was used as a pesticide, avicide (bird control) and a rodenticide. It was first
manufactured in 1950 and was used throughout the world until the early 1970’s. It has
however, not been produced or sold for general used in the United States since 1986. It is
structurally identical to dieldrin, only differing in the stereochemistry [Soloway 1960].
Endrin is generally not found in air except when it was applied to fields during agricultural
applications.
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11.3.3 Chlordane
Chlordane is a manufactured chemical used as an insecticide for treating agricultural
products such as vegetables, grains, corns, rape, tomatoes, sugar cane, sugar beet, fruit,
nuts, citrus and cotton. It was also used in gardening against termites, so it was used both
residentially and agriculturally. It is a thick liquid, whose colour ranges from colourless to
amber. It has a mild irritating smell and is produced by chlorination of chlordene,
C10H6Cl6, a Diels-Alder adduct of hexachloro cyclopentadiene (hex) and cyclopentadiene,
to a chlorine content of about 70% [Buchert 1989]. It affects the nervous system, the
digestive system and the liver of both humans and animals. Exposure to high levels can
cause the following symptoms: headaches, irritability, confusion, weakness, vision
problems, vomiting, stomach cramps, diarrhoea and jaundice. It was produced and sold in
the United States by the Velsicol Chemical Co. [Dearth 1991] and used in the years from
1948-1988 under the trade names Octachlor and Velsicol 1068 [Internet reference 45:
Agency for Toxic Substances & Disease Registry (Chlordane) website].
Technical Chlordane is not a single chemical but a mixture of more than 140 compounds,
some of which are shown below. It is persistent in the environment, with a half-life of 1020 years and it is estimated that 25-50% of all the technical chlordane ever produced still
remains, unaltered in the environment [Dearth 1991]. Once in the soil, most chlordane
leaves the soil by evaporation to the air. Due to the damage it causes to the environment
and the harm to human health, the EPA banned all uses of chlordane in 1983 with the
exception for the control of termites. All use of this insecticide was banned in 1988.
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11.3.4 Hexachlorocyclohexane (HCH)
Lindane is the primary synonym for gamma (γ) -Hexachlorocyclohexane (HCH). It is an
organochlorine insecticide used worldwide since the 1940s, found in air, water and soil
samples throughout the world [Internet reference 47: Lindane Education and Research
Network website]. Although the agricultural uses of Lindane within Europe have been
banned since July 2000, the Food and Drug Administration (FDA) still allows it to be used
in medicines for the treatment of head lice and scabies.
Lindane is manufactured by chlorination of benzene. There are eight isomers of HCH, but
only five are stable, these are α, β, γ, δ and ε-HCH; they are shown below [Breivik 1999].
The most common isomers found in the environment are α-HCH, β-HCH and γ-HCH of
which α-HCH is the predominant isomer in ambient air as well as in ocean water [Krämer
1988, Schreitmüller 1994c]. β-HCH is the predominant isomer in soils, animal tissues and
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fluids, because its equatorial configuration favours storage in biological media and affords
its greater resistance to hydrolysis and enzymatic degradation. γ-HCH is the least
thermodynamically stable of the five isomers [Wittlinger 1990; Mössner 1994; Walker 1999].
HCH is available in two formulations. Lindane is the more recent used formulation
containing almost 100% of the γ isomer, as it was found that this isomer has a high
insecticidal activity. Technical HCH, also commonly referred to as benzene hexachloride
(BHC) is an older formulation with a composition of 60-70% α-HCH, 5-12% β-HCH, 1012% γ-HCH, 6-10% δ-HCH and 3-4% ε–HCH [Kutz 1991]. Historically, in the Northern
Hemisphere both formulations have been applied, while in the Southern Hemisphere,
mainly Lindane has been used [Schreitmüller 1995]. As the two formulations vary in their
composition, a high α-HCH/γ-HCH ratio generally indicates the input of technical HCH,
whereas a low ratio is indicative of a Lindane source [Cheng 2007]. There is no obvious
difference in the mass spectra of these compounds (see Figures 11.7 and 11.8).
There are many physical properties allowing the atmospheric transport of this insecticide.
It is a solid with low vapour pressure that is poorly soluble in water but very soluble in
organic solvents such as acetone and in aromatic and chlorinated solvents [Internet
reference 46: Health Risks of Persistent Organic Pollutants From Long-Range
Transboundary Air Pollution, World Health Organisation (WHO), 2003]. In India, HCH is
the major insecticide used, and accounts for 52% of the total annual insecticide
consumption [Breivik 1999].
Although the employment of HCH isomers has been restricted since the 1970’s because of
their toxicity, the problem of residues of all isomers of HCH remains because of the high
persistence and interconversion of these isomers in soil [Concha-Graňa 2006]. ConchaGrańa and co-workers have evaluated HCH isomers and its metabolites in soils, leachates,
river water and sediments of a highly contaminated area. In comparison to other
organochlorine pesticides, HCH isomers are more water soluble and volatile, which
explains why HCHs are detected in all environmental compartments and not just in
atmospheric air samples [Morosini 1993].
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The stable isomers of HCH: ‘a’ and ‘e’ refer to the axial and equatorial position of the
chlorine atoms
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Figure 11.7 Mass spectrum of α-HCH taken using MS Method 1 (ECNI mode, CH4).
Stationary Phase: Varian VF 1701 MS (50 m x 0.32 mm, 0.25 µm film); Temperature
Program: 40oC (3 mins) @1.5 oC/min → 250oC (7 mins). M = Relative molecular mass.
(HCl2)71

Cl

-

35

Cl
Cl

% Relative Intensity

Cl

(M - Cl)255

Cl
Cl
Cl
gamma HCH (C 6H 6Cl6)
Molecular mass = 290.8 3

40

60

80

100

120

140

m/z

160

180

200

220

240

260

280

Figure 11.8 Mass spectrum of γ-HCH taken using MS Method 1 (ECNI mode, CH4).
Stationary Phase: Varian VF 1701 MS (50 m x 0.32 mm, 0.25 µm film); Temperature
Program: 40oC (3 mins) @1.5 oC/min → 250oC (7 mins). M = Relative molecular mass.
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11.3.5 Hexachlorobenzene (HCB)
HCB is a chlorinated hydrocarbon widely used as a pesticide and a fungicide. It is formed
as a waste product in the production of several chlorinated hydrocarbons such as
tetrachloroethylene, trichloroethylene and carbon tetrachloride. It is a solid of white
crystalline needles, its main use being in the production of rubber, dyes and wood
preservatives [Internet reference 49: U.S. Environmental Protection Agency (EPA)
website].
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Due to its carcinogenic properties, this material has been classified by the International
Agency for Research on Cancer (IARC) as a Group 2B carcinogen [Internet reference 48:
Encyclopaedia website]. Despite being banned in the United States, Canada and in some
European countries, it is still found in the atmosphere as it is present as an impurity in
some pesticides.
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Figure 11.9 Mass spectrum of HCB taken using MS Method 1 (ECNI mode, CH4).
Stationary Phase: Varian VF 1701 MS (50 m x 0.32 mm, 0.25 µm film); Temperature
Program: 40oC (3 mins) @1.5 oC/min → 250oC (7 mins). M = Relative molecular mass.
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11.3.6 Dichlorodiphenyltrichloroethane (DDT)
DDT was first synthesised by Zeidler in 1874 but not used until 1939 when its properties
as a useful insecticide were discovered [Internet reference 46: Health Risks of Persistent
Organic Pollutants From Long-Range Transboundary Air Pollution, World Health
Organisation (WHO), 2003]. Perhaps the most infamous of the POPs, DDT was widely
used during World War II to protect soldiers and civilians from malaria, typhus and other
diseases spread by insects [Internet reference 50: Organic (Ltd) website]. After the war,
DDT was still used in order to control disease and it was also sprayed on a variety of
agricultural crops. It was first used in the United States in 1946 for agricultural purposes
[Internet reference 46: Health Risks of Persistent Organic Pollutants From Long-Range
Transboundary Air Pollution, World Health Organisation (WHO), 2003]. Due to its
persistence and bioaccumulation in the environment, the growing concern about adverse
environmental health effects, the use of DDT was banned in Sweden in 1970 and the
United States in 1972 and then later in many other countries [Internet reference 51: WHO
(1979) DDT and its derivatives, Geneva, World Health Organisation (Environmental
Health Criteria, No. 9)].
It is a white crystalline solid with no odour or taste. In the environment, the principal
decomposition product of DDT is DDE (dichlorodiphenyldichloroethylene). This
compound inhibits the enzyme carbonic anhydrase that controls the calcium supply for
shell formation in the eggs of birds. As a consequence the shells are often very fragile and
do not survive to the time of hatching. During the 1940’s the populations of eagles, falcons
and hawks dropped dramatically, DDE is the likely culprit [Solomons 1996]. DDD
(dichlorodiphenyldichloroethane) was also used to kill pests, but its use has also been
banned. The composition of technical DDT is shown in Table 11.4 [Internet reference 52:
IPCS 1989 (International Programme on Chemical Safety) – DDT and its derivatives –
Environmental Aspects, World Health Organisation, Geneva website]. Despite being
banned in the United States and Canada in the early 1970’s, DDT related substances can
still be detected in air samples.
In the environment, DDT isomers are converted to DDE and DDD. The ratio of 4,4’ DDT
and 4,4’ DDE can be used as an indication for determining the age of DDT. If the ratio is
less than 1 the DDT is aged, if it is greater than 1 there has been fresh input into the
environment [Harner 2004; Yao 2006].
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Table 11.4 Constituents of technical DDT.
4,4’ DDT

2,4’ DDT

4,4’ DDE

2,4’ DDE

4,4’ DDD

2,4’ DDD

Other

77%

15%

4%

0.1%

0.3%

0.1%

3.5%

H
Cl

Cl
Cl Cl Cl
4,4’ DDT

Cl

Cl

(1,1,1-trichlor-2,2-bis (p-chlorphenyl) ethane)
Cl

4,4’ DDE

H
Cl

Cl

Cl

(1,1-dichlor-2,2-bis (p-chlorphenyl) ethene)

Cl H Cl
4,4’ DDD
(1,1-dichlor-2,2-bis (p-chlorphenyl) ethane)
Structures of DDT, DDD and DDE
11.3.7 Mirex
Mirex is a manufactured insecticide that does not occur naturally in the environment. It is
an odourless, white crystalline solid [Internet reference 53: Agency for Toxic Substances &
Disease Registry (Mirex) website]. It was used to control the imported fire ants in the
south-eastern United States between the years 1962-1978 [Internet reference 54: U.S.
Environmental Protection Agency (Mirex) website]. It is also used as a flame retardant in
plastic, rubber, paint, paper and electronics however; it has not been manufactured or used
in the United States since 1978. Exposure to Mirex mainly occurs with skin contact or the
ingestion of soil or food that has been in contact with the chemical.

262

11 Persistent organic pollutants

Cl
Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl
Cl

Cl
Structure of Mirex
11.3.8 Heptachlor and Heptachlorepoxide
Heptachlor is a manufactured chemical that was used in the past for killing insects in
homes, in buildings, and on food crops. It was first introduced in 1952, but since 1978, it
has not been used for these purposes. It is a white to tan waxy organic solid with a
camphor-like odour.

Cl

Cl

Cl

Cl
Cl

Cl
H
H
Cl

Cl

Heptachlor

Cl
Cl

Cl
Cl

Cl

H
H
Cl
O

Heptachlorepoxide

Structures of Heptachlor and Heptachlorepoxide
Heptachlor is quite persistent in soil, where it is mainly transferred to its epoxide.
Heptachlorepoxide is very resistant to further degradation. Heptachlor was isolated in 1946
from technical chlordane [Internet reference 55: IPCS 1988 (International Programme on
Chemical Safety) – Heptachlor-World Health Organisation, Geneva website].
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11.3.9. Endosulfan
Endosulfan has been widely used for the protection of vegetables, fruits and grains since
the mid 1950’s [Yao 2006]. Technical endosulfan consists of α and β isomers (I & II
respectively), in the ratio 7:3 and is one of the few cyclodiene pesticides that is still used
extensively throughout the world not only as a chlorinated insecticide but also to preserve
wood [Shen 2005; Yao 2006].
The global use of endosulfan has increased over the past two decades and is now at ~13
thousand tonnes per year; India is currently the world’s largest consumer of endosulfan [Li
2005; Harner 2006].
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11.4 Polychlorinated biphenyls (PCBs)
PCBs are mixtures of man-made chemicals with similar chemical structures [Internet
reference 56: U. S. Environmental Protection Agency-Polychlorinated Biphenyls (PCBs)
website]. They can range from oily liquids to waxy solids. There are 209 possible PCB
structure, with numerous isomers within each of 10 possible chlorination levels
(homologues). Due to their non-flammability, chemical stability, high boiling point and
electrical insulating properties, PCBs were used in hundreds of industrial and commercial
applications including electrical, heat transfer and hydraulic equipment. They have also
been used as plasticisers in paints, plastics and rubber products, as well as in pigments,
dyes and carbonless copy paper and many other applications [Internet reference 56: U. S.
Environmental Protection Agency-Polychlorinated Biphenyls (PCBs) website].
PCBs are chemically very stable, persistent in the environment, toxic with endocrine
disrupting properties and they bio-accumulate and bio-concentrate in the food chain as was
first shown by Jensen [Jensen 1966]. Subsequent research has shown PCBs to be
ubiquitously present in all environmental compartments [Jensen 1969; Ballschmiter 1978,
1980b, 1981b, 1997, 2002; Zell 1978; Froescheis 2000]. Various levels of PCBs cause
reproductive effects, gastric disorders, skin lesions and cancerous tumours. For all these
reasons, they are generally considered priority pollutants, thus making their monitoring in
the environment and studies of their toxic effects on living organisms of prime importance
[Froescheis 2000; Gambaro 2005].
PCBs were first manufactured in 1929 by a company called Monsanto (USA). They were
manufactured and sold as technical mixtures with a variety of trade names, including
Aroclor, Pyranol, Pyroclor (USA), Phenochlor, Pyralene (France), Clophen, Elaol
(Germany), Kanechlor, Santotherm (Japan), Fenchlor, Apirolio (Italy) and Sovol (USSR).
The technical mixtures were often given code numbers. Codes for Aroclor for instance
include 1242, 1254 and 1260. The first two digits typically refer to the number of carbons
(six in each phenyl ring) and the last two digits indicate the average percent weight of
chlorine in the technical mixture.
Clophen A, a trade name for PCB mixtures manufactured in Germany by the Bayer
Corporation, was available with a range of percentage chlorine content; Clophen A30,
Clophen A40, Clophen A50, Clophen A60. The concentrations of most congeners in
Clophens A30, A50 and A60 are very similar to those in Aroclors 1242, 1254 and 1260

265

11 Persistent organic pollutants
respectively [Schulz 1989]. The similarity between the technical mixtures of Aroclor and
Clophen can be seen in Table 11.5.
Table 11.5 Comparison of the mean percentage chlorine content in the main PCB technical
mixtures of Aroclor and Clophen [Hutzinger 1974; Ballschmiter 1980a; Schulz 1989].
% Chlorine
(mean)
41

Clophen A

Aroclor

(Bayer Corporation, Germany)

(Monsanto, USA)

-

Aroclor 1016

42

Clophen A30

49

Clophen A40

54

Clophen A50

Aroclor 1254

60

Clophen A60

Aroclor 1260

68

Aroclor 1242
-

-

Aroclor 1268

Aroclor 1016 has an overall chlorine content of 41% however the contribution of the
pentachlorobiphenyls,

hexachlorobiphenyls

and

heptachlorobiphenyls

is

reduced

[Hutzinger 1974].
The complex composition of the technical PCB mixtures (Aroclor and Chlophen) have
been analysed by Ballschmiter and his working group [Ballschmiter 1980a, 1987b, 1992b;
Fischer 1989; Internet reference 57: IPCS 1988 (International Programme on Chemical
Safety) – Polychlorinated Biphenyls: Human Health Aspects website].

ClxH5-y

ClxH5-x

General structure for PCBs
In addition to the manufactured technical PCB mixtures, PCBs are also found as complex
mixtures of their own in the emissions from burning waste. This PCB source is usually of
local relevance and is derived from chlorobenzenes as precursors. This source is
substantially different from that of the technical mixtures which are synthesised by the
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FeCl3 chlorination of biphenyl [Hutzinger 1974], in that it is dominated by higher
chlorinated congeners such as PCB 114, PCB 122, PCB 124 and PCB 189 [Schreitmüller
1994a].
The main analytical methods for the determination of PCBs use capillary gas
chromatography with electron capture detection, although more sophisticated methods
such as HRGC coupled with mass spectrometry have been used in recent studies to identify
the individual congeners [Ballschmiter 1992b].
Polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) are
by-products from the combustion of polychlorinated biphenyls by various industrial
processes and they are widely present in the environment [Ballschmiter 1987a, 1996b;
Internet reference 58: IPCS (International Programme on Chemical Safety), Safety
evaluation of certain food additives and contaminants (Polychlorinated Dibenzodioxins,
Polychlorinated Dibenzofurans and Coplanar Polychlorinated Biphenyls) website]. These
compounds are two series of almost planar tricyclic aromatic compounds with very similar
chemical properties. They are released into the air during combustion processes such as
industrial and municipal waste incineration (including the burning of household waste in
some areas), metal recycling and refining (smelting) and burning of fuels like wood, coal,
gasoline or oil [Ballschmiter 1987a; Internet reference 58: IPCS (International
Programme on Chemical Safety), Safety evaluation of certain food additives and
contaminants (Polychlorinated Dibenzodioxins, Polychlorinated Dibenzofurans and
Coplanar Polychlorinated Biphenyls) website].
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Polychlorinated dibenzodioxins
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Cl

Cl

Polychlorinated dibenzofurans
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General structures of PCDDs and PCDFs
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11.5 Collection and extraction of POPs from the atmosphere
In the literature there are a number of examples of the sampling and extraction of POPs
from the atmosphere. In the atmosphere the pesticides occur in the range 0-500 pg/m3 and
the PCBs are generally found at higher levels between 0 and 1000 pg/m3 [Wittlinger 1987,
1990; Schreitmüller 1994a, 1994b, Dörrler 2003]. The levels in air require the preenrichment upon an adsorbent by high volume sampling (100-500 m3). Many scientists
have used an adsorption column of polyurethane foam (PUF) [Bidleman 1974; Lewis 1977,
1982b; Gouin 2005] and as it has been extensively used in monitoring of air contaminants,
it is recommended in some official methods [EPA, EPA TO-4A, EPA TO-10A]. However
this material has been shown to exhibit breakthrough of semivolatile and volatile
compounds such as HCB upon sampling high volumes of air [Billings 1980, 1983; Lewis
1982a; Camel 1995]. Hence many scientists have opted for the use of polymers as
adsorbents in the high volume sampling of air for the analysis of POPs [Hillery 1997b;
Simcik 1999; Ramil Criado 2002; Wania 2003].
Within the Ballschmiter working group, silica gel has also been effectively and
successfully used for the analysis of POPs [Wittlinger 1990]. Here, silica gel was baked out
prior to use, by heating to a high temperature it was then stored in sealed glass bottles in
order to prevent contamination of the adsorbent, thereby controlling the blank value.
Führer and Ballschmiter have also used a specially designed mixture of silica gel 60 and
ENVI-Carb (5% w/w) as an adsorbent for the collection of the more volatile halogenated
methoxybenzenes (anisoles) [Führer 1998].
Desorption of the POPs enriched upon the solid adsorbent is more often than not, realised
using solvent extraction with the soxhlet apparatus. A typical extraction would take
approximately 24 hours and is performed using organic solvents such as n-pentane, nhexane, acetone and dichloromethane in an extremely well controlled lab atmosphere.
Solvent extraction has a number of advantages as previously discussed in chapter 5.
After extraction, samples maybe fractionated on preparative scale or on analytical scale
this thereby reduces the fore coming co-elution problems in the subsequent HRGC
analysis. Preparative liquid chromatography is usually carried out in normal-phase mode
using typical packing materials such as aluminium oxide and silica [Shen 2005].
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An alternative is to fraction at analytical scale. In order to accomplish this, the extracts
need to be concentrated to smaller volumes using a solvent with a higher boiling point
(keeper). At this point a rotary evaporator is often used. Specialised NP-LC systems within
the working group have been developed for the purpose of fractionation [Führer 1998].
Fractionation at preparative or analytical scale is usually carried out in normal-phase mode
but column coupling in reverse-phase mode has been shown to be useful for the analysis of
technical mixtures of PCBs as demonstrated by Kurz [Kurz 1990]. A RP-HPLC system
coupling a phenyl phase with an octadecyl phase (C18) with the utilisation of the heartcutting technique was successfully utilised.
After the fractionation either on preparative or analytical scale, the fractions are taken and
re-concentrated into smaller volumes. The fractions can then be taken and analysed by
HRGC in combination with a variety of detectors including the electron capture detector
(ECD) and the mass spectrometric detector (MSD). The ECD is particular good for the
analysis of POPs as it is highly sensitive towards electronegative elements.

11.6 Measurements of POPs in the atmosphere
Tables 11.6 and 11.7 list the persistent organic pollutants (POPs) detected in the air by
various investigators. Table 11.6 highlights the major investigations undertaken between
the years 1982 to 2004 and Table 11.7 lists more recent measurements in POP studies,
between the years 2005 to 2007. There are a number of examples within the literature
where POPs have been sampled and analysed, the tables highlight only a few examples.
Tanabe and co-workers were the first to report data concerning organochlorines (OCs) in
marine air samples from low-mid to high latitudes [Tanabe 1982]. In this work an attempt
was made to investigate the worldwide distributions of chlorinated hydrocarbon pesticides
in the Western Pacific and Eastern Indian Oceans as well as the Antarctic Ocean from
November 1980 to March 1981. Measurements were taken on board two Japanese research
vessels. DDT compounds were collected using high-volume sampling and low-volume
sampling was used for the collection of HCH isomers. The DDT levels (4,4’ DDE, 4,4’
DDT and 2,4’ DDT) were found to be in the range 0.15 to 0.85 ng/m3 and the sum of the
HCH isomers (α, β and γ) were found to be within the range 1.1 to 2.0 ng/m3.
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Table 11.6 Listed are the persistent organic pollutants (POPs) detected in air by various
investigations: 1982-2004; Schreitmüller 1994a article used within the table.
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Table 11.7 Listed are the persistent organic pollutants (POPs) detected in air by
various investigations: 2005-2007.
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Wittlinger and Ballschmiter [Wittlinger 1990] presented studies of the global baseline
pollution XIII, where levels of C6-C14 Organohalogens (α and δ-HCH, HCB, six PCBs,
4,4’-DDT, 4,4’-DDE, cis and trans-chlordane, trans-nonachlor and anisols) in the lower
troposphere of the southern Indian Ocean were measured. After high volume sampling by
adsorption on silica, mean concentration values for the POPs were reported in picograms
per m3 air (pg/m3). The sum of the six PCB congeners (28, 52, 101, 138, 153, and 180)
amounted to between 15 and 35 pg/m3 with a mean value of 26 pg/m3. Meanwhile HCB
values were reported between 4 and 60 pg/m3 and the HCH isomers α and γ, were at levels
6-19 pg/m3 and 300-500 pg/m3 respectively. This was one of the first pieces of work
covering a wide spectrum of POPs.
The same working group was later involved in intensive studies of PCBs. Schreitmüller
and Ballschmiter [Schreitmüller 1994a] reported the levels of polychlorinated biphenyls in
the lower troposphere of the North and South-Atlantic Ocean. Fourteen PCB congeners
were quantified in air samples in the tropospheric boundary layer of the Atlantic Ocean.
The samples were taken on the German research vessel Polarstern during North-South
cruises across the Atlantic Ocean and on the Capo Verde Islands in the North Atlantic
Ocean. Values for the sum of seven PCB indicator congeners (PCB 28, PCB 52, PCB 101,
PCB 118, PCB 138, PCB 153 and PCB 180) were between 12 and 96 pg/m3.
Buehler [Buehler 2001] and co-workers have been involved in extensive studies of nearly
all POPs. The work compares polyaromatic hydrocarbons (PAHs), PCBs and pesticide
concentrations in air at two rural sites on Lake Superior. Using the polymer XAD-2 as an
adsorbent, the total PCB concentration was measured using around 100 congeners. At the
two rural sites the total PCB concentrations were measured at 63 and 76 pg/m3.
Van Drooge and co-workers have also measured levels of POPs in the atmosphere.
Atmospheric samples from two European high-mountain areas (central Pyrenees and High
Tatras) showed similar composition of semivolatile organochlorine compounds (SOC),
such

as

PCBs,

DDTs,

endosulfans,

hexachlorobenzene

(HCB)

and

hexachlorocyclohexanes (HCHs) [Van Drooge 2004]. Nearly all the compounds that were
analysed were found in the gas phase with some of the less volatile PCBs found in the
particulate phase. HCB was found to be the most dominant SOC. It was only found in the
gas phase where uniform concentrations were seen regardless of the season. Van Drooge
has also been involved in earlier measurements of POPs in the North Eastern Atlantic
region [Van Drooge 2002]. In this work Van Drooge reports on levels of PCBs, HCB,
HCH and DDTs over an entire year period in air at remote sites in the North East Atlantic.
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Twenty samples were collected providing information on the concentrations of these
semivolatile organochlorine compounds in the free troposphere, where the stable and
persistent temperature inversion in the subtropics defines a clear separation from the
marine boundary layer [Van Drooge 2002]. High volume sampling (between 80 and 240
m3) was carried out using polyurethane foam (PUF) followed by a soxhlet extraction and
HRGC-ECD analysis. HCB was measured at 51 pg/m3 and the sum of nineteen PCB
congeners were analysed at a concentration of 78 pg/m3. The levels of α-HCH, γ-HCH,
4,4’-DDE and 4,4’-DDT were found at much lower concentrations (1-11 pg/m3). The
concentrations range amongst the lowest described in atmospheric samples.
More recently Montone and co-workers [Montone 2005] reported the levels of POPs in the
atmosphere of the southwest Atlantic and Antartic oceans. By sampling air with the use of
a high volume air sampler and polyurethane foam (PUF) as an adsorbent, followed by
extraction, concentration of the extracts and injection onto a HRGC-ECD system, the
levels of PCBs and chlorinated pesticides were determined. The organochlorine levels in
the atmosphere ranged from not detected (<0.6) to 25.3 pg/m3 for hexachlorobenzene
(HCB), 3.9-32.5 pg/m3 for the hexachlorocyclohexanes (α-HCH, γ-HCH), 3.7-102.6 pg/m3
for the ΣDDTs (pp’-DDT + pp’-DDD + pp’-DDE) and 46.2 up to 985.0 pg/m3 for the 11
PCB congeners numbered according to the IUPAC system (18, 28, 44, 52, 101, 118, 128,
138, 153, 180 and 187).
Gambaro and co-workers [Gambaro 2005] have measured the concentrations of PCBs in
the gas-phase over an austral summer at a site in Terra Nova Bay, Antarctica. More than
78% of the total PCB content was due to congeners with 1-4 chlorine atoms and only about
10% with 5-7 chlorines, whereas higher-chlorinated PCB congeners were below detection
limits.
Comprehensive work by Alegria, Harner and Yao in 2006 has also brought insight into the
levels of POPs within the atmosphere [Alegria 2006; Harner 2006; Yao 2006].
This year, Lammel and colleagues have published work regarding the levels of persistent
organic pollutants in the air over China and the Yellow Sea [Lammel 2007]. Samples were
collected over a two-week period in June 2003 (dry season) by high volume sampling,
using filters and polyurethane foams. The samples were analysed for nine persistent
organic pollutants (POPs) regulated under the global POP convention. Of these the mean
concentration of HCB was found to be 126 pg/m3, the sum of the HCH isomers (α, β and γisomers) were found to be in the range 55 to 742 pg/m3, levels of DDT and its metabolites
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(op’/2,4’-DDT, pp’/4,4’-DDD, and pp’/4,4’-DDE) are reported as between 88 and 1365
pg/m3 and five PCBs (congeners numbers 28, 52, 101, 153 and 180) are at levels between
1.3 and 551 pg/m3. In the concluding remarks, Lammel quotes that care should be taken to
prevent breakthrough, in particular under humid conditions and that the currently used
pesticides mirex, heptachlor and chlordane as well as endrin, which had never been
registered in China, were found at elevated levels in air at the coast but not over the island.
Other work this year includes the measurement of enantiomeric fractions of various
organochlorine pesticides in air samples from Indiana, Arkansas and Louisiana collected in
2002-2003 by Venier and Hites [Venier 2007].
Work soon to be published by Cheng and co-workers [Cheng 2007] looks at the
organochlorine pesticides and polybrominated biphenyls in air samples collected daily
from 02 April to 23 May 2005 at an observatory in Northwest China. This comprehensive
piece of work attempts to investigate the long-range atmospheric transport (LRAT) of
POPs in Northwest China.

11.7 Application of the developed NP-HPLC method for the separation of POPs
After development of HRGC-ECD methods for the components in test mixtures SRM
2261, 2262, 2274 and 2275 (the chromatograms of which are shown in Figures 11.3 to
11.6) the POPs are to be investigated in a selection of the air samples taken for the analysis
of the alky nitrates. For the purposes of this work, the analysis of the POPs will be carried
out using HRGC in combination with ECD detection and ECD Methods 3 and 4. The
analysis will be performed on the Zebron ZB-5 (5% phenyl) GC capillary column, which
will enable the levels of the POPs to be estimated in the air samples acquired. The ECD
provides a complete picture of an air sample showing all halogenated compounds, unlike
the MS in SIM mode which can be described as ‘having one eye closed.’
From the group of 209 PCBs, the seven congeners which are commonly referred to as the
indicator congeners (PCB 28, 52, 101, 118, 138, 153 and 180), will be looked at in
particular detail. These PCBs are commonly used when analysing PCB patterns in the
environment as 1) they are proposed as representative principal components for the
quantitation of PCB residues by the Community Bureau of References (BCR) [Fischer
1989], 2) they are also found in relatively high concentrations in the technical PCB
mixtures, 3) they are very persistent in the environment and 4) contain a wide chlorination
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range (from trichlorinated to heptachlorinated). The monitoring of the seven indicator
congeners has also been chosen by a number of countries due to the difficulty in resolving
all of the 209 PCB congeners [Hillery 1997a]. The sum of these seven PCB indicator
congeners (Σ 7 PCB) multiplied by a factor of four is often used to give an indication of
the total PCB concentration within a sample [Schreitmüller 1993; Arend 2002a]. This
factor has been revised to 3.5 [Mössner 1995] and later to 2.5 [Dörrler 2003] in order to
account for the degradation of PCBs within the environment over time. For the purposes of
this work the factor four will be used.
Of the group of pesticides, the six pesticides (α-HCH, γ-HCH, HCB, pentachlorobenzene,
4,4’ DDT and 4,4’ DDE) will be given primary attention.

Figure 11.10 HRGC-MS chromatogram in scan mode (ECNI, CH4), of a test mixture
containing pentachlorobenzene, HCB, α-HCH and γ-HCH taken using MS Method 1.
Stationary Phase: Varian VF 1701 MS (50 m x 0.32 mm, 0.25 µm film); Temperature
Program: 40oC (3 mins) @1.5 oC/min → 250oC (7 mins).
In order to confirm the group separation of the POPs in LC1, the HPLC fractions obtained
using the three columns, four fraction system previously described in section 10.4, were
looked at in more detail. By injection of standard test mixtures containing PCBs (SRM
2262 and SRM 2274) and pesticides (SRM 2261 and SRM 2275) over the NP-HPLC
system, followed by the collection and re-concentration of the fractions prior to analysis by
HRGC-ECD, it was possible to identify the elution of the POPs in each of the fractions.
The results of the NP-HPLC separation of the test mixtures SRM 2261, 2262, 2274 and
2275 are shown in Table 11.8 and Figures 11.11 and 11.12.
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Table 11.8 The results from the NP-HPLC separation of the test mixtures containing
PCBs and pesticides using the three column system: Perfluoro C8, Restek Allure Silica
and Phenomenex Maxsil RP2 in combination as described in Figure 10.24; Eluent: npentane (spiked with 0.01% 2-propanol) and dichloromethane as the column flush
solvent. Flow 1.0 mL/min, column temperature 20oC. LC1: 22 mL; LC2: 35 mL; LC3: 20
mL; LC4: 20 mL.
Pesticides

PCBs
Before
PCB 1
PCB 8
PCB 18
PCB 29
PCB 50
PCB 31
PCB 28
PCB 52
PCB 49
TCN
PCB 104
PCB 44
PCB 103
PCB 66
PCB 95
PCB 101
PCB 99
PCB 87
PCB 154/110
PCB 77
PCB 151
PCB 149
PCB 118
PCB 188
PCB 153
PCB 105
PCB 138
PCB 126
PCB 187
PCB 183
PCB 128
PCB 156
PCB 201
PCB 180
PCB 169
PCB 170
PCB 195
PCB 194
PCB 206
PCB 209
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After
ND
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
ND
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1

Before
Pentachlorobenzene (PCBz)
A33
α-HCH
Hexachlorobenzene (HCB)
TCDMB
A19
β-HCH
γ-HCH
ε-HCH
Heptachlor
TCN
Aldrin
PCB 103
Oxy Chlordane
Heptachlorepoxide (HCE)
trans Chlordane
2,4’ DDE
Endosulfan I
cis-Chlordane
trans-Nonachlor
Dieldrin
4,4’ DDE
2,4’ DDD
Endrin
Endosulfan II
4,4’ DDD & 2,4’ DDT & cis Nonachlor
Endosulfan Sulphate
4,4’ DDT
Mirex

ND = Not Detected
TCDMB = Tetrachlorodimethoybenzene
TCN
= Tetrachloronaphthalene

After
LC1
LC1
LC1
LC1
LC1
LC1
LC3/LC4
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC1
LC4
LC4
LC1
LC4
LC1
LC1
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Figure 11.11 HRGC-ECD chromatogram (ECD Method 4) of LC 1 containing the
components of test mixtures SRM 2261, 2262, 2274 and 2275 after the NP-HPLC
separation using the three column NP-HPLC system in Figure 10.24. Stationary Phase:
ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program: 80oC (2 mins) @20 oC/min
→ 180oC (20 mins) @2 oC/min → 250oC (45 mins).
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Figure 11.12 HRGC-ECD chromatograms (ECD Method 4) showing the expanded view

of LC 1 containing the components of test mixtures SRM 2261, 2262, 2274 and 2275: 10-
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In the separation of alkyl nitrates using the NP-HPLC system described in Figure 10.24,
fraction 1 corresponds to the alkyl mononitrate fraction, fraction 2 to the carbonyl alkyl
nitrate fraction, fraction 3 to the backflush hydroxy alkyl nitrate fraction and fraction 4 to
the alkyl dinitrate fraction. As the same HPLC system was used for the separation of the
standard mixtures of POPs, this provides a large insight into which POPs elute in which
fraction.
From the results it is clear to see that fraction 1 contains all of the PCBs and most of the
pesticides. A few of the compounds are however, found in fractions 3 and in fraction 4.
The elution of β-HCH in LC3/LC4 is a little surprising but reflects its polarity, as it is
known that this isomer favours storage in the environment due to its equatorial
configuration [Wittlinger 1990; Mössner 1994; Walker 1999]; the other isomers of HCH
all elute in fraction 1. The cut-off point may account for the presence of Endosulfan II in
the backflush LC4. Endosulfan sulphate also elutes in the backflush fraction 4 showing the
longer retention characteristics of this compound over the Allure silica column.
Although Endrin is structurally identical to Dieldrin (which elutes in fraction 1) it definitely
has a longer retention time over the Allure silica column and hence elutes in the backflush
fraction, LC4.
For the quantification of the POPs using the Zebron ZB-5 (5% phenyl) GC capillary
column, it is important to realise the co-elution of the seven indicator congeners and the six
pesticides to be investigated. By injection of individual components and test mixtures of
pesticides and PCBs, including the popular PCB Frame Solutions [Frame 1997a, 1997b],
the separation characteristics of the PCBs and pesticides were displayed. For the pesticides
and PCBs, the Zebron ZB-5 column provides excellent peak shape and resolution. Using a
5% phenyl GC capillary column, PCBs 28, 101, 118, 138 and 180 can be separated without
co-elution from other PCB congeners [Arend 2002a]. It should however be mentioned here
that with the NP-HPLC system in combination with HRGC-ECD analysis using ECD
methods 3 and 4, that some overlap of PCB 101 is seen with Endosulfan I. Comprehensive
sets of data providing an indication to the co-elution of the PCBs on the 5% phenyl column
can be found elsewhere [Frame 1997a; Arend 2002a] and will not be discussed in any
more detail here.
With regards to the six pesticides, pentachlorobenzene, γ-HCH, 4,4’ DDE and 4,4’ DDT all
elute without any co-elution problems. HCB elutes as a component adjacent to TCDMB
and α-HCH as a component adjacent to PCB 18. Integration of these components using the
Varian Star Software for the HRGC-ECD system was achieved with little problem.
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11.8 Separation of air sampled in mainland Europe and on the Island of Madeira
Using the air sampling procedure described in chapter 5 a variety of air samples were taken
on campus (University of Ulm, Germany) and on the Island of Madeira (Atlantic Ocean,
north of the Canary Islands). Before analysing the sampled air for the levels of POPs, an
insight into the errors using the air sampling procedure will be obtained by examination of
each of the principal steps in the analysis procedure.
11.8.1 Errors within the analytical procedure
When using the high volume sampler (HVS) for the active sampling of air, errors of up to
26 % of the stated amount collected have been shown [Mittermaier 2001; Dörrler 2003].
As the actual volume of air sampled is always less that that displayed on the pump, a
systematic error can be assumed indicating bias. Ideally if one wanted to gain a more
detailed insight into errors in the actual volume sampled, the pump should be calibrated
under set conditions including a variety of temperatures, in order to adjust for differing
atmospheric conditions.
From data within the literature it is seen that the effective trapping of PCBs and pesticides
on polymer adsorbents like Hayesep-D has been shown, this is further discussed in chapter
5 and can be assumed to be in the range 75-100%.
As air is not static, degradation and further reactions of the compounds present are
inevitable. It is therefore important that the work up of the air samples takes place quickly
and swiftly after sampling. During the work-up procedure of the air samples, (solvent
extraction and re-concentration using a rotary evaporator), it is seen that the POPs are
desorbed from the adsorbent with high recoveries (see chapter 5). It is important that high
purity solvents are used for the solvent extraction step as the solvents themselves have the
possibility to be a source of impurities [Eberhardt 2007]. The analyte loss of the POPs
upon re-concentration using the rotary evaporator is negligible and reflects the
physicochemical properties (for example the vapour pressures) of these compounds.
Indeed using an Ulm air sample (17 October 2005) as an example, the loss upon solvent
reduction was investigated by collection of the waste solvent from the rotary evaporator,
re-concentration and then analysis by HRGC-ECD. The waste solvent was found to
contain none of the seven indicator PCBs and four pesticides (pentachlorobenzene, HCB,
α-HCH and γ-HCH) were found at the very low pg/µL level.
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After concentrating the air samples the next possible stage where sample loss may occur is
during the NP-HPLC group separation stage; this was investigated further using certified
reference standards (NIST). To give an indication of the recovery, the PCBs standards
were injected over the three column (4 fractions) NP-HPLC system described in section
10.4 using n-pentane spiked with 0.01% IPA as the eluent and dichloromethane as the
flush solvent. Analysis was performed prior to and after the NP-HPLC separation using
HRGC-ECD with ECD Method 3. From the data generated the percentage recoveries of
the PCBs were calculated.

Bar chart showing the percentage PCB recovery after a NP-HPLC group separation
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Figure 11.13 Graph showing the percentage recoveries of the seven indicator PCBs and
other PCB components present in the PCB reference materials SRM 2262 and SRM 2274,
after a NP-HPLC group separation using the HPLC system described in Figure 10.24.
*HRGC-ECD analysis shows elution with Endosufan I.
The NP-HPLC percentage recovery experiment includes the re-concentration of the
analytes prior to HRGC-ECD analysis by use of a rotary evaporator. As previously
discussed, the losses upon evaporation of the solvent are negligible. It is seen that recovery
of the investigated PCBs from the NP-HPLC system range from 79% (PCB 104) to 195%
(PCB 8) with a mean of 112%. The percentage recoveries of the pesticides are expected to
be of the same magnitude as the PCBs.
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Analysis by HRGC itself can contribute to some error in the analytical procedure. The first
recognisable error is the renowned GC injection error. In order to accommodate for this, it
is common practice that an internal standard is added to the sample as the ratio between the
analyte and the internal standard will remain constant, regardless of the volume injected.
The GC injection error was investigated further by repeated injection of a solution of
isooctane. By utilisation of an analytical balance, the GC injection error was estimated to
be up to 7%. This error is minimal in comparison to other errors within the analytical
procedure.
Errors upon integration of signals using the chromatographic software also need to be
addressed. Differences in manual and automatic integration must also be realised; for the
majority of signals manual integration has been implemented in this work. The use of peak
height or peak area both have their pros and cons and will not be discussed any further
here. For all calculations, the peak area value has been employed.
When analysing compounds in the picogram range it is imperative that one is aware of the
limit of detection (LOD) and limit of quantitation (LOQ). The limit of detection is
commonly defined to have a signal to noise (S/N) ratio of three. For quantification the
limit of quantitation is defined by a S/N ratio of at least ten.
Using the HRGC-ECD system installed with the Zebron ZB-5 (5% phenyl) GC capillary
column, the signal to noise ratio for the seven indicator PCB congeners was calculated by
injection of 1 µL of the standard reference material SRM 2262 (NIST). The results are
presented in Table 11.9.
For the six pesticides in question the signal to noise ratio was also calculated by injecting 1
µL of the standard reference materials SRM 2261 and SRM 2275 (NIST). The results are
shown in Table 11.10.
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Table 11.9 Comparison of the signal to noise ratio (S/N) for the seven indicator PCB
congeners using ECD detection; 1 µL injection of the PCB standard solution SRM 2262
with PCB concentrations of 7 pg/µL.
BZ/IUPAC-Number

PCB Structure

Relative molecular

Signal-Noise Ratio

Absolute amount

mass (Mr)

(S/N)

(pg)

PCB 28

-- Cl3

2,4,4´

257.5

38

7

PCB 52

-- Cl4

2,2´,5,5´

292.0

15

7

PCB 101 -- Cl5

2,2´,4,5,5´

326.4

42

7

PCB 118 -- Cl5

2,3´,4,4´,5

326.4

87

7

PCB 138 -- Cl6

2,2´,3,4,4´,5´

360.9

97

7

PCB 153 -- Cl6

2,2´,4,4´,5,5´

360.9

92

7

PCB 180 -- Cl7

2,2´,3,4,4´,5,5´

395.3

157

7

Table 11.10 Comparison of the signal to noise ratio (S/N) for the six pesticides using ECD
detection; 1 µL injection of the pesticide standards solution SRM 2261 and SRM 2275.
Degree of

Relative molecular

Signal-Noise Ratio

Absolute amount

chlorination

mass (Mr)

(S/N)

(pg)

4,4’ DDE

(Cl4)

318.0

184

12

4,4’ DDT

(Cl5)

354.5

108

12

Pentachlorobenzene

(Cl5)

250.3

303

10

γ-HCH

(Cl6)

290.8

279

12

α-HCH

(Cl6)

290.8

366

12

HCB

(Cl6)

284.8

440

12

Pesticide

The general observation of an increase in the degree chlorination accompanied by an
increase in the signal to noise ratio can be made, as is clearly evident from Table 11.9. The
signal to noise value for PCB 28 bucks the trend and may be explained by the part elution
with PCB 31 under these separation conditions.
As the lower limit of the linear range for the ECD detector is 1 pg of absolute material for
organohalogenated compounds, the limit of detection for a 1 µL injection of sample
solution lies at 1 pg/ µL. This is the minimum concentration that must be present in the
concentrated sample extract. The limit of quantitation for a 200 m3 air sample which has
been re-concentrated in 50 µL of isooctane can then be calculated as 0.25 pg/m3. This limit
of quantitation can be further reduced by increasing the volume of air sampled.
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The errors in the analytical procedure have only been touched upon here, but do give an
indication of the levels which for the purposes of this work are more than adequate. The
overall error in the analytical procedure is estimated to be up to 50% which is in
accordance with other work published in the working group [Mittermaier 2001; Arend
2002a; Dörrler 2003; Hackenberg 2004]. The measured values are not to be amended for
the errors within the analytical procedure.
11.8.2 Description of the air samples used for the determination of the levels of POPs
Of the air samples taken on the Island of Madeira and in continental Europe (Germany),
those shown in Table 11.11 are to be used for the quantification of POPs. The table also
includes three air samples taken in mainland Europe by Dörrler [Dörrler 2003] and one
marine air sample taken onboard the German research vessel Polarstern by Schreitmüller
off the coast of Patagonia [Schreimüller 1994a]. These air samples are to be used for
comparison of the levels of the seven PCB congeners in the air samples taken within this
work, as they have also been published from the same working group. Table 11.12 further
characterises the air samples to be studied.
Table 11.11 The air samples to be investigated for the levels of POPs.
Sample

Sample Name

Date

Sample location

Number
1

Co-ordinates (degrees)

Reference

Latitude – Longitude
L9-T

Ulm (Germany)

+

01 February 2006

Ulm (Germany)

+

48.4231 - 9.9557

28 July 2005

Ulm (Germany)

+

48.4204 - +9.9612

This work
[Dörrler 2003]

11 May 2005

48.4231 - +9.9557
+

This work

2

L15-T

3

Bot. Garden (28/07/2005)

4

Bot. Garden – Dörrler

2003

Ulm (Germany)

+

48.4204 - +9.9612

5

Mähringen - Dörrler

2003

Ulm (Germany)

+

48.4346 - +9.9391

[Dörrler 2003]

Steinheim (Germany)

+

48.4000 - +10.1111

[Dörrler 2003]

Madeira Island

+

32.6511 - -16.9097

This work

32.6456 - -16.9103

This work

32.6456 - -16.9103

This work

6

Steinheim – Dörrler

7

MusT 155

2003
22 June 2005

8

KüsT 225

18 June 2005

Madeira Island

+

9

KüsN 200

17 June 2005

Madeira Island

+

10

EcoT 201

23 June 2005

Madeira Island

+

32.7012 - 16.8919

This work

11

EcoN 212

23 June 2005

Madeira Island

+

32.7012 - -16.8919

This work

12

Pico TN-500

24 June 2005

Madeira Island

+

32.7356 - -16.9289

This work

South Patagonia

-

13

Patagonian coastline

11/12 Nov 1990

*Co-ordinates of the average sampling path taken.
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Table 11.12 Characteristics of the air samples to be investigated for the levels of POPs.
Sample Volume

Air Temperature

Air Pressure

Air Humidity

Wind

Cloud

Number

Sample
Start

Time
Stop

(m3)

(oC)

(mbar)

(%)

Direction

Cover

1

09:00

16:00

200

6-12 (9)

1022

35-69

N-NW

Light

2

09:00

16:00

200

14-17 (15.5)

1015

54-65

S-SW

Light

3

18:05

06:40

240

20-27 (23.5)

1016

50-85

SW

None/Light

4

NA

NA

110

19

NA

56

NA

NA

5

NA

NA

123

21

NA

51

NA

NA

6

NA

NA

124

20

NA

47

NA

NA

7

10:40

21:10

155

23-23 (23)

945

64-69

SO

Heavy

8

13:05

21:20

225

24-31 (27.5)

946

45-78

NO

Medium

9

23:45

08:00

200

20-22 (21)

953

78-85

NO/O

Heavy

10

11:00

22:00

201

19-26 (22.5)

958

8-28

NO

Clear

11

22:25

09:00

212

15-20 (17.5)

961

15-20

NO

Clear

12

11:10

09:00*

500

15-23 (19)

1024

37-49

NO/W/NW

Very light

13

NA

NA

540

7.2-8.6 (7.9)

1000

NA

W/NW

NA

Sample numbers as described in Table 11.1. *Sampling ends the following day at 9 am.
NA = Data not available.
11.8.3 Quantification of the POPs found in continental and marine air masses
After sampling, the air samples were subjected to a NP-HPLC group separation. The NPHPLC group separations used for the air samples are summarised in Tables 10.8, 10.9 and
10.10 (chapter 10). From the NP-HPLC fractions obtained after the group separation,
HRGC-ECD analysis on the LC1 fractions was performed as this contains the seven
indicator PCBs and the six organochlorine pesticides to be quantified, as previously
demonstrated.
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Figure 11.14 HRGC-ECD chromatograms (LC 1) of the Madeira air samples MusT 155

(A) and Pico TN-500 (B) after a NP-HPLC group separation. U is likely to be S8 and
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Figure 11.15 HRGC-ECD chromatograms (LC 1) of the Madeira air samples KüsT 225

(A) and KüsN 200 (B) after a NP-HPLC group separation. U is likely to be S8 and TBDE =

tetrabromodiphenylether [Schreitmüller 1993].

287

10

288

15

20

25

30

35

tetrabromodiphenylether [Schreitmüller 1993].

40

45

50

55

PCB 169
PCB 170

TBDE

50

PCB 156
PCB 201
PCB 180

PCB 138

45

PCB 126
PCB 187
PCB 183
PCB 128

4,4’ DDT

PCB 153

40

PCB 188
PCB 105

PCB 149
PCB 118

PCB 151

35

PCB 154 + PCB 110

PCB 101

U

30

PCB 87

PCB 99

PCB 66
PCB 95

PCB 44

25

4,4’ DDE

PCB 104

PCB 28

TCDMB

20

PCB 52
PCB 49

PCB 31

HCB

15

PCB 50

alpha-HCH

Pentachlorobenzene

10

gamma-HCH
PCB 29

PCB 8

PCB 31
PCB 28

PCB 101

PCB 188

4,4’ DDT

PCB 169
PCB 170

PCB 156
PCB 201

PCB 126
PCB 187
PCB 183
PCB 128

PCB 180

PCB 149
PCB 118
PCB 105

U

alpha-HCH

PCB 138

PCB 153

PCB 154 + PCB 110
PCB 151

PCB 87
4,4’ DDE

PCB 99

PCB 66
PCB 95

PCB 104
PCB 44

PCB 52
PCB 49

PCB 50

gamma-HCH
PCB 29

PCB 18

PCB 8

HCB

Pentachlorobenzene

TBDE

TCDMB

11 Persistent organic pollutants

A: 3.8 m3 of air
on column.

ECD Method 4

55
60
Minutes

B: 2.0 m3 of air
on column.

ECD Method 4

60Minutes

Figure 11.16 HRGC-ECD chromatograms (LC 1) of the Madeira air samples EcoT 201

(A) and EcoN 212 (B) after a NP-HPLC group separation. U is likely to be S8 and TBDE =
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Figure 11.17 HRGC-ECD chromatograms (LC 1) of the daytime Ulm air samples L9-T

(A) and L15-T (B) after a NP-HPLC group separation. U is likely to be S8 and TBDE =

tetrabromodiphenylether [Schreitmüller 1993].
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Figure 11.18 HRGC-ECD chromatograms (LC 1) of the night-time Ulm air sample
Botanical Garden (28 July 2005) after a NP-HPLC separation. U is likely to be S8 and
TBDE = tetrabromodiphenylether [Schreitmüller 1993].
The presence of the four pesticides (pentachlorobenzene, HCB, α-HCH and γ-HCH) in
LC1 of the air samples investigated on the Island of Madeira was also demonstrated using
the HRGC-MS system in ECNI (CH4) mode. The selective detection of the mass
spectrometer in the chlorine selected ion monitoring mode (SIM 35) provided conclusive
evidence supporting the existence of these compounds in all the Madeira air samples
analysed.
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Figure 11.19 HRGC-MS chromatograms (SIM 35) ECNI mode (CH4) of the daytime
Madeira air samples MusT 155, KüsT 225 and EcoT 201 after a NP-HPLC separation;
MS Method 1.
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Figure 11.20 HRGC-MS chromatograms (SIM 35) ECNI mode (CH4) of the night-time
Madeira air samples KüsN 200, EcoN 212 and the day-night air sample Pico TN-500,
after a NP-HPLC separation; MS Method 1.
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The quantification of the POPs found in the sampled air was achieved using the square
regression fit, which includes the external standard method in accompaniment with
certified reference materials purchased from the National Institute of Standards and
Technology (NIST). This allowed the levels of the seven indicator PCBs and six pesticides
to be estimated.
Tables 11.13 and 11.14 show the concentrations (in pg/m3) of the seven indicator PCB
congeners in air samples from continental mainland Europe (Ulm, Germany) and from
marine air sampled on the Island of Madeira, respectively.
Table 11.13 Concentrations (pg/m3) and percentage pattern from the sum of the seven
indicator PCB congeners in air samples from mainland continental Europe (Ulm,
Germany).

*Taken from work by Dörrler [Dörrler 2003].
Table 11.14 Concentrations (pg/m3) and percentage pattern from the sum of the seven
indicator PCB congeners in marine air samples taken on the Island of Madeira.

*South Patagonian air sample taken from work by Schreitmüller [Schreitmüller 1994a].
Tables 11.21 and 11.22 in section 11.10 show the concentrations (pg/m3) of the six
pesticides under investigation in the air samples taken in continental Europe and on the
Island of Madeira in this study.
293

11 Persistent organic pollutants
11.9 Analysis of the levels and patterns of the seven indicator PCBs found in continental
and marine air samples
Air plays a central role in the fast transport of semi-volatile organic compounds (SOCs) on
both a regional and global scale. The input into the atmosphere depends on direct (use,
leakage, waste) and indirect (re-volatilisation from soil, water, biomass) sources [Morosini
1993].
The fluxes of the PCB compounds in the atmosphere for a given local or regional input
(often discussed only as an average sum of the PCBs) are ruled by the physical properties
of the individual congeners and their chemical stability. These parameters can differ quite
substantially for differing degrees of chlorination.
A global distribution is possible only for chemically stable compounds, with a residence
time of a few days and more in the atmosphere [Fischer 1998]. The atmospheric residence
time (t) is given by equation 11.3:

t=

mass in atmosphere
(removal + outflow) of mass per time

(11.3)

This effective overall residence time is controlled by the process with the shortest specific
residence time (t) or highest output rate 1/t

1 1 1 1
output = ∑ = + + + .....
t t1 t 2 t 3

(11.4)

The output can be formalised as the sum of the physical processes of translocation (1/τ phys)
and the various chemical processes of transformation (1/τ chem):

output = ∑

1

τ total

=

∑τ

1
phys

+∑

1

τ chem

(11.5)

The physical processes can be divided into sub-processes such as removal by dry
deposition, extraction into rainfall, absorption into rainfall and horizontal translocation by
wind out of a geographically defined environmental compartment.
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The chemical transformation processes may well be subdivided into reactions including
those with the OH and NO3 radicals, as well as reactions with ozone. Other additions to the
chemical transformation processes include photolysis and thermal decomposition [Fischer
1998].
The varying geophysical routes of transport in the lower troposphere and at the air/ocean
surface water interface will influence the distribution of the individual congeners and thus
determine the specific PCB pattern for a specific sampling place in regional or global terms
[Schreitmüller 1994a, 1994b; Dörrler 2003; Cziudaj 2005]. As the sources of PCBs found
in the environment include the input from technical PCB mixtures such as Aroclor and
Clophen, these compounds are often found to develop a fingerprint pattern found in the
atmospheric compartment of the environment. This fingerprint pattern may be the result of
one or more technical PCB mixtures, often in combination. Figure 11.21 illustrates the
process of events leading to the fingerprint pattern often found in the air.

Input
% Chlorine (Mean)

Technical Mixture

41

Aroclor 1016

42

Aroclor 1242/Clophen A30

54

Aroclor 1254/Clophen A50

60

Aroclor 1260/Clophen A60

Air
--------------------Soil

Abiotic
Transformation

Air
--------------------Water

Biotic
Transformation

Pattern in Air

Figure 11.21 The fate of PCBs during the transport from sources (characterised by PCB

technical mixtures of varying chlorine content) to the atmosphere. Adaptation from
Schreitmüller [Schreitmüller 1994b].
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In order to analyse the PCB pattern found in the air samples taken within this work, the
PCB technical mixtures Aroclor and Clophen, with a varying mean percentage of chlorine
content, were analysed for the seven indicator PCB congeners. The analysis was performed
on data presented by Schulz [Schulz 1989] and is presented in Tables 11.15 and 11.16.
A 1:1:1 mixture of the PCB technical mixtures of Aroclor (1242:1254:1260) and Clophen
(A40:A50:A60) is also reported in the tables as this has been shown to represent the basic
global pattern of PCBs in the atmospheric compartment of the environment [Wittlinger
1988; Schreitmüller 1993; Dörrler 2003].
Table 11.15 Table showing weight percent contribution (% wt) and percentage pattern

from the sum of the seven indicator PCB congeners in technical Aroclor PCB mixtures.*

*Values used acquired from Schulz [Schulz 1989]. a values of < 0.05% weight are quoted –
0.05% used for the calculations.
Table 11.16 Table showing weight percent contribution (% wt) and percentage pattern

from the sum of the seven indicator PCB congeners in technical Clophen PCB mixtures.*

*Values used acquired from Schulz [Schulz 1989]. a values of < 0.05% weight are quoted –
0.05% used for the calculations.
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As a first approach to analysing the pattern of PCBs in the air samples of continental
Europe and marine air samples taken on the Island of Madeira in the North Atlantic Ocean,
a comparison using the percentage amount of each of the seven indicator congeners was
made. The percentage amount was calculated from a total of the seven indicator congeners
and was applied to both the technical PCB mixtures and the air samples under
investigation. The results are illustrated as bar charts in Figures 11.22 and 11.23.
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continental air samples taken in mainland Europe (Germany) and for a number of technical PCB
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Figure 11.22 Graph comparing the normalised percentage amount of each of the seven

indicator PCB congeners for continental air samples taken in Ulm (Germany) and for a
number of technical PCB mixtures. *Taken from work by Dörrler [Dörrler 2003].
A first look at Figure 11.22 reveals the similarities between the different technical PCB
mixtures. The technical mixtures can be paired; Aroclor 1016 and Clophen A30, Aroclor
1242 and Clophen A40, Aroclor 1254 and Clophen A50 and finally Aroclor 1260 with
Clophen A60. Even a 1:1:1 mixture of Aroclor 1242:1254:1260 shows vast similarities to a
1:1:1 mixture of the Clophen technical PCB mixtures A40:A50:A60.
Upon closer examination of the samples it is evident that the continental and marine air
samples in Figures 11.22 and 11.23 are comparable with the technical PCB mixtures. The
continental air samples of mainland Europe have a likeness to the 1:1:1 technical PCB
mixtures. The PCB patterns shown by the three air samples taken by Dörrler [Dörrler
2003] are like those present in the air samples taken in this work, showing the mixing of
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the individual congeners within the atmosphere, resulting in a constant ratio of PCB
congeners. Of the continental air samples taken in this work (L9-T, L15-T and Botanical
Garden 28 July 2005), L15-T appears to be a little different in that 75% of the sample is
dominated by the lower chlorinated PCBs; PCB 28 (Cl3) and PCB 52 (Cl4). As a result this
sample shows an apparent likeness to the Aroclor 1242 technical PCB mixture. The result
observed for this air sample can be explained by consideration of the time of year sampling
was performed. L15-T was taken in the month of February, so it is a winter air sample. It is
known that reaction with the OH radical represents a removal pathway for PCBs from the
atmosphere [Atkinson 1987; Anderson 1996] and it is also widely accepted that the
concentration of the OH radical is lower in winter than in summer [Heard 2003]. In
addition, published work reports that the reaction rate constants for the degradation of
PCBs by the OH reaction decreases by a factor of around two, with each addition of a
chlorine atom [Atkinson 1987; Anderson 1996]; hence lower chlorinated PCB congeners
degrade at a faster rate than higher chlorinated ones explaining the accumulation of the
lower chlorinated PCB congeners in the winter L15-T air sample.
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Figure 11.23 Graph comparing the normalised percentage amount of each of the seven

indicator PCB congeners for marine air samples taken on the Island of Madeira and for a
number of technical PCB mixtures. #Patagonian air sample [Schreitmüller 1994a].
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Of the marine air samples shown in Figure 11.23, a resemblance of the air samples taken
on the Island of Madeira with the 1:1:1 technical PCB mixtures is also shown. As the
percentage contribution of PCB 52 to the total amount forms a large proportion of these
samples, similarity to the Clophen A40 PCB technical mixture is also observed.
The PCB pattern in the air samples can be analysed further by closer examination of PCB
congener ratios; the congener ratios of PCB 52 (Cl4)/PCB 153 (Cl6) and PCB 101
(Cl5)/PCB 28 (Cl3) can provide information regarding an environmental sample
[Schreitmüller 1994b]. The four congeners are major and representative components in
most important technical PCB mixtures. PCB 28 forms a large proportion of the Aroclor
1016 PCB technical mixture which has a mean chlorine content of 41%, PCB 52 is a major
constituent of the technical mixtures with an average chlorine content of 42%, the
contribution of PCB 101 is high in technical PCB mixtures with an average chlorine
content of 54% and PCB 153 is the most abundant congener in the technical mixtures with
an average chlorine content of 60%. For a PCB congener ratio pattern to be found in the air
samples taken, congener ratios were calculated for all air samples under investigation and
for the PCB technical mixtures so that any patterns and similarities can be immediately
realised. Tables 11.17 to 11.20 show the calculations of the congeners pairs used.
Table 11.17 PCB congener ratios for continental air samples taken in mainland Europe.

*Taken from work by Dörrler [Dörrler 2003].
Table 11.18 PCB congener ratios for marine air samples taken on the Island of Madeira.

*Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].
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Table 11.19 PCB congener ratios calculated from the Aroclor technical PCB mixtures.

Table 11.20 PCB congener ratios calculated from the Clophen technical PCB mixtures.

A plot of the congener ratios PCB 101/PCB 28 versus PCB 52/PCB 153 is shown in Figure
11.24 for both the continental and marine air samples taken in this work. At a first glance,
it is seen that as the PCB ratio 101/28 increases, the PCB 52/153 ration decreases; there is
a general decrease from left to right in the graph. The air samples under investigation can
be separated into three distinct groups. The first group is a cluster of the marine air samples
EcoN 212, MusT 155 and the continental air sample L15-T. From the graph it is seen that
these three samples have similarities with the PCB technical mixtures Aroclor 1242,
Clophen A30 and Clophen A40.
The second group can be regarded as a cluster containing a mixture of the marine air
samples Pico TN-500, EcoT 201, KüsN 200 and KüsT 225 with the continental air samples
L9-T and Botanical Garden (28/07/05). These air samples all have a congener pattern ratio
like that of the 1:1:1 PCB technical mixtures of Aroclor and Clophen which are marked in
red on the graph. The final group would be one containing the two air samples from
previous work within the working group. These two air samples are similar in the respect
that they have been taken using the same adsorption material (silica) and are indicative of
dominance in higher chlorinated biphenyls (in contrast to L15-T for example), as they
represent high values on the x-axis and low values on the y-axis. As the Dörrler air sample
[Dörrler 2003] was taken four years ago and the Schreitmüller air sample [Schreitmüller
1994a] seventeen years ago, the graph indicates degradation of higher chlorinated PCBs to
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lower chlorinated PCBs (such as PCB 28) as the samples taken in this study are all up to
two years old and are found in the lower portion of the x-axis.
Although the vapour pressures of PCBs are low (10-5 to 10-2 Pa at 298 K), these
compounds are present in the atmosphere primarily in the vapour phase and thus, they may
react with the OH radical [Morosini 1993; Anderson 1996]. If the proposed reaction rates
with the OH radical were applied to published tropospheric contents of individual PCB
congeners, a continuous order-of-magnitude depletion of the lighter congeners relative to
the more chlorinated ones would be predicted [Axelman 2002]. It appears from Figure
11.24 that depletion of the lighter PCBs such as PCB 28 (atmospheric lifetime of 11 days,
Anderson 1996) is not found which is supported by the lower x-values seen with the most
recently taken air samples in this study. Indeed, the low atmospheric lifetimes and the OH
reaction rates predicted for lower chlorinated congeners are inconsistent with results in the
literature [Atkinson 1987; Anderson 1996]. A continuous source flux of PCBs to today’s
environment grossly enriched in lighter PCB congeners would be required to
counterbalance the implied selective congener losses; a scenario that is not supported by
available information on emission rates [Axelman 2002].

PCB ratios 101/28 (Cl5/Cl3) versus 52/153 (Cl4/Cl6) for marine and continental air samples taken on
the Island of Madeira (2005) and in mainland Europe (Germany)
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Figure 11.24 Correlation of the ratios of PCB 101 (Cl5)/PCB 28 (Cl3) versus PCB 52

(Cl4)/ PCB 153 (Cl6) in a number of continental and marine air samples under
investigation in this study; continental air samples are depicted with filled circles, marine
air samples as open circles and the technical PCB mixtures as filled triangles. #Patagonia
air sample taken from Schreitmüller [Schreitmüller 1994a].
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For comparison congener ratios of PCB 118 (Cl5)/PCB 28 (Cl3) versus PCB 52 (Cl4)/PCB
153 (Cl6), PCB 101 (Cl5)/PCB 28(Cl3) versus PCB 52 (Cl4)/PCB 138 (Cl6) and PCB 118
(Cl5)/PCB 28 (Cl3) versus PCB 52 (Cl4)/PCB 138 (Cl6) were plotted; all plots were similar
to Figure 11.24. As changing the pentachlorinated PCB 101 for the pentachlorinated PCB
118 and the hexachlorinated PCB 153 for the hexachlorinated PCB 138 makes little
difference to the outcome of the plot, it can be said that the four congeners used for the
congener ratio plot in Figure 11.24 are representative and their selection is suitable.
A correlation of the pentachlorinated PCBs (PCB 118/PCB 101) versus the
hexachlorinated PCBs (PCB 153/PCB 138) is shown in Figure 11.25. Here a remarkable
distribution between the air samples and the technical PCB mixtures is seen. All of the
thirteen air samples under investigation are clustered together in one part of the graph and
all of the technical PCB mixtures are found across the full x-axis range in the upper third
of the y-axis. The exception being the Aroclor 1016 technical PCB mixture which as
expected lies in the lower third of the y-axis as this mixture, despite having an overall
chlorine

content

of

41%,

the

contribution

of

the

pentachlorobiphenyls,

hexachlorobiphenyls and heptachlorobiphenyls is reduced [Hutzinger 1974]. As the
technical mixtures are spread out across the full range of the graph, the differences with
regard to their Cl5 and Cl6 ratios can be seen.
As the continental and marine air samples are all centred on one portion of the graph, it
may be stated that with regard to the ratios of the pentachlorinated PCBs and the
hexachlorinated PCBs, all air samples are more or less the same indicating the same rate of
input and output from the environment for the PCB congeners under question regardless of
the sampling location; the PCB concentrations in the atmosphere may well be approaching
a steady state, which has also been observed in studies this year near the Great Lakes [Sun
2007]. In addition, it must of course be mentioned that the ratios of the pentachlorinated
PCBs and hexachlorinated PCBs give no indication to the absolute amounts present in the
air samples and hence the levels of the PCB congeners in the individual air samples will
now be looked at in some detail; Figures 11.26 to 11.29 show the individual concentrations
of the seven indicator PCB congeners.
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PCB ratios 118/101 (Cl5) versus 153/138 (Cl6) for marine and continental air samples taken on the
Island of Madeira (2005) and in mainland Europe (Germany)
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Figure 11.25 Normalised graph showing the ratio of the pentachlorinated PCBs (PCB

118/PCB 101) versus the ratio of the hexachlorinated PCBs (PCB 153/PCB 138) for the
continental and marine air samples under investigation in this study; continental air
samples are depicted with filled circles, marine air samples as open circles and the
technical PCB mixtures as filled triangles. Sample numbers are as shown in Table 11.11.
When comparing two sampling sites ideally one should consider the difference in
atmospheric temperatures, as atmospheric temperature has been shown to have a large
effect on the atmospheric concentrations of the PCBs [Buehler 2001]. As there are no
current known sources for PCBs in this area, it may be assumed that volatilisation from
terrestrial and aquatic sources releases these compounds into the atmosphere [Simcik 1999;
Buehler 2001]. Upon consideration of Figure 11.26, it is observed that the air samples
taken at the ecological park on the Island of Madeira have the highest levels for the sum of
the seven PCB indicator congeners. Despite the warm sunny weather observed on the day
of sampling, rainfall in addition to an intense fog was present two days before sampling
which may have washed the PCBs into the soil of the woodland. The large terrestrial area
associated with the woodland of the ecological park was then subjected to the warm sunny
weather, which may explain the high levels of PCBs seen in these as samples.
If one excludes the EcoT 201 and EcoN 212 samples it is seen that total concentration of
the seven indicator PCB congeners, for the marine air samples on the Island of Madeira
(North Atlantic Ocean), lie in the range 104-460 pg/m3 which is comparable to
303

11 Persistent organic pollutants
measurements made by Dörrler in the North Atlantic Ocean [Dörrler 2003]. The values in
the work by Dörrler taken on board the research vessel Polarstern, were found to be in the
range 50-450 pg/m3.

Comparison of the total concentration of the seven indicator PCB congeners (28, 52, 101, 118, 138,
153, 180) and the single indicator PCB congeners with an increasing degree of chlorination for
marine air samples taken on the Island of Madeira (2005)
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Figure 11.26 Graph showing the comparison between the sum of the indicator congeners

and individual PCB congeners with an increasing degree of chlorination for marine air
samples. #Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].
Another observation may be made on analysis of Figure 11.26; upon the increasing degree
of chlorination of the PCB congeners, there is a general decrease in the concentration. This
can be explained by the decrease in vapour pressure as the level of chlorination increases
as previously reported [Tanabe 1986; Schreitmüller 1994b]. The levels of the individual
congeners in the free tropospheric air sample (Pico TN-500) are almost identical to those
of the air sample taken by Schreitmüller [Schreitmüller 1994a]. The South Atalantic
marine air sample despite having the lowest levels of PCBs from the samples investigated
in this work, is in fact characterised by a partial input of PCBs containing air from the
continents. The oil hauling plants and other industries at Patagonia are plausible reasons
for the elevated levels of the higher chlorinated congeners found [Schreitmüller 1994a].
As the free tropospheric Pico TN-500 air sample is taken above the local tree line and
away from direct pollution sources and impact of human activity, the levels of PCBs found
are a result of long-range atmospheric transport (LRAT) of these pollutants and explains
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the lower concentrations of the indicator PCB congeners found. The remarkable
resemblance of the sum from the seven indicator PCB congeners and the individual PCB
levels themselves to those in the Patagonian air sample taken by Schreitmüller
[Schreitmüller 1994a] show even the free troposphere is somewhat polluted with PCBs.
The concentrations of the indicator PCB congeners found in the free tropospheric air
sample in this work are comparable to those of other work published in the same region
[Van Drooge 2002]. The concentration range of 19 PCB congeners from a total of 20 air
samples was 44-130 pg/m3 with a mean concentration of 78 pg/m3. The individual mean
concentrations of the seven indicator PCB congeners (28, 52, 101, 118, 138, 153 and 180)
was 9.3, 9.6, 10, 4.4, 4.5, 4.5 and 2.3 pg/m3 respectively.

Comparison of the concentrations of PCBs 28 (Cl3) and 52 (Cl4) in marine air samples taken on the
Island of Madeira (2005)
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Figure 11.27 Graph showing a comparison of the PCB congeners 28 and 52 in marine air

samples. #Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].
Apart from the two ecological park air samples, which have a range of individual PCB
concentrations, all other samples have similar levels of individual PCB indicator
congeners, implying steady state conditions; this is seen in Figure 11.27 above and in
Figures 11.28 and 11.29 below. For the marine air samples investigated in this work, the
individual PCB indicator congeners are of the same order of magnitude as those recently
measured by other authors [Van Drooge 2002; Montone 2005; Lammel 2007]. The
dominant PCB congener in all marine air samples taken in this work, with one exception
305

11 Persistent organic pollutants
(KüsT 225), is PCB 52. In fact the lower chlorinated PCB congeners (PCB 28 and PCB 52)
form between 31 and 58% of the sum of the seven PCB indicator congeners (see Table
11.14 and Figures 11.26 and 11.27).

Comparison of the concentrations of PCBs 101 (Cl5) and 118 (Cl5) in marine air samples taken on
the Island of Madeira (2005)
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Figure 11.28 Graph showing a comparison of the PCB congeners 101 and 118 in marine

air samples. #Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].
From Table 11.14 and Figure 11.29, it is seen that the higher chlorinated PCB congeners
(PCB 138, PCB 153 and PCB 180) form between 18 and 47% of the sum from the seven
PCB indicator congeners. By consideration of the lower chlorinated PCB congeners (PCB
28 and PCB 52) another trend can be observed. For all marine air samples taken in this
work the percentage sum of PCB 28 and PCB 52 is greater than the percentage sum of the
higher chlorinated PCB congeners (138, 153, 180) with the exception of one sampling
location (coastaline of Madeira). The daytime KüsT 225 and night-time KüsN 200 air
samples are dominated by the higher chlorinated, less volatile, PCB congeners which are
indicative of local PCB sources such as the burning of waste. This maybe explained by the
location of the sampling point which was local to a harbouring point for cruising ships
which require a vast amount of fuel for their mobility. The dominance of the lower
chlorinated PCB congeners in the other samples maybe attributed to pollution from
technical PCB mixtures.
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Comparison of the concentrations of PCBs 138 (Cl6) and 153 (Cl6) and 180 (Cl7) in marine air
samples taken on the Island of Madeira (2005)
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Figure 11.29 Graph showing a comparison of the PCB congeners 138, 153 and 180 in

marine air samples. #Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].

Comparison of the concentrations of PCBs 138 (Cl6) and 153 (Cl6) and 180 (Cl7) in continental air
samples taken over mainland Europe (Germany)
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Figure 11.30 Graph showing a comparison of the PCB congeners 138, 153 and 180 in

continental air samples. *Air samples taken from Dörrler [Dörrler 2003].
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When comparing the higher chlorinated PCB congeners (138, 153 and 180) of marine air
samples with those of continental air samples shown in Figure 11.30, it is seen that the
range of concentrations for the marine samples is, as expected, lower than those from the
continent. A strong positive correlation has recently been published between the average
total PCB concentration and the human population within a 25 km radius of each sampling
site [Sun 2007].
Despite the difficulty in comparing former PCB concentration levels with more recent
measurements, it is apparent from Figure 11.30 that atmospheric PCB concentrations in the
Ulm region appear to have decreased in the last four years; this is seen by comparison of
the Dörrler air samples [Dörrler 2003] with those taken in this work. The percentage sum
of the higher chlorinated PCB congeners (138, 153 and 180) from the total of the seven
indicator PCB congeners for the more recent air samples in this work (L-15-T, L9-T and
Botanical Garden 28/07/2005), form less than 50% of the total sum. The earlier samples of
Dörrler all form above 50% of the total sum of the seven congeners (see Figure 11.30 and
Table 11.13). It must however be noted that despite this reduced dominance of the higher
chlorinated PCB congeners, they are still predominant in the continental air samples under
investigation and reflects the PCB pattern of the technical PCB mixtures used in the past
within Germany. In 1977 the most widely used technical PCB mixtures in Germany
contained a mean percentage chlorine content of 54% an in 1983 the higher chlorinated
PCB congeners were still applied in considerable amounts. As a result air samples from
central Europe are known to contain a substantial proportion of higher chlorinated
congeners [Wittlinger 1987; Schreitmüller 1994b].
The influence of time on the removal pathways for PCB congeners in the atmospheric
compartment of the atmosphere is further demonstrated with a plot of the PCB 28
concentration against the total concentration for the seven indicator PCB congeners (Figure
11.31). The general negative correlation of an increasing PCB 28 concentration with
decreasing total concentration of the seven indicator PCB congeners can be seen in Figure
11.31. The graph shows good linear regression (R2 = 0.60) with the three Dörrler air
samples [Dörrler 2003] dominating the upper third of the y-axis and the three air samples
taken in this study, in the lower third. It appears that time has a strong influencing factor on
the plot.
The same plot using the marine air samples in this study reveals a different story (Figure
11.32). A strong positive trend with excellent linear regression (R2 = 0.92) is observed
upon correlating the PCB 28 concentration against the total concentration of the seven
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indicator PCB congeners. The similarity between the Patagonian air sample [Schreitmüller
1994a] and the free tropospheric air sample (Pico TN-500) taken in this study is once again
shown.
Upon further analysis of Figure 11.32 the strong positive correlation can be assigned to be
a factor of approximately ten; the total sum of the seven PCB indicator congeners is
approximately ten times the concentration of the PCB 28 concentration.
As the Island of Madeira is originally a non-industrialised non-contaminated area, the
levels of PCBs found are generally lower, but do show the transport of these POPs to this
region. As the air over the Island may be regarded as more pristine than an industrialised
city such London, chemical degradation of PCBs is likely to be reduced as the sources
helping transformation and degradation are fewer, explaining the accumulative depiction
of the PCBs seen in Figure 11.32. This may be further demonstrated when one considers
the concentrations of PCB 28 and PCB 101 for all the air samples under investigation in
this study (Figure 11.33).

Concentration of PCB 28 versus the total concentration of the seven indicator PCB congeners for
continental air samples taken over mainland Europe (Germany)
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Figure 11.31 Graph showing the correlation between PCB 28 and the total sum of the

seven indicator congeners in continental air samples. *Air samples taken from Dörrler
[Dörrler 2003].
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Concentration of PCB 28 versus the total concentration of the seven indicator PCB congeners for
marine air samples taken on the Island of Madeira (2005)
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Figure 11.32 Graph showing the correlation between PCB 28 and the total sum of the

seven indicator congeners in marine air samples. #Patagonia air sample taken from
Schreitmüller [Schreitmüller 1994a].

Concentration of PCB 28 (Cl3) and PCB 101 (Cl5) for marine and continental air samples taken on the
Island of Madeira (2005) and over mainland Europe (Germany)
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Figure 11.33 Graph showing the concentrations of PCB 28 and PCB 101 in marine air and

continental air samples under investigation in this study. *Air samples taken from Dörrler
[Dörrler 2003] #Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].
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Upon consideration of Figure 11.33 two observations can be made. The concentration of
PCB 28 appears in a constant window, regardless of the sampling location with the free
tropospheric air sample (Pico TN-500) and the Patagonian air sample [Schreitmüller
1994a] having the lowest values. On the other-hand, the more accumulative
pentachlorinated PCB 101 can be separated into two concentration windows. One window
would contain six air samples and the second seven air samples. The six air samples would
include Mähringen [Dörrler 2003], Botanical Garden [Dörrler 2003], Steinheim [Dörrler
2003], Botanical Garden (28/07/05), EcoT 201 and EcoN 212 with the second group
comprising of the remaining air samples. The six air samples may be regarded as rural
woodland sampling sites displaying fewer atmospheric pollutants thereby reducing the
likelihood of degradation by chemical reaction.
Evidence for the presence of these two windows of concentration is supported further upon
the graphical representation of the concentration of PCB 52 against the more accumulative
PCB 138 (Figure 11.34), a representation of which is also shown in Figure 11.35. The air
samples under investigation in Figure 11.34 can be divided into two clear groups; one
group containing five of the six air samples previously discussed and the second containing
the remaining air samples which are clustered closely together.

Concentration of PCB 52 (Cl4) and PCB 138 (Cl6) for marine and continental air samples taken on the
Island of Madeira (2005) and over mainland Europe (Germany)
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Figure 11.34 Graph showing the correlation between PCB 52 and PCB 138. *Air samples

taken from Dörrler [Dörrler 2003] #Patagonia air sample taken from Schreitmüller
[Schreitmüller 1994a].
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Concentration of PCB 52 (Cl4) and PCB 138 (Cl6) for marine and continental air samples taken on the
Island of Madeira (2005) and over mainland Europe (Germany)
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Figure 11.35 Graph showing the concentrations of PCB 52 and PCB 138 in marine air and

continental air samples under investigation in this study. *Air samples taken from Dörrler
[Dörrler 2003] #Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].

Concentration of PCB 101 (Cl5) and PCB 138 (Cl6) for marine and continental air samples taken on
the Island of Madeira (2005) and over mainland Europe (Germany)
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Figure 11.36 Graph showing the correlation between PCB 101 and PCB 138. *Air

samples taken from Dörrler [Dörrler 2003] #Patagonia air sample taken from
Schreitmüller [Schreitmüller 1994a].
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Analysis of the pentachlorinated (PCB 101 and PCB 118) and hexachlorinated (PCB 138
and PCB 153) congeners also provides valuable insight into the pattern and trends of PCBs
found in the atmosphere of continental Europe and marine air over the Island of Madeira in
the North Atlantic Ocean. A clear positive correlation between PCB 101 and PCB 138 is
observed in Figure 11.36 which is evident upon consideration of the concentration trend of
these two PCB congeners (Figure 11.37). The values of PCB 138 appear moderately
elevated for the three Dörrler air samples [Dörrler 2003] but these air samples are taken
four years ago, perhaps indicating a general decrease in the concentration of the PCB
congener levels in the Ulm region.
After observing this trend for PCBs 101 and 138 it is anticipated that a similar trend is
observed for PCB 118 and PCB 153 which are pentachlorinated and hexachlorinated
respectively. The outcome is clear and displayed graphically in Figure 11.38.

Concentration of PCB 101 (Cl5) and PCB 138 (Cl6) for marine and continental air samples taken on
the Island of Madeira (2005) and over mainland Europe (Germany)
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Figure 11.37 The concentrations of PCB 101 and PCB 138 in marine air and continental

air samples under investigation in this study. *Air samples taken from Dörrler [Dörrler
2003] #Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].
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Concentration of PCB 118 (Cl5) and PCB 153 (Cl6) for marine and continental air samples taken on
the Island of Madeira (2005) and over mainland Europe (Germany)
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Figure 11.38 The concentrations of PCB 118 and PCB 153 in marine air and continental

air samples under investigation in this study. *Air samples taken from Dörrler [Dörrler
2003] #Patagonia air sample taken from Schreitmüller [Schreitmüller 1994a].
As a final approach to analysing the PCB pattern in air, the difference in degrees in latitude
between the two sampling locations of continental mainland Europe and the Island of
Madeira were plotted against the concentrations of the PCB congeners.
From Figure 11.39 two observations can be made. The air samples taken on the Island of
Madeira (2005) are clustered together and have a concentration that is similar to the three
air samples taken in continental Europe (L9-T, L15-T and Botanical Garden 28 July 2005),
within this study. If the mean concentration of the seven PCB congeners is taken for the six
marine air samples and the six continental air samples, the mean for the continental air
samples is shown to be greater as expected due to the larger number of potential PCB
sources. However, the values for the continental air samples are dominated by the three
elevated Dörrler samples [Dörrler 2003]; if these samples are removed for the mean
concentration comparison, it is seen that the continental air samples of mainland Europe
and those taken on the Island of Madeira have the same approximate mean concentration
level, for the seven PCB indicator congeners in question (440 and 421 pg/m3 respectively).
This leads to one more conclusion that time is an important factor when comparing recent
PCB concentration levels with those in the past.
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Difference in latitude against the total concentration of the seven indicator PCBs for air samples
taken on the Island of Madeira (2005) and in continental mainland Europe
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Figure 11.39 Latitudinal difference between the sampling locations on the Island of

Madeira and those in continental Europe for the total concentration of the sum from the
seven indicator PCB congeners. *Air samples taken from Dörrler [Dörrler 2003].

Difference in latitude against the concentration of PCB 28 for air samples taken on the Island of
Madeira (2005) and in continental mainland Europe
120
L15-T (Ulm)
Ecot 201 (Madeira)

Concentration of PCB 28 (pg/m3)

100

80
Econ 212 (Madeira)

L9-T (Ulm)

60
Must 155 (Madeira)
Küst 225 (Madeira)

Mähringen - Dörrler* (Ulm)
40

Bot Garden 28/07/05 (Ulm)

20

Küsn 200 (Madeira)

Bot Garden & Steinheim Dörrler* (Ulm)

Pico TN500 (Madeira)
0
25

30

35

40

45

50

55

o

Degrees Latitude [ ]

Figure 11.40 Latitudinal difference between the sampling locations on the Island of

Madeira and those in continental Europe for the concentration of PCB 28. *Air samples
taken from Dörrler [Dörrler 2003].
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When considering the latitudinal difference between the sampling locations for the
trichlorinated PCB 28 congener, it is seen there is a range of concentrations for both the
marine and continental air samples. The free tropospheric air sample (Pico TN-500)
remains the lowest concentrated air sample, but the similarity in levels and the wide range
in concentrations signify and support the transferability of this relatively volatile PCB
congener in the atmosphere.
A plot of the heavier less volatile PCB 180 congener (Figure 11.41) shows a closeness of
the six air samples taken on the Island of Madeira with the three air samples taken in this
study. As this PCB congener is heptachlorinated its ability to be transported by the
atmosphere is lower than PCB 28 as a result of its vapour pressure (1.2 x 10-4 in
comparison to 3.2 x 10-2 Pa at 298 K), hence this PCB is more likely to accumulate once it
has been transported in the environment [Morosini 1993]. This explains the togetherness of
the air samples taken in this study. The time factor is once again shown with the three
Dörrler air samples taken four years ago [Dörrler 2003].

Difference in latitude against the concentration of PCB 180 for air samples taken on the Island of
Madeira (2005) and in continental mainland Europe
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Figure 11.41 Latitudinal difference between the sampling locations on the Island of

Madeira and those in continental Europe for the concentration of PCB 180. *Air samples
taken from Dörrler [Dörrler 2003].
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11.10 Analysis of the levels and patterns of the six pesticides found in continental and
marine air samples
Organochlorine pesticides have been extensively used in agriculture in the past. Their
detection in a wide range of environmental compartments in the most remote areas of the
world confirms their large scale long range transport and subsequent atmospheric
deposition. This section will focus on the six pesticides (α-HCH, γ-HCH, HCB,
pentachlorobenzene, 4,4’ DDT and 4,4’ DDE) found in the air samples under investigation
in this study. All of these pesticides had widespread uses in the 1970s worldwide and they
are still present in the soil [Venier 2007]. Pesticides may enter the atmosphere through a
variety of routes including spray drift, post application volatilisation and wind erosion of
treated soil. Once in the atmosphere these compounds can be re-distributed, degraded,
transported and returned to the earth’s surface via wet and dry deposition [Yao 2006].
By use of the certified reference materials purchased from the National Institute of
Standards and Technology (NIST), the levels of the six pesticides was estimated in the air
samples taken in this study. The results of the quantification are seen in Tables 11.21 and
11.22. The tables include the all important α-HCH/γ-HCH ratio and the 4,4’ DDT/4,4’
DDE ratio, which give valuable insight into the source of these pollutants and how recent
the introduction into the environment is.
Table 11.21 Concentrations (pg/m3) of the six pesticides (pentachlorobenzene, HCB, α-

HCH, γ-HCH, 4,4’ DDT and 4,4’ DDE) in continental air samples from mainland Europe
(Ulm, Germany).

ND = Not determinable due to the chromatography.
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Table 11.22 Concentrations (pg/m3) of the six pesticides (pentachlorobenzene, HCB, α-

HCH, γ-HCH, 4,4’ DDT and 4,4’ DDE) in marine air samples taken on the Island of
Madeira.

As a first means to analyse the pollution levels of the pesticides in question in the sampled
air, the levels of α-HCH and γ-HCH are to be investigated. Figure 11.42 illustrates the
trend observed for the continental and marine air samples under investigation.

Concentration of alpha and gamma HCH for marine and continental air samples taken on the Island
of Madeira (2005) and over mainland Europe (Germany)
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Figure 11.42 The concentrations of α-HCH and γ-HCH in marine air and continental air

samples under investigation in this study.
Upon the first observation of Figure 11.42 two features are evident; the levels of γ-HCH
are generally at the same level of concentration as the levels of α-HCH for all air samples
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and the two Madeira air samples EcoT 201 and KüsT 225 have elevated levels of α-HCH
and γ-HCH respectively. Closer examination of Figure 11.42 and Tables 11.21 and 11.22
reveals that all of the nine air samples taken in this study can be grouped in one of three
categories with regard to their α-HCH/γ-HCH ratio. Air samples with an α-HCH/γ-HCH
ratio of less than one include L9-T and KüsT 225, those with an α-HCH/γ-HCH ratio
approximately equal to one include the Botanical Garden (28 July 2005) and the KüsN 200
air samples, with the remaining air samples all having an α-HCH/γ-HCH ratio greater than
one. The range of values seen is comparable to those of other authors (see section 11.6).
The values observed may be accounted for by discussion of local input, hemispheric long
range transport in the air and interhemispheric exchange [Wittlinger 1990].
It is well known that a lower than one α/γ-HCH ratio is indicative of a Lindane source as
this insecticide consists mainly of γ-HCH and as the usage of α and β-HCH in Europe has
decreased much more compared to the usage of γ-HCH during the past years, the input into
the environment is likely to be recent [Oehme 1982; Breivik 1999]. This thereby explaining
the values observed for L9-T and KüsT 225. Indeed it is known that the months of April
and May represent the main application period for Lindane in central Europe [Haugen
1998] hence seasonal variation is likely. The higher values of γ-HCH in comparison to αHCH may however be a result of the slower degradation of the less stable γ-HCH isomer
[Oehme 1982].
When the α/γ-HCH ratio is greater than one, this indicates a higher concentration of the αHCH isomer in comparison to the γ-HCH isomer hence supporting recent use of technical
HCH in the environment. This is illustrated by five of the nine air samples taken in this
study (see Tables 11.21 and 11.22). The higher values of the α-HCH in comparison to the
γ-HCH isomer may also be explained by evidence concerning the potential conversion of
γ-HCH into other isomers, particularly α-HCH [Haugen 1998; Walker 1999]. Plausible
isomerisation routes include photoisomerisation and bio-isomerisation [Walker 1999].
However, as the estimated rates for atmospheric degradation and photochemical
isomerisation tend to be slow compared to regional atmospheric transport, the α/γ-HCH
ratio is a useful source indicator on the regional scale [Haugen 1998]. Furthermore, the
thermodynamic conversion of γ-HCH into α-HCH requires a water free atmosphere with
FeCl3 as a catalyst at 200oC, which is unlikely under atmospheric conditions [Ballschmiter
1991b]. Hence it can be assumed that the HCH concentrations in air largely reflect the
emissions of these pesticides from the different present and past usage of Lindane and
technical HCH [Ballschmiter 1991b; Walker 1999].
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A final explanation for the abundance and global distribution of the α-HCH in comparison
to the γ-HCH is on consideration of the Henry’s law constants for both these isomers. As
the Henry’s law partition coefficient is an air/water partition coefficient, it is a measure of
the tendency of a compound to partition between the gas phase (for example air) and a
solution of water (for example the ocean), the lower the value of the coefficient the more
likely a compound will dissolve into water. The Henry constants for α-HCH and γ-HCH at
20oC in freshwater are 0.524 and 0.257 Pa m-3/mol respectively showing that over longrange transport of air over oceans, γ-HCH is more likely to be removed either through the
direct partitioning into water or through washout in rain, thereby leaving the atmosphere
proportionately rich in the α-HCH isomer [Walker 1999]. The ocean has already been
demonstrated to influence the PCB pattern in the atmosphere [Cziudaj 2005].
The next pesticides to be considered are 4,4’ DDT and 4,4’ DDE. Figure 11.43 illustrates
the trend observed for the range of air samples taken in this work.

Concentration of 4,4' DDT and 4,4' DDE for marine and continental air samples taken on the Island
of Madeira (2005) and over mainland Europe (Germany)
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Figure 11.43 The concentrations of 4,4’ DDT and 4,4’ DDE in marine air and continental

air samples under investigation in this study.
The legacy organochlorine pesticide, DDT has been monitored by a number of research
departments across the world [Tanabe 1982; Oehme 1982, Wittlinger 1990; Hoh 2004;
Shen 2005]. As DDTs are amongst the less volatile organochlorine pesticides, their ability
to become well mixed on a continental scale is limited [Shen 2005]. 4,4’ DDE is the major
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environmental degradation product of DDT and DDE is more volatile and environmentally
persistent than its parent compound [Hoh 2004].
Apart for the two Madeira samples, EcoT 201 and MusT 155, the values seen for 4,4’ DDT
and 4,4’ DDE show the same trend for all the air samples taken in this study. On average
the values for 4,4’ DDT are a little higher than those of 4,4’ DDE but from observation of
Figure 11.43 it clearly seen that elevated levels of 4,4’ DDT are seen for the EcoT 201 and
MusT 155 air samples indicating fresh input (current usage) into the environment. The
high value of 4,4’ DDT for EcoT 201 may also be explained by re-emission from the soil
into the atmosphere during the summer months as this pesticide has been shown to be
stored in the soil for up to 30 years [Kurt-Karakus 2006]. Further evidence supporting this
re-emersion from the soil is given by the aged ratio value for the night-time air sample,
EcoN 212, taken at the same sampling location. Of the continental air samples under
investigation, L9-T also shows characteristics of aged/old DDT residues as the 4,4’
DDT/4,4’ DDE ratio is less than one.
A much smaller range of concentrations for 4,4’ DDT is observed for the three continental
air samples (2-11 pg/m3) in comparison to the marine samples (1-22 pg/m3) which may be
a result of continental influencing sources from Africa. Indeed the majority of marine air
samples taken in this work are influenced by a prevailing easterly wind; see Table 11.12.
Perhaps higher levels of 4,4’ DDT in comparison to 4,4’ DDE shown in the graph is an
indication of things to come because on the 15th September 2006 the World Health
Organization (WHO) recommended that DDT should be used as a method for fighting
against malaria. Despite trying to phase this insecticide out for nearly thirty years, it is to
be used for indoor spraying in epidemic areas throughout Africa [Internet reference 61:
World Health Organisation website] and indeed the values in the air samples taken on the
Island of Madeira are likely to be a result of current usage on the African continent.
To finish this section of pesticide patterns in the air, two comparisons are to be made. The
first compares the concentrations of HCB and α-HCH (Figure 11.44) and the second the
concentrations of HCB and PCB 101 (Figure 11.46) for the air samples under
investigation. HCB has several uses in industry and agriculture and has a long half life in
the atmosphere. Despite production being ceased in most countries, it is still released into
the environment through incomplete combustion and release from old dump sites [Cheng
2007]. HCB is found in all the air samples under investigation and its concentration ranges
between 5 and 39 pg/m3. The concentration in the free tropospheric air sample (Pico TN500) is 10 pg/m3 and is considerably lower than the mean concentration found by Van
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Drooge, which was well above the other semivolatile organochlorine compounds (SOCs)
identified [Van Drooge 2002].
Analysis of Figure 11.44 reveals that the concentrations of HCB and α-HCH follow the
same trend for all but one of the air samples studied (L15-T). Rising and decreasing values
of HCB correlate to rising and decreasing values of α-HCH. This is further supported by
the correlation plot in Figure 11.45 where good linear regression is seen (R2 = 0.66). It is
noted that the concentrations of HCB are always somewhat higher than those for α-HCH.
Concentration of HCB and α-HCH for marine and continental air samples taken on the Island of
Madeira (2005) and over mainland Europe (Germany)
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Figure 11.44 The concentrations of HCB and α-HCH in marine air and continental air

samples under investigation in this study.
The trend observed for these two POPs is similar and most probably a result of the same
degree of chlorination they have, namely hexachlorinated, so their removal pathways are
likely to be similar. The higher values of HCB observed may be explained by
consideration of the ease with which they are degraded in the environment. As HCB is
aromatic in nature it is less prone to degradation due to the stability of the π-electron ring
system and hence is more persistent than the cyclic α-HCH. This leads to the higher values
of HCB in comparison to α-HCH.
The stability of aromatic POPs is further supported on discussion of HCB with the
hexachlorinated PCB 138 (Figure 11.46). Once again a clear trend between the two POPs
is seen. The higher values of PCB 138 may be explained as a result of the presence of two
aromatic rings in comparison to one present in HCB.
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Correlation of the concentrations of HCB and alpha-HCH for marine (Madeira 2005) and continental
air samples taken in mainland Europe
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Figure 11.45 Correlation plot showing the concentrations of HCB and α-HCH in marine

air and continental air samples under investigation in this study.
Concentration of HCB and PCB 138 for marine and continental air samples taken on the Island of
Madeira (2005) and over mainland Europe (Germany)
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Figure 11.46 The concentrations of HCB and PCB 138 in marine air and continental air

samples under investigation in this study.
The last pesticide to be considered is pentachlorobenzene (PCBz). This pesticide rarely
documented in environmental literature. It is often only discussed as a side product to
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chemical reactions and its emission levels are often controlled in the burning of waste
[Schreitmüller 1993]. The concentrations of PCBz in the air samples taken ranged from
between 3 and 39 pg/m3 thereby having the second largest range of concentrations from all
the pesticides covered in this work. The largest value was found in the day-time ecological
park sample taken on the Island of Madeira (EcoT 201), with the lowest value found in the
urban city centre air sample (MusT 155) making local input a likely explanation.
To conclude the chapter on POPs Tables 11.23 and 11.24 are used to illustrate the
percentage sum of the PCBs and pesticides found in the air samples taken and investigated
in this work. The PCBs are shown to form between 73 and 92% of all POPs found in the
gas phase in the air samples investigated in this work. This, after being banned in
industrialised countries since the 1970s, is a testament to their persistence in the
environment.
Table 11.23 Overall concentrations (pg/m3) and percentage sum of the seven PCB

indicator congeners and the six pesticides (pentachlorobenzene, HCB, α-HCH, γ-HCH,
4,4’ DDT and 4,4’ DDE) in continental air samples from mainland Europe (Ulm, Germany).

*Note values do not include pentachlorobenzene as the integration of the peak is difficult
in some samples due to the chromatography.
Table 11.24 Overall concentrations (pg/m3) and percentage sum of the seven PCB

indicator congeners and the six pesticides (pentachlorobenzene, HCB, α-HCH, γ-HCH,
4,4’ DDT and 4,4’ DDE) in marine air samples taken on the Island of Madeira.

*Note values do not include pentachlorobenzene as the integration of the peak is difficult
in some samples due to the chromatography.
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Chapter 12
Alkyl nitrites
12.1 Formation of alkyl nitrites and their use as an analytical tool
There are many methods reported for the determination of alcohols, such as a
conductometric method, an electrochemical fuel-cell method and an infrared absorption
method, which have detection limits at several ppm (parts per million). Indeed an
analytical method using a dehydrogenase-based biosensor, which received much
development for many years, has been developed but was still found to have difficulty in
measuring alcohols at the ppb (or µg/L) level [Nguyen 2001].
Derivatisation reactions for the analysis of alcohols have also received a large amount of
attention in recent years due to their highly sensitive detection characteristics [Nguyen
2001]. The formation of alkyl nitrites from alcohols is a fast and easy method for the
analysis of alcohols at trace levels (µg/L concentrations). They can be formed from the
reaction of an alcohol with nitrogen dioxide and also from the reaction of an alcohol and
nitrous acid, which is convenient for the determination in the aqueous phase and for the
determination of alcohols in atmospheric air [Nguyen 1999, 2000, 2001,]. The reaction
proceeds over a solid surface as follows:
ROH (gas) ↔ ROH (ads)

(12.1)

NO2 (gas) ↔ NO2 (ads)

(12.2)

ROH (ads) + 2NO2 (ads) ↔ RONO (gas) + HNO3 (ads)

(12.3)

Alkyl nitrites are well known for their aphrodisiac and euphoric effects and have been the
subject of many forensic studies [Bal 1988]. In terms of atmospheric chemistry, they are
likely intermediates to alkyl nitrates and therefore need to be considered as components of
the reactive nitrogen reservoir as detailed in chapter 2. They easily decompose to alkyl
alcohols and inorganic nitrites by light or chemical hydrolysis in aqueous or biological
matrices [Watanabe-Suzuki 2003] and complete photolysis of primary, secondary and
tertiary alkyl nitrites can lead to a vast range of compounds including alcohols, ketones and
aldehydes [Kabasakalian 1961]. As a result they can be used to help in the analysis of
alcohols.
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There are a number of ways to synthesise alkyl nitrites. One specific way is by reaction of
silver nitrite with a wide variety of alkyl halides [Kornblum 1966]. The two synthesis
methods used in this work (nitrosyl exchange and nitrosation) are described briefly here,
more details can be found in chapter 7.
Due to their physical properties, the alkyl nitrites can be analysed in a number of ways.
They have a characteristic ultraviolet absorption spectrum, exhibiting two maxima above
200 nm. The first maximum at around 228 nm is of high-intensity and the second is of low
intensity at 375 nm [Ungnade 1956]. For chromatographic analysis of the alkyl nitrites,
HRGC-ECD proves to be an excellent choice due to its excellent sensitivity and selectivity.
The mass-spectrometer has also proved to be a successful tool for the analysis of alkyl
nitrites [Takagi 1981]. However, the low boiling points of the alkyl nitrites in comparison
to the alkyl nitrates, means detection of the short chain nitrites is often difficult. By
oxidising alkyl nitrites to alkyl nitrates the problem of volatility is strongly reduced.

Figure 12.1 UV-Visible spectra of the ethyl nitrite and 1-propyl nitrite taken using the
diode array detector; the strong absorption band for the nitrite group (ONO) is evident at
220 nm.
From Figure 12.1, the strong absorption band at 220 nm is evident. This broad band is
distinctive for the nitrite group (ONO) and can be used as a means supporting the
formation of the alkyl nitrites using the nitrosyl exchange reaction and by the nitrosation
reaction. The presence of a second band between 300 and 400 nm is also used to
chararcterise the alkyl nitrites and can be seen in the UV-visible spectra of ethyl nitrite.
The absorption band for the nitro group (NO2) is incidentally at 210 nm and is indicative
for the presence of alkyl nitrates (see Figures 8.5 and 9.41).
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12.1.1 Comparison of the boiling points of alkyl nitrites and alkyl nitrates
Table 12.1 Comparison of the boiling points of the alkyl nitrites and the alkyl nitrates in
degrees Celsius [1013 Pa] [Luxenhofer 1994; Cowley 1933].
Nitrite Boiling Point (oC)

Nitrate Boiling Point (oC)

methyl

-12

65

ethyl

17

87

2-propyl (i-propyl)

40

102

1-propyl (n-propyl)

49

110

tertiary butyl

63

126 - 127

2-butyl

68

124

1-butyl

78

136

3-methyl-butyl-1-

99

147 - 148

2-pentyl

99

144

1-pentyl (amyl)

105

157

1-hexyl

129

171

1-heptyl

156

215

1-octyl

174

240

Alkyl Functional Group

12.2 Synthesis of the alkyl nitrites
The alkyl nitrites have been synthesised in two different ways. The first method
(nitrosation) involves the addition of a concentrated solution of sodium nitrite to the
alcohol (present in an organic solution). Concentrated hydrochloric acid is then added
drop-wise whilst the solution is being cooled, nitrous acid is formed in-situ. More details
are listed in chapter 7. The general scheme for the formation of alkyl nitrite esters can be
seen below:

RO

H + HO

Alcohol

N=O

Nitrous Acid

RO N=O + H2O
Alkyl Nitrite

Water
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The method was used for the preparation of methyl, ethyl and 1-propyl nitrite. Ethylene
glycol and glycerol were also used as reagents for alkyl nitrite formation. The nitrites were
prepared as a mixture and as individual components.
The second method involves the use of the nitrosyl exchange reaction using tertiary butyl
nitrite as the nitrosyl donor. A number of alkyl nitrites were prepared using this synthesis
route, a table of which is shown in chapter 7. The conditions were varied so that the
alcohol was in excess as described by Doyle [Doyle 1983]. The experiment was then
repeated with the alkyl nitrite and alcohol present in the same quantities. In both cases, the
outcome appears to be the same. A test mixture of 2-pentyl nitrite, 1-pentyl nitrite and 1-

5

7.5

1-Hexyl nitrite

1-pentyl nitrite

2-pentyl nitrite

hexyl nitrite prepared using the nitrosyl exchange reaction is shown in Figure 12.2.

10

12.5

15

17.5

20

Minutes

Figure 12.2 HRGC-ECD chromatogram (5-25 minutes) using ECD Method 2 of a test
mixture containing 2-pentyl, 1-pentyl and 1-hexyl nitrite prepared from the corresponding
alcohols using the nitrosyl exchange reaction (alcohol:nitrite, 3:1); Stationary Phase: ZB-5
(60 m x 0.25 mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min →
150oC (10 mins) @10 oC/min → 250oC (15 mins).
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Of the two methods used for the synthesis of alkyl nitrites, the nitrosyl exchange reaction
[Doyle 1983] is preferred due to the ease of use, effectiveness and speed of reaction. In
comparison, the nitrosation reaction is time consuming and extra care needs to be taken as
concentrated hydrochloric acid is used in the preparation of the alkyl nitrites.

12.3 Oxidation of alkyl nitrites to alkyl nitrates
Alkyl nitrites can be converted to alkyl nitrates with minimal effort by means of oxidation:
R-ONO + [O] →

R-ONO2

(12.4)

As the preparation of alkyl nitrates from alkyl nitrites presents a further synthetic route for
the formation of organic nitrates the reaction has significant implications for the formation
of reference materials. There are a number of ways in which the oxidation to alkyl nitrates
can be carried out. One of the simplest methods is by bubbling oxygen through the sample
over several hours. Using this route, there is an almost complete conversion of the alkyl
nitrite to the alkyl nitrate [Eberhardt 2003].
For the oxidation experiments performed in this thesis, 1-pentanol, 2-pentanol and 1hexanol were converted to their corresponding alkyl nitrite using the nitrosyl exchange
reaction previously described and then oxidation to the corresponding alkyl nitrate was
performed using one of three methods. The first method utilises oxone as the oxidising
agent. Two types of oxone were used (1) potassium peroxymonosulphate and (2) tetrabutyl
ammonium salt. Further methods for the oxidation of alkyl nitrites to alkyl nitrates were
performed using Fenton’s reagent (H2O2/Fe2+) and an organic peroxide (peroxyacetic acid).
The effectiveness of the oxidation reactions were investigated by conversion of the alkyl
nitrite to the corresponding alkyl nitrate after performing a NP-HPLC clean-up step. Using
HPLC instrument 3, with the Restek Allure silica column and 0.01% 2-propanol in npentane as the eluent, the synthesised alkyl nitrates were injected over the HPLC system.
The first 10 mL of the eluate were fractioned (alkyl mononitrate fraction; as based on
results from chapters 9 and 10) and the solvent removed by rotary evaporation, prior to
being analysed by HRGC-ECD.
Of the oxidation methods used, the methods utilising oxone and the Fenton’s reagent were
unsuccessful in converting the alkyl nitrites to the alkyl nitrates. However peroxyacetic
acid (PAA) was very effective.
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NP-HPLC conditions for the clean-up of the oxidation reactions
HPLC column:

Restek Allure Silica 250 x 4.6 mm (5 µm)

Mobile phase:

0.01% isopropyl alcohol (IPA) in n-pentane

Flow rate:

1.0 mL/min

12.3.1 Oxidation using peroxyacetic acid (PAA)
As described by Adolf von Baeyer and Victor Villiger [Baeyer 1899] whilst working on
the ring cleavage of cyclic ketones, the oxidation of alkyl nitrites to alkyl nitrates will be
carried out following the Baeyer-Villiger oxidation, using a peracid [Renz 1999].
Peroxyacetic acid is widely used in the food industry for disinfecting buildings and
equipment and for sterilising plastic bottles, especially those used for packaging fruit juices
or sweetened drinks. It is also used for medical purposes to sterilise the surface of
instruments [Hecht 2004].
Peroxyacetic acid is a mixture of acetic acid and hydrogen peroxide in an aqueous solution.
It is a very strong oxidising agent and has a stronger oxidation potential than chlorine or
chlorine dioxide. The oxidation procedure is described below. The formation of
peroxyacetic acid is shown in Figure 12.3 and the mechanism for the oxidation of alkyl
nitrites to alkyl nitrates is shown in Figure 12.4.
Peroxyacetic acid: Oxidation procedure
Approximately 30 µL (2 mole equivalents; 4.68 x 10-4 moles, 76.05 g/mole) of freshly
prepared peroxyacetic acid was dissolved in 2 mL of dichloromethane. The solution was
added dropwise to 200 µL (1 mole equivalent, 2.34 x 10-4 moles) of alkyl nitrite in nhexane, whilst cooling in an ice bath. Upon complete addition, the reaction mixture was
shaken at room temperature for 1 hour and then washed with 3 mL of n-hexane. The
organic layer was then removed and washed with a saturated solution of sodium hydrogen
carbonate (2.5 mL), demineralised water (2.5 mL) and then dried over a micropipette filled
with sodium sulphate. A colourless solution of the reaction product was yielded.
The procedure was used for the oxidation of 1-pentyl nitrite, 2-pentyl nitrite and 1-hexyl
nitrite to the corresponding nitrates. A test mixture of all three nitrates was also prepared
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in the same manner, with the exception that a three-fold increase in the volume of
peroxyacetic acid was used in the synthesis.
O

O
OH
acetic acid

+

HO OH

O

hydrogen peroxide

+

OH

H

peroxyacetic acid

O

H

water

Figure 12.3 Formation of peroxyacetic acid.
The mechanism for the oxidation is shown below. The first step involves the protonation of
the nitrite by the acid.
R-O-N-O + H+→

+

R O N OH + H

H

R-O-N+-OH

O
O

O

(Step 1)

-H+

R O N

OH

O
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H
H
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+
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Figure 12.4 Mechanism for the oxidation of alkyl nitrite to alkyl nitrates using
peroxyacetic acid.
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Figure 12.5 HRGC-ECD chromatograms of 2-pentyl, 1-pentyl and 1-hexyl nitrite before
(A) and after (B) oxidation using peroxyacetic acid; Stationary Phase: ZB-5 (60 m x 0.25
mm, 0.25 µm film); Temperature Program: 40oC (5 mins) @2 oC/min → 150oC (10 mins)
@10 oC/min → 250oC (15 mins). *Includes NP-LC clean-up step, U = Unknown.
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Of the oxidation methods used in this work, the procedure using peroxyacetic acid is
preferred due to its ease of use, the speed of the reaction and near complete conversion of
the alkyl nitrites to the alkyl nitrates with relatively few by-products.

12.4 Use of nitrite formation for the identification of hydroxy alkyl nitrates
Besides providing another synthesis route for the formation of alkyl nitrates, the alkyl
nitrites can also be used in order for detection purposes. As described previously, alcohols
can be converted to nitrites with relative ease and so the synthesis of a nitrite/nitrate from a
hydroxy alkyl nitrate supports the evidence for the formation of this class of compound
[Grünert 2007]. The reaction scheme is shown in Figure 12.6.
Alkene
Diol

ROH-ONO2 (Hydroxy alkyl nitrate) + TBN → RONO-ONO2 (Nitrite/Nitrate)

Epoxide
Figure 12.6 Reaction scheme for nitrite/nitrate reaction [TBN = tertiary butyl nitrite].

12.5 Use of nitrite formation for the analysis of alcohols in beverages
The preparation of alkyl nitrites from alcohols was investigated further using commercially
available alcoholic and non-alcoholic beverages. For this work a Macedonian red wine
(Mazedonischer Rotwein, 10% v/v alcohol) and a well known commercially available
alcohol-free beer (Clausthaler, 0.05% v/v alcohol) were used.
An indication to the quality of a wine/beer is the presence of alcohols other than ethanol. 3methyl-1-butanol and 2-methyl-1-butanol are alcohols often substituted for ethanol. These
alcohols are responsible for the unwanted side-effects after consumption of alcohol.
By use of the nitrosyl exchange reaction the alcohols present in the wine and the alcoholfree beer were derivatised to alkyl nitrites and injected upon the HRGC-ECD system. The
resulting HRGC-ECD chromatograms are illustrated in Figure 12.7.
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Figure 12.7 HRGC-ECD chromatograms of Clausthaler alcohol-free beer (A) and
Macedonian red wine (B) after derivatisation to alkyl nitrites using the nitrosyl exchange
reaction ; Stationary Phase: ZB-5 (60 m x 0.25 mm, 0.25 µm film); Temperature Program:
40oC (5 mins) @2 oC/min → 150oC (10 mins) @10 oC/min → 250oC (15 mins).
From Figure 12.7, it is seen that 3-methyl-1-butyl nitrite and 2-methyl-1-butyl nitrite are
present along with ethyl nitrite. The presence of these components is an indication of the
presence of the corresponding alcohols in the original samples (3-methyl-1-butanol, 2methyl-1-butanol and ethanol, respectively). A signal from tertiary butyl nitrite (reagent) is
also seen which maybe removed by addition of excess methanol. The resulting methyl
nitrite peak elutes earlier using ECD Method 2 and therefore does not interfere in the time
window seen in the above chromatograms.
The oxidation procedure using peroxyacetic acid was then utilised on the alkyl nitrites
formed from the red wine and beer. The results show the presence of ethyl nitrate but no
alkyl nitrate signals are seen for 3-methyl-1-butanol and 2-methyl-1-buatnol.
The results reported using the derivatisation of alcohols in alcoholic beverages may be
included in the same analytical circle as recent studies reported by Campo [Campo 2007].
In this work solid phase extraction and multidimensional HRGC-MS were used to analyse
the occurrence of esters in wine and other alcoholic beverages.
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Chapter 13
Summary
The central point in this thesis revolves around the group separation of complex mixtures
found in the atmospheric compartment of the environment, by means of fractioning over a
NP-HPLC system. Air was used as a matrix which served as an excellent example due to
the vast number of compounds it contains which include groups of isomers and congeners.
After trace enrichment of analytes by high volume sampling (HVS) a dedicated method for
the group separation of esters of nitric acid (alkyl nitrates) was developed.
From the individual experimental results using five commercially available HPLC columns
of differing selectivity, an initial NP-HPLC system was built. This system comprised of a
Restek Ultra C1 column and a Restek Allure Silica column coupled in series. Although the
NP-HPLC system was able to separate the alkyl nitrates into three groups, it was found to
be unsuitable for the analysis of hydroxy alkyl nitrates. This inadequacy was overcome by
coupling these two columns together in a second NP-HPLC system using a multi-valve
technique which incorporated a backflush step. The overlap of the multifunctional groups
was further improved by coupling a Phenomenex RP-2 column with the Restek Allure
Silica column using the same separation steps.
Upon HRGC-MS and HRGC-ECD analysis of the separated alkyl dinitrate and carbonyl
alkyl nitrate fraction, interpretation was found to be difficult due to the large number of
overlapping signals. This was overcome by development of a fourth NP-HPLC system
coupling a Perfluoro C8 column (Fluorous Technologies), with the Phenomenex RP-2
column and the Restek Allure Silica column. By combining these three HPLC columns, it
was possible for the first time to elute the alkyl organic nitrates into four distinctive groups
(alkyl mononitrates and phenyl alkyl nitrates, alkyl dinitrates, carbonyl alkyl nitrates and
hydroxy alkyl nitrates), with the possibility of eluting the phenyl alkyl nitrates as a separate
group from the alkyl mononitrates. This backflush and fore-flush NP-HPLC system, has
significant implications for the trace analysis of these compounds in the atmosphere as it
allows the detailed HRGC analysis of each group of compounds which until now (as far as
it is known) has not been possible.
The separation of the multifunctional alkyl nitrates using the NP-HPLC system was further
extended to include the separation of these compounds from matrices other than air and
enabled the group separation of organic nitrates of isoprene.
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As likely pre-cursors to the alkyl nitrates found in the atmosphere, a number of C1 to C6
alkyl nitrites were synthesised using two synthesis routes; nitrosation and by use of the
nitrosyl exchange reaction of which the latter is the preferred route.
Upon synthesis the alkyl nitrites were successfully oxidised to the corresponding alkyl
nitrates using peroxyacetic acid, thereby providing a further simple and effective synthetic
route for the formation of alkyl nitrates. The method employed is fast, easy to apply and
also presents a useful technique for the identification and analysis of alcohols in a variety
of matrices, as was demonstrated using alcoholic beverages.
The derivatisation of alcohols to alkyl nitrites provides a useful tool for the detection and
indeed evidence for the formation of nitrooxy alcohols (hydroxy alkyl nitrates), for which a
dedicated NP-HPLC system was developed, allowing their trace enrichment after
synthesis.
Finally the analytical procedure developed for the multifunctional alkyl nitrates found in
the atmosphere was utilised to group separate and estimate the levels of a second complex
organic group of compounds found in the atmosphere, the persistent organic pollutants
(POPs). Recent research has focussed on the measurements of POPs in remote areas. The
present study focuses on POPs in both marine air of the North Atlantic Ocean and
continental air of one of Europe’s cleanest cities.
The marine air samples were taken in June 2005 at various locations on the Island of
Madeira, which due to its diverse landscape provides differing samples. The geographical
location of this region yields a stable free troposphere which is present year-round. Both
daytime and night-time samples were analysed.
A large number of continental air samples were taken in Ulm (Germany) of these, three
typical continental air samples along with six marine air samples were assessed for POPs.
The levels of seven polychlorinated biphenyl (PCB) indicator congeners and six pesticides
were estimated in all samples using the square regression fit in accompaniment with
certified reference materials. A number of correlations were made for the seven indicator
PCB congeners (28, 52, 101, 118, 138, 153 and 180) and the six pesticides
(pentachlorobenzene, HCB, α-HCH, γ-HCH, 4,4’ DDT and 4,4’ DDE). It is seen that POPs
are still being emitted into the atmosphere through primary sources or secondary sources.
The combination of global transportation and the vast number of sources has made the
PCBs, in particular, true indicator molecules for pollution levels in today’s society.
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Chapter 15
Appendix
15.1 Abbreviations
A19

Pentachloransisole

A33

2,4,6-tribromanisole

amu

Atomic mass unit

CI

Chemical ionisation

DAD

Diode array detector

DCM

Dichloromethane

DDD

Dichlorodiphenyldichloroethane

DDE

Dichlorodiphenyldichloroethylene

DDT

Dichlorodiphenyltrichloroethane

ECD

Electron capture detector/detection

ECNI

Electron capture negative ionisation

EI

Electron ionisation

F1 - F4

HPLC fractions 1 to 4

FC-72

Perfluorinated hexane

FC-77

Perfluorinated octane

GC

Gas chromatography

GC-MS

Gas chromatography-mass spectrometry

HCB

Hexachlorobenzene

HCH

Hexachlorocyclohexane

HCP

Heptachloropropane

HFE-7200

Ethoxynonafluorobutane

HRGC

High resolution gas chromatography

HRGC-ECD

High resolution gas chromatography- electron capture detection

HRGC-MSD

High resolution gas chromatography- mass spectrometric detection

k

Retention factor

LC1 – LC4

HPLC fractions 1 to 4

LC-MS

Liquid chromatography- mass spectrometry

LRAT

Long range atmospheric transport

LRTAP

Long-range transboundary air pollution

MS

Mass spectrometer/Mass spectrometry

MSD

Mass spectrometric detection
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MTBE

Methyl tertiary butyl ether

NCI

Negative chemical ionisation

NMR

Nuclear magnetic resonance

NOx

Oxides of nitrogen (NO + NO2)

NOy

Odd nitrogen budget

NOx + NOy

Total reactive nitrogen

NP/NPC

Normal phase/Normal-phase chromatography

NP-HPLC

Normal phase-high performance liquid chromatography

NP-LC

Normal phase-liquid chromatography

PCB(s)

Polychlorinated biphenyl(s)

PCBz

Pentachlorobenzene

PCDDs

Polychlorinated dibenzo-p-dioxins

PCDFs

Polychlorinated dibenzofurans

PGC

Porous graphitic carbon

POP(s)

Persistent organic pollutant(s)

RP

Reverse phase

RPC

Reverse-phase chromatography

RP-HPLC

Reverse phase-high performance liquid chromatography

RP-LC

Reverse phase-liquid chromatography

RT/RRT

Retention time/Relative retention time

SIM

Selective ion monitoring

SRM

Standard reference material

SST

Solvent selectivity triangle

to

Column dead-time

TCBMB

Tetrachlorodimethoxybenzene

THF

Tetrahydrofuran

TLC

Thin layer chromatography

UV/UV-Vis

Ultra violet/Ultra violet-Visible
m2

Square metre

m3

Cubic metre

min(s) Minute(s)

µL

Micolitre

µm

Micometre

km

Kilometres

mm

Millimetres

o

Degrees Celsius

v

Volume/Volume

L

Litres

mL

Millilitre

gram

nm

Nanometre

Å

Angstrom

m

/v

g

Metres

C
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Difference in latitude against the concentration of PCB 52 for air samples taken on the Island of
Madeira (2005) and in continental mainland Europe
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Figure 15.1 Latitudinal difference between the sampling locations on the Island of
Madeira and those in continental Europe for the concentration of PCB 52. *Air samples
taken from Dörrler [Dörrler 2003].
Difference in latitude against the concentration of PCB 101 for air samples taken on the Island of
Madeira (2005) and in continental mainland Europe
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Figure 15.2 Latitudinal difference between the sampling locations on the Island of
Madeira and those in continental Europe for the concentration of PCB 101. *Air samples
taken from Dörrler [Dörrler 2003].
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Difference in latitude against the concentration of PCB 118 for air samples taken on the Island of
Madeira (2005) and in continental mainland Europe
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Figure 15.3 Latitudinal difference between the sampling locations on the Island of
Madeira and those in continental Europe for the concentration of PCB 118. *Air samples
taken from Dörrler [Dörrler 2003].
Difference in latitude against the concentration of PCB 138 for air samples taken on the Island of
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Figure 15.4 Latitudinal difference between the sampling locations on the Island of
Madeira and those in continental Europe for the concentration of PCB 138. *Air samples
taken from Dörrler [Dörrler 2003].
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Difference in latitude against the concentration of PCB 153 for air samples taken on the Island of
Madeira (2005) and in continental mainland Europe
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Figure 15.5 Latitudinal difference between the sampling locations on the Island of
Madeira and those in continental Europe for the concentration of PCB 153. *Air samples
taken from Dörrler [Dörrler 2003].
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Table 15.1 Nomenclature system for the PCBs [Ballschmiter 1980a, 1992b].
Nr.

Substitution

Monochlorbiphenyle

Nr. Substitution

Nr.

Substitution

34

2',3,5

70

2,3',4',5

1

2

35

3,3',4

71

2,3',4',6

2

3

36

3,3',5

72

2,3',5,5'

3

4

37

3,4,4'

73

2,3',5',6

38

3,4,5

74

2,4,4',5

39

3,4',5

75

2,4,4',6

76

2',3,4,5

77

3,3',4,4'

Dichlorbiphenyle
4

2,2'

5

2,3

6

2,3'

40

2,2',3,3'

78

3,3',4,5

7

2,4

41

2,2',3,4

79

3,3',4,5'

8

2,4'

42

2,2',3,4'

80

3,3',5,5'

9

2,5

43

2,2',3,5

81

3,4,4',5

10

2,6

44

2,2',3,5'

11

3,3'

45

2,2',3,6

12

3,4

46

2,2',3,6'

82

2,2',3,3',4

13

3,4'

47

2,2’,4,4'

83

2,2',3,3',5

14

3,5

48

2,2',4,5

84

2,2',3,3',6

15

4,4'

49

2,2',4,5'

85

2,2',3,4,4'

50

2,2',4,6

86

2,2',3,4,5

51

2,2',4,6'

87

2,2',3,4,5'

Trichlorbiphenyle

Tetrachlorbiphenyle

Pentachlorbiphenyle

16

2,2',3

52

2,2',5,5'

88

2,2',3,4,6

17

2,2',4

53

2,2',5,6'

89

2,2',3,4,6'

18

2,2',5

54

2,2',6,6'

90

2,2',3,4',5

19

2,2',6

55

2,3,3',4

91

2,2',3,4',6

20

2,3,3'

56

2,3,3',4'

92

2,2',3,5,5'

21

2,3,4

57

2,3,3',5

93

2,2',3,5,6

22

2,3,4'

58

2,3,3',5'

94

2,2',3,5,6'

23

2,3,5

59

2,3,3',6

95

2,2',3,5',6

24

2,3,6

60

2,3,4,4'

96

2,2',3,6,6'

25

2,3',4

61

2,3,4,5

97

2,2',3',4,5

26

2,3',5

62

2,3,4,6

98

2,2',3',4,6

27

2,3',6

63

2,3,4',5

99

2,2',4,4',5

28

2,4,4'

64

2,3,4',6

100

2,2',4,4',6

29

2,4,5

65

2,3,5,6

101

2,2',4,5,5'

30

2,4,6

66

2,3',4,4'

102

2,2',4,5,6'

31

2,4',5

67

2,3',4,5

103

2,2',4,5',6

32

2,4',6

68

2,3',4,5'

104

2,2',4,6,6'

33

2',3,4

69

2,3',4,6

105

2,3,3',4,4'
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Table 15.1 continued.
Nr.

Substitution

Nr. Substitution

Nr.

Substitution

106

2,3,3',4,5

142

2,2',3,4,5,6

178

2,2',3,3',5,5',6

107

2,3,3',4,5'

143

2,2',3,4,5,6'

179

2,2',3,3',5,6,6'

108

2,3,3',4,6

144

2,2',3,4,5',6

180

2,2',3,4,4',5,5'

109

2,3,3',4',5

145

2,2',3,4,6,6'

181

2,2',3,4,4',5,6

110

2,3,3',4',6

146

2,2',3,4',5,5'

182

2,2',3,4,4',5,6'

111

2,3,3',5,5'

147

2,2',3,4',5,6

183

2,2',3,4,4',5',6

112

2,3,3',5,6

148

2,2',3,4',5,6'

184

2,2',3,4,4',6,6'

113

2,3,3',5',6

149

2,2',3,4',5',6

185

2,2',3,4,5,5',6

114

2,3,4,4',5

150

2,2',3,4',6,6'

186

2,2',3,4,5,6,6'

115

2,3,4,4',6

151

2,2',3,5,5',6

187

2,2',3,4',5,5',6

116

2,3,4,5,6

152

2,2',3,5,6,6'

188

2,2',3,4',5,6,6'

117

2,3,4',5,6

153

2,2',4,4',5,5'

189

2,3,3',4,4',5,5'

118

2,3',4,4',5

154

2,2',4,4',5,6'

190

2,3,3',4,4',5,6

119

2,3',4,4',6

155

2,2',4,4',6,6'

191

2,3,3',4,4',5',6

120

2,3',4,5,5'

156

2,3,3',4,4',5

192

2,3,3',4,5,5',6

121

2,3',4,5',6

157

2,3,3',4,4',5'

193

2,3,3',4',5,5',6

122

2',3,3',4,5

158

2,3,3',4,4',6

123

2',3,4,4',5

159

2,3,3',4,5,5'

Octachlorbiphenyle

124

2',3,4,5,5'

160

2,3,3',4,5,6

194

2,2',3,3',4,4',5,5'

125

2',3,4,5,6'

161

2,3,3',4,5',6

195

2,2',3,3',4,4',5,6

126

3,3',4,4',5

162

2,3,3',4',5,5'

196

2,2',3,3',4,4',5',6

127

3,3',4,5,5'

163

2,3,3',4',5,6

197

2,2',3,3',4,4',6,6'

164

2,3,3',4',5',6

198

2,2',3,3',4,5,5',6

Hexachlorbiphenyle

165

2,3,3',5,5',6

199

2,2',3,3',4,5,5',6'

128

2,2',3,3',4,4'

166

2,3,4,4',5,6

200

2,2',3,3',4,5,6,6'

129

2,2',3,3',4,5

167

2,3',4,4',5,5'

201

2,2',3,3',4,5',6,6'

130

2,2',3,3',4,5'

168

2,3',4,4',5',6

202

2,2',3,3',5,5',6,6'

131

2,2',3,3',4,6

169

3,3',4,4',5,5'

203

2,2',3,4,4',5,5',6

132

2,2',3,3',4,6'

204

2,2',3,4,4',5,6,6'

205

2,3,3',4,4',5,5',6

133

2,2',3,3',5,5'

Heptachlorbiphenyle

134

2,2',3,3',5,6

170

2,2',3,3',4,4',5

135

2,2',3,3',5,6'

171

2,2',3,3',4,4',6

Nonachlorbiphenyle

136

2,2',3,3',6,6'

172

2,2',3,3',4,5,5'

206

2,2',3,3',4,4',5,5',6

137

2,2',3,4,4',5

173

2,2',3,3',4,5,6

207

2,2',3,3',4,4',5,6,6'

138

2,2',3,4,4',5'

174

2,2',3,3',4,5,6'

208

2,2',3,3',4,5,5',6,6'

139

2,2',3,4,4',6

175

2,2',3,3',4,5',6

140

2,2',3,4,4',6'

176

2,2',3,3',4,6,6'

Decachlorbiphenyl

141

2,2',3,4,5,5'

177

2,2',3,3',4',5,6

209

2,2',3,3',4,4',5,5',6,6'
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