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Abstract 
 
 
 
An on-line coupled supercritical fluid extraction - liquid chromatography - gas 
chromatography - mass spectrometry (SFE-LC-GC-MS) system was constructed for the 
analysis of organic content of aerosol particles. With the system, methods were developed 
for the analysis of organic acids and polycyclic aromatic hydrocarbons (PAHs) and for 
group analysis of various organic compounds. Aerosol particles were collected at urban and 
forested sites in Finland with a high-volume sampler, an impactor, membrane filters and 
glass fibre filters with back-up adsorbent.  
 
In construction of the instrument, parameters affecting transfer of the extract from the solid-
phase trap to the liquid chromatograph were investigated. In addition, an optimal 
configuration was sought for the transfer of fractions from liquid chromatograph to gas 
chromatograph. Efforts were also made to minimise the manual sample pre-treatment steps 
and so improve the reliability of the methods. Sensitivity and detection limits were 
improved as a result because all the target analytes reached the detector.  
 
In development of the analytical methods, study was made of the important parameters 
affecting the extraction of organic compounds from aerosol samples. These included 
temperature, pressure, extraction time, the amount of modifier and the temperature of the 
solid-phase trap. The extracts were fractionated in normal-phase LC into several fractions 
according to the polarity of the analytes. With the partially concurrent eluent evaporation 
technique, the fraction volume could be as high as 1600 µL. For the analysis of organic 
acids, the analytes were derivatised in-situ with pentafluorobenzyl bromide in static SFE, 
and the derivatised acids were extracted in dynamic SFE. Parameters affecting the 
derivatisation and extraction efficiency were studied: temperature, pressure, the amounts of 
reagents to be added, reaction and extraction times.  
 
The most abundant organic compounds in urban aerosol particles were unresolved mixture 
of aliphatic hydrocarbons. The total concentrations of n-alkanes at the urban site exceeded 
100 ng/m3, while polycyclic aromatic hydrocarbons were present in the atmosphere at less 
than 10 ng/m3 level. The concentrations of these were much lower in forest samples than in 
urban samples. Wind direction was an important factor influencing the daily variations in 
the concentrations of n-alkanes and PAHs. n-Alkane distributions showed moderate odd-to-
even relationship in forest samples, indicating the importance of biogenic emission of n-
alkanes in the sampling area. The concentrations of PAHs were higher in winter than in 
summer because of the lower temperature and more stable atmospheric conditions in winter. 
The gas-particle partition study of PAH compounds showed that compounds as heavy as 
pyrene or fluoranthene may be present in gas phase in significant amount. The size 
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distribution study showed that most of the PAHs are bound in fine particles (less than 2 µm 
in diameter). 
 
Other compounds identified in the study included fossil molecular markers such as hopanes 
and steranes. Oxygen-containing PAH were also identified. n-Alkanals and n-alkan-2-ones 
of biogenic origin were found. Polymeric material from cellular walls and oxidation 
reaction products of biogenic hydrocarbons were also identified in the forest samples. 
Benzoic acid, butyric acid, pinonic acid and other biogenic organic acids were successfully 
derivatised in SFE and identified from both urban and forest aerosol samples. 
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Abbreviations and Symbols  
 
 
 
A  Gaseous concentration of compound 
Cc  Slip correction factor 
Cg  Concentration of compound in gas phase 
Cmax  Carbon number with maximum concentration 
Cp  Concentration of compound in particulate phase 
CE  Capillary electrophoresis 
CPI  Carbon preference index 
Dn  Diameter of acceleration nozzle of impactor 
Dp  Particle diameter 
EPA  Environmental Protection Agency 
FID  Flame ionisation detector 
GC  Gas chromatography 
IC  Ion chromatography 
i.d.  Inner diameter 
ISTD  Internal standard 
KP  Gas-particle partition coefficient 
LC  Liquid chromatography 
MS  Mass spectrometry 
NPLC  Normal phase liquid chromatography 
o.d.  Outer diameter 
P0

L  Sub-cooled liquid vapour pressure 
PAH  Polycyclic aromatic hydrocarbon 
PEEK  Polyetheretherketone 
PTV  Programmable temperature vaporiser 
PUF  Polyurethane form plug 
RPLC  Reversed phase liquid chromatography 
RSD  Relative standard deviation 
SCF  Supercritical fluid 
SFC  Supercritical fluid chromatography 
SFE  Supercritical fluid extraction 
Stk  Stokes number 
SVE  Solvent vapour exit 
TSP  Total suspended particles 
U  Mean velocity of the air 
UCM  Unresolved complex mixture 
XAD  Polystyrene-divinylbenzene based adsorbent 
η  Viscosity of the gas  
λ  Wavelength 
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λm  Mean free path of gas molecules 
ρp  Particle density 
 
Compounds 
 
Ace  Acenaphthene  
Anq  Anthraquinone 
Ant   Anthracene 
Ay  Acenaphthylene 
BaA   Benzo(a)anthracene 
BaP  Benzo(a)pyrene  
B(b+k)F  Benzo(b+k)fluoranthene 
7-BdA  7H-Benz[de]anthracen-7-one 
Bghi   Benzo(g,h,i)perylene 
Cab  Carbazole 
Chry   Chrysene 
DbA   Dibenzo(a,h)anthracene 
DPTMDS  Diphenyltetramethyldisilazane 
EtAc  Ethyl acetate 
Fl   Fluorene 
Fla  Fluoranthene 
9-Flu  9-Fluorenone 
IdP   Indeno(1,2,3,cd)pyrene 
Methyl-Anq Methylanthraquinone 
N  Naphthalene 
PFBBr Pentafluorobenzyl bromide 
Phe   Phenanthrene 
Pyr   Pyrene 
TEA  Triethyl amine 
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1. Introduction 
 
 
 
The effects of air pollution on human health and the environment are of increasing interest 
as industrialisation continues. Historical examples such as London smog, acidic 
precipitation, ozone depression, the green house effect and photochemical smog have 
irrefutably demonstrated the negative influence of human activity on air quality. The 
amount of particulate matter in the atmosphere is one air quality parameter: in polluted 
areas, the mass of atmospheric particles may exceed 100 µg/m3.  
 
Aerosol particles influence the heat balance of the Earth by absorbing and scattering solar 
radiation, and by reflecting it directly or indirectly by forming clouds. Aerosol particles 
cause visibility degradation. They play an important role in photochemical smog events and 
in the chemistry of acidic precipitation. Some aerosol particles are toxic if inhaled to human 
body. 
 
Information on the chemical composition of aerosol particles is essential to understanding 
their chemistry, physics and toxicology. At the same time, chemical analysis of aerosol 
particles is demanding because of the complexity and low concentrations of chemical 
compounds. The errors generated during sampling and chemical analysis may be so large 
that the results are unreliable. 
 
Gas chromatography – mass spectrometry (GC-MS) is one of the most powerful analytical 
techniques in environmental analysis because of its high separation efficiency and capability 
for compound identification. Much effort is needed, however, before a sample can be 
analysed by GC-MS. Sample pre-treatment for GC-MS usually includes extraction of 
analytes from matrix, removal of disturbing compounds and the evaporation of excess 
solvent. These steps are normally carried out manually, and they may be time-consuming 
and tedious, produce organic waste and generate errors. In addition, for complex samples 
such as atmospheric particles, the separation efficiency of a single chromatographic system 
may not be sufficient after extensive sample pre-treatment. 
 
Multidimensional chromatographic techniques, combination of two or more 
chromatographic methods, offer attractive alternatives for the separation of complex 
samples. On-line coupled liquid chromatography – gas chromatography (LC-GC) is one of 
the most powerful of these techniques. In LC-GC, the sample pretreatment is taken care of 
in LC, and final separation of the fraction containing the target analytes is left to GC. 
Special interfaces between LC and GC allow transfer of much larger volumes of sample to 
the gas chromatograph than conventional GC injection, and detection limits are lowered 
significantly. In addition, reliability and repeatability of the analysis are improved as the 
whole analysis is carried out in a closed system. 
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In this study, on-line LC-GC was further coupled to supercritical fluid extraction (SFE). The 
use of supercritical CO2 as extraction fluid is advantageous because of its gas-like mobility 
and liquid-like solvating power. In addition, the properties of the fluid can easily be 
controlled by varying pressure and temperature. SFE tends to be more selective, faster and 
environmentally friendly than conventional extraction methods. Compatibility of SFE and 
LC-GC is excellent, as both techniques are suitable for relatively volatile and nonpolar 
analytes. On-line coupling of SFE to LC-GC is a natural extension for the development of 
automated analytical methods. 
 
Three SFE-LC-GC-MS methods were developed for the analysis of organic compounds in 
aerosol particles. In-situ derivatisation of atmospheric organic acids in SFE was explored in 
Paper I. Emphasis was put on the parameters affecting the derivatisation reaction. A method 
for the analysis of polycyclic aromatic hydrocarbons (PAHs) was presented in Papers II and 
III. The optimised conditions were verified by comparing the results with those obtained by 
other methods. The new methods were applied to the determination of seasonal trends, mass 
size distributions and gas-particle partition of PAHs. The group analysis of atmospheric 
organic compounds is described in Papers IV and V. The extracted samples were introduced 
to the LC and separated into three to four fractions, and each fraction was transferred to GC-
MS for analysis. Organic compositions in urban and forest air were compared.  
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2. Objectives of the Study 
 
 
 
The main objective of this study was to construct an on-line coupled SFE-LC-GC-MS 
system suitable for the determination of organic compounds in aerosol particles. In the on-
line coupling of SFE and LC-GC, the following aspects were of interest: 
 
* reliability and repeatability (automated analysis in a closed system), 
* low detection limit (i.e. all target analytes reach the detector), 
* minimised use of organic solvents, 
* flexibility to allow analysis of a wide range of organic compounds. 
 
Three SFE-LC-GC-MS methods were optimised and applied to the analysis of organic 
compounds in atmospheric aerosol particles. The more specific aims in this part of the study 
were 
 
* to develop an SFE-LC-GC-MS method for the analysis of organic acids using in-situ 
derivatisation in SFE (Paper I), 
* to develop a method for the determination of atmospheric PAHs (Paper II), 
* to determine the seasonal trend in atmospheric particulate PAHs (Paper II) 
* to determine the mass size distribution and gas-particle partition of PAHs (Paper III) 
* to develop an SFE-LC-GC-MS method for group analysis of organic compounds in 
atmospheric particles (Paper IV and V) 
* to obtain new information on the chemical composition of aerosol particles collected at 
urban and forest sites.  
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3. Aerosol Particles 
 
 
 
Aerosols can be defined as a suspension of fine solid or liquid particles in a gas [1]. 
Atmospheric aerosol particles are either emitted as or formed in the atmosphere. They range 
in size from a few nanometres (nm) to a few hundred micrometres (µm).  
 
Aerosol particles may be natural or anthropogenic. Some examples of natural sources are 
sea spray, rock debris and volcanic eruptions. Trees, too, are important sources of aerosol 
particles, and they also emit gases that form particles in the atmosphere. Mechanisms of 
particle formation in the forest atmosphere have been recently studied [2-4]. Human 
activities also lead to the emission of particles into the atmosphere and are a serious 
contributor to air pollution in urban areas. The major anthropogenic source is combustion 
processes that includes, including combustion of coal, emission from vehicles and a variety 
of industrial processes.  
 
 
3.1. Organic Compounds in Aerosol Particles 

 
Aerosol particles consist of a complex mixture of inorganic and organic compounds. 
Chemical compounds are not equally distributed in all particle sizes, and they tend to show 
different characteristics depending on the source and transport mechanism of the particles. 
For example, particles in the accumulation range (about 0.1-2 µm in diameter) have a longer 
lifetime in the atmosphere than do particles of other sizes due to lack of a removal 
mechanism, and they tend to be transported long range, and may show uniform chemical 
compositions over a wide area.  
 
Reportedly, 10-70% of total dry fine particles (less than 2 µm in diameter) consist of 
organic compounds [5-8]. Despite the significant abundance of organic compounds in 
aerosol particles, very little is known about the chemical composition. The number of 
organic compounds in aerosol particles may easily be several hundred [6-8], and the 
chemical composition strongly depends on the emission source. 
 
Organic compounds in aerosol particles show wide variation in water solubility, reactivity, 
polarity and volatility. In addition, many compounds are present only at trace level (<ng/m3 
level). Analysis of trace compounds requires long sampling period and the application of 
various analytical methods. Information about organic compounds in aerosol particles is still 
scanty, and methods for the complete chemical characterisation of organic composition are 
not available. 
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3.2. Sampling Methods for Aerosol Particles 

 
Concentrations of chemical species in aerosol particles are often too low for real-time 
sampling and analysis. Although a number of semi-real-time analytical methods have been 
developed, they tend to be specific for certain compounds and matrices. Instead, 
measurements of particle composition typically involve the chemical analysis of deposited 
particles, in a laboratory, some time after sample collection. Filters are most commonly used 
for particle collection because of availability and convenience. In off-line sampling, the 
sampling time may vary from a few hours to several days, depending on the concentration 
of the individual compound in ambient air, the detection limit of the analytical method and 
the flow rate of the sampling.  
 
Many compounds are present in both gas and particulate phase. Filtration or inertial 
classifiers are often applied for the collection of particulate compounds. Impregnated filters, 
canisters, denuders or adsorbent can be used for sampling of gas-phase compounds. In the 
following section, the basic principles of filters, inertial classifiers (impactor and cyclone) 
and denuder systems will be discussed. More detailed information about the advantages and 
problems of each sampling can be found in literature [5,9,10]. 
 
 
3.2.1. Filter Sampling 

 
Filtration is the most widely used sampling method for the collection of atmospheric 
particles, owing to its flexibility and simplicity. In filtration, the ambient air is drawn 
through a filter, and particles are collected by diffusion, interception, impaction, 
gravitational settling or electrostatic forces. Gases essentially penetrate through the filter. 
Filter efficiency is approximated by the arithmetic sum of these collection mechanisms [11]. 
Diffusion is the most dominant collection mechanism for very small particles, while 
impaction becomes important for large particles. Collection efficiency is poorest for 
particles at about 200 nm, as those particles are too large for diffusion to be effective and 
too small for impaction or interception to be effective. 
 
There are basically two types of filters, fibrous and membrane [12]. Fibrous filters consist of 
a mat of fine fibres arranged so that most are perpendicular to the direction of airflow. The 
material of fibrous filters may be cellulose, glass or quartz, and the porosity ranges from 0.6 
to 0.999. Membrane filters, on the other hand, have characteristic pore size depending on 
the manufacturing process. Typical materials for membrane filters are Teflon, nylon and 
polycarbonates. These are available with satisfactory purity. In the ideal case, membrane 
filters collect only those particles that are larger than the pore size. However, diffusion 
causes the adsorption of small particles and gaseous compounds on the surface. Porosity of 



 16

membrane filters is lower than that of fibrous filters, ranging from 0.05 to 0.8, and there is a 
high pressure drop across the filter.  
 
Filter sampling is perhaps most often done with a high-volume sampler (Figure 1) [13-15] 
and this is accepted as a standard method by the United State Environmental Protection 
Agency [16,17]. In high-volume sampling, ambient air is drawn through a large filter sheet 
(glass fibre or quartz) at high flow rate, often as much as 100 m3/h. Short sampling time is 
possible with high-volume samplers owing to the high rate of flow. Because of the high 
flow rate, however, other devices, such as ozone scrubber, are not easily incorporated. 
Furthermore, size resolved data cannot be obtained, since particles of all sizes are collected 
on a single sheet.  
 
Size-discriminated particle collection can be achieved by applying membrane filters of 
different pore sizes [18,19]. Drawbacks of membrane filters are smaller capacity and higher 
pressure drop than glass fibre or quartz filters, which means that the rate of air flow must be 
kept relatively low.  
 
 

 
Figure 1. Schematic of high-volume sampler. 

 
 
Serious errors are inherent in sampling by filtration. The assumption that the filter only 
collects particles often is not valid. A significant amount of gaseous compounds can be 
adsorbed on the filter, causing overestimation of particulate concentration of a compound. 
One way to correct this artefact for semi-volatile compounds is to apply two filters in 
tandem [20-23]. A backup filter allows correction of biases by subtraction of the 
concentrations of the backup filter from those of the front filter, assuming that the front and 
backup filters collect the same amount of gases. Kirchstetter et al. [24] point out that the 
tandem filter correction method must, however, be applied with caution because of 
significant differences in the capacities of filters for adsorption of gases even when the 

Shelter

Filter

High Volume blower

Outlet flow
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filters have the same product number. In addition, the particles collected in the front filter 
may change the surface properties of the filter, and start to work as an effective trap for 
gaseous compounds. 
 
Filter sampling can also lead to underestimation of particle concentrations if particle-bound 
compounds evaporate from the particle surface. The question of which artefact is dominant 
has been discussed in detail [5,25]. In the end, it may not be possible to generalise about 
artefacts since they depend on sampling conditions: filter material, amount and nature of 
particles on the filter, sampling duration, and temperature and humidity during sampling. 
 
An adsorbent such as XAD (polystyrene-divinylbenzene based adsorbent) or polyurethane 
form (PUF) plug can be placed after the filters to collect gas-phase compounds [26-30]. 
Denuders can be applied before filters for the same purpose [31,32]. These methods are 
particularly useful for study of the gas-particle partition of semi-volatile compounds. The 
chemical property and particle and pore size are important in choosing the adsorbent 
material. Some adsorbent materials bind analytes more strongly than do glass fibre or quartz 
filters, and then harsher conditions may be needed for extraction of the analytes [33]. 
 
 
3.2.2. Impactors and Cyclones 

 
Size classification of aerosol particles can be achieved with inertial classifiers such as 
impactors or cyclones. Figure 2 shows the basic principles of the impactor and cyclone. The 
stream of air containing aerosol particles is deflected by the impaction plate of the impactor 
or the surface of the cyclone. Aerosols with sufficient inertia cannot follow the stream and 
strike the surface of the collector, while smaller particles continue with the air stream. The 
dimensionless parameter, Stokes number (Stk), determines whether a particle of a particular 
size is collected [9,34,35]: 
 

 
 

(Eq.1) 
 

where ρP is particle density, Dp is particle diameter, CC is the slip correction factor, U is the 
mean velocity of the air through the acceleration nozzle, η is the viscosity of the gas 
(1.8×10-5 kg/ms for the air at 298 K and 1 atm) and Dn is the diameter of the accelerating 
nozzle. The slip correction factor is used for correction of the Stokes number and becomes 
more significant as the particle diameter approaches the mean free path of gas molecules 
because some gas molecules go past a particle without exchanging momentum with it. The 
empirical equation of the slip correction factor is given as [36] 
 

n

C
2
PP

D9
UCDρ

Stk
η
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(Eq.2) 
 

 
where λm is the mean free path of gas molecules (0.0651 µm for air at 298 K and 1 atm). 
Some values for the slip correction factor are available [36]. In practice, particles that have a 
Stokes number larger than 0.21-0.23 are collected [9], and the particle diameter at which 
collection efficiency is 50% (cut-off size) can be calculated. Mass size distribution of 
aerosol particles can be obtained by operating several impactors in series (cascade impactor) 
with order of decreasing cut-off size [37-40]. 
 
 

 
 

Figure 2. Basic principle of impactor (a) and cyclone (b). Particles smaller 
than a certain size follow the air stream to the next stage, while larger 
particles are not able to follow a sudden change in the air stream and are 
collected on the impaction plate. 

 
 
There are some potential artefacts in impactor sampling. In ideal impactor sampling, aerosol 
particles remain on the impaction plates when they strike. However, a significant amount of 
particles may bounce off, depending on the material of the impaction surface [41]. A 
greased surface can be used to prevent bouncing off of the particles. Impactors operate at 
low pressure, and some compounds may evaporate from the aerosol surface during 
sampling. Sampling times are longer than with the high-volume sampler because the aerosol 
mass is divided into several stages. 
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A cyclone is often placed before other sampling devices, not as a collection device but to 
filter out aerosol particles larger than a certain diameter. Sampling with inertial classifiers is 
often restricted to a specific flow rate, to which cut-off size is defined. The flow rate is 
usually much lower than that applied in high-volume sampling, and the sampling time tends 
to be longer correspondingly.  
 

 

3.2.3. Denuder Systems 

 
The artefacts generated in filter sampling can be greatly reduced with a denuder system 
[42,43]. The principle of the denuder system is shown in Figure 3. Particles greater than 10 
nm diameter have diffusion coefficients in air at least one-hundredth those of gas molecules 
[44]. When air is drawn through the denuder tube under laminar conditions, gas molecules 
diffuse to the inner wall of the denuder tube coated with suitable adsorbent. Particles, on the 
other hand, pass through the tube and are collected by a filter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. A simple denuder system. Gas molecules diffuse to 
the surface of the denuder tube, while particles pass through 
the tube and are collected on the filter. 

 
 
Denuder systems have been most often been applied in the sampling of inorganic species. 
However, organic compounds have also been sampled, with use of a coating such as KOH 
[45], XAD-4 [44,46] or charcoal [47]. Although more accurate data on gas-particle partition 
is obtained by a denuder system, coating and washing of the denuder are tedious, especially 
in field measurement. 
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A denuder system can be on-line coupled with an analytical system by using a continuously 
flowing instead of a permanent chemical coating on the denuder surface. Simon and 
Dasgupta [48,49] applied a continuous flow of water as a denuder coating for the collection 
of gas phase SO2 and HNO3 (wet effluent diffusion denuder). The particles were allowed to 
grow in size in a mist chamber and then collected by impaction. The analytes were 
concentrated and analysed by ion chromatography (IC). The system has been further 
developed and can now provide continuous measurement with time resolution of 20 min 
[50,51]. Recently, a wet effluent diffusion denuder system was applied for the collection of 
organic compounds. Water-soluble alcohols and ketones are sampled with use of deionised 
water as effluent [52]. Other effluents such as methanol, ethanol, propanol and heptane have 
been investigated for the sampling of terpene compounds [53].  
 
 
3.3. Analysis of Organic Compounds in Aerosol Particles 

 
Chromatographic techniques are by far the most common when identification and 
quantification of individual organic compounds are desired [10,54]. When the chemical 
analysis is performed by a chromatographic method, particles collected on filters or 
impactor plates are first subjected to an extraction procedure. Difficulties arise as a great 
number of organic compounds are present in aerosols, covering a wide range of polarities, 
volatilities and masses. They show diversity in solubility in extraction media and elution 
rate in chromatographic methods. As a consequence, only a minor portion of organic 
compounds can be characterised with a particular analytical method. 
 
The extraction solvent crucially determines what compounds are found in the chemical 
analysis. Organic solvents used for the extraction of organic compounds include 
dichloromethane, hexane, methanol and acetone [55-59]. Water-soluble compounds such as 
organic acids have been extracted with water [50-62]. Semi-volatile organic compounds 
have been successfully extracted by supercritical fluid extraction (SFE) [63-65]. 
 
Gas chromatography – mass spectrometry (GC-MS) has been the standard method for the 
identification of volatile and semi-volatile organic compounds in atmospheric aerosol [66-
69]. A wide range of compounds can be separated with a single GC column, and use of MS 
as detector makes the identification of compounds more reliable. For the analysis of polar 
compounds by GC-MS, derivatisation has been used to render them less polar and more 
volatile [70-72]. Liquid chromatography – mass spectrometry (LC-MS) is a promising 
method for the analysis of compounds that are too polar, non-volatile or thermally labile for 
and cannot be analysed by GC-MS [73,74]. Also, ion chromatography (IC) has been applied 
for the separation of ionic organic compounds [75,76]. Capillary electrophoresis (CE) is an 
alternative separation method for ionic compounds; separation efficiency is superior and 
consumption of reagents is less than with IC [61,77,78].  
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Mass spectrometry is a preferred detector for GC when samples are complex. MS gives the 
intensities of ions as a function of their mass-to-charge ratio (m/z). When electron ionisation 
is applied, each molecule generates distinctive fragmentation patterns providing structural 
information about itself. Peak detection in MS can be carried out by scanning a wide range 
of mass areas (e.g. m/z = 50 – 500) to obtain as much information as possible. This is called 
total ion current (TIC) scanning. The resulting chromatograms are similar to those obtained 
with the flame ionisation detector (FID). One advantage of TIC detection is that more 
informative data analysis is possible if chromatograms are extracted for particular m/z 
values. Detection can be also done by monitoring only m/z values of interest, and then a 
limited number of compounds are detected (selected ion monitoring, SIM). The resulting 
chromatograms contain fewer peaks with a less noisy baseline, which facilitates the 
interpretation of results. 
 
Use of mass spectrometry for single particle analysis in real time is becoming a promising 
alternative to traditional off-line sample collection and chemical analysis [79-81]. In most 
aerosol mass spectrometry methods, aerosol particles first undergo size classification, and 
the compounds from the particles are desorbed, ionised and analysed. This technique is 
attractive in offering detailed information about chemical composition of a single aerosol 
particle in real time, without the need for sampling and chemical analysis procedures. 
However, mixed spectra are obtained due to the lack of separation processes. The results 
are, thus, more difficult to interpret and only limited information is obtained about 
individual compounds. 
 
 
3.4. Problems in Traditional Chemical Analysis 

 
The traditional chemical characterisation of aerosol samples is plagued by significant errors 
both in sampling and in analytical procedure. Besides the artefacts of the sampling method, 
as discussed in section 3.2, the sampling time to get enough particle mass for the analysis 
needs to be long so that rapid changes in concentration level of particular compounds will 
be difficult to track.  
 
Before samples can be analysed by the methods mentioned above, they must be pre-treated. 
Extraction and fractionation are necessary to isolate the analytes from the matrix, and by 
reducing the amounts of compounds entering to the column, improve the chromatographic 
separation of compounds. In many studies, fractionation of organic compounds extracted 
from aerosol particles has been performed with a series of preparative chromatographic 
columns (silica gel or alumina column) [82-86] and by thin layer chromatography [87,88]. 
Solid phase extraction [89] and liquid-liquid extraction [90] have been less frequently used. 
Concentration by evaporation of excess solvent is important for low detection limits. 
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Traditionally these sample pre-treatment steps are carried out manually, which tend to be 
time-consuming, tedious, environmentally unfriendly and a serious source of errors. The 
uncertainty of the data on organic compounds in aerosol particles is considerable because of 
bias in sampling and errors generated during sample pre-treatment.  
 
The reliability of an analytical method can be improved by combining the sample pre-
treatment steps with the final separation and detection in a closed system (on-line 
coupling)[91]. An on-line coupled system has advantages such as the possibility for 
automation and minimised risk of analyte loss and contamination from external sources. 
Better repeatability and reliability can be achieved, and the effects of atmospheric oxygen 
and moisture can be minimised. Detection limits can be lowered in on-line coupled LC-GC 
through applying large volume GC technique.  
 
Aerosol analysis with an on-line coupled analytical system is ideal because target analytes 
tend to be present in low concentration in a complex matrix composed mainly of 
hydrocarbons. Efficient clean up and concentration steps are necessary for such samples. In 
addition to this study, applications of an on-line coupled analytical system for organic 
compounds in atmospheric particles include SFE-GC [64] and LC-GC [63,92,93]. 
Comprehensive GC×GC has also been successfully applied to the analysis of PAHs and 
oxygen-containing PAHs (oxy-PAHs) [94,95]. Additionally, microwave-assisted extraction 
has been on-line coupled with solid-phase extraction and large-volume GC [96].  
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4. Supercritical Fluid Extraction 
 
 
 
Supercritical fluid extraction (SFE) is an important method for the analytical scale 
extraction of solid samples. Its acceptance as a standard method by the US Environmental 
Protection Agency [97,98] and Nordic laboratories [99] has established its use in analytical 
laboratories.  
 
Extraction in SFE is carried out with supercritical fluid (SCF). SCF is the state of a 
compound, mixture or element above its critical pressure and critical temperature. SCF 
possesses distinctive properties as an extraction fluid. It is gas-like in terms of viscosity, 
diffusion and surface tension. At the same time, its high density gives dissolving properties 
similar to those of liquid. An important advantage of SCF as an extraction fluid is that the 
properties just mentioned are easily tuned by adjustment of temperature and pressure of the 
fluid.   
 
Carbon dioxide is the preferred extraction fluid in SFE because it has relatively low critical 
values (31.1 ºC and 72.9 bar); it is non-toxic, non-flammable and non-explosive, and is 
available in high purity. CO2 does not create environmental problems when used in 
analytical scale. The polarity of supercritical CO2 is similar to that of nonpolar solvents (e.g. 
n-hexane), which makes it suitable for the extraction of nonpolar compounds. The lack of 
polarity gives SFE with CO2 good selectivity, but this is also a drawback for the extraction 
of polar compounds. 
 
SFE is often faster (typically less than one hour) than conventional extraction methods with 
organic solvents (typically many hours), and it is easily automated, which cuts the cost of 
manual work. Extensive comparisons of SFE have been made with other methods such as 
Soxhlet extraction, shake and filter method, and pressurised hot water extractions [99-103]. 
Recoveries obtained by SFE are comparable or even better than those with other extraction 
methods. It has been pointed out that efficiency depends more on sample matrix in SFE than 
in other extraction methods [100,104]. 
 
 
4.1. Instrumentation 

 
The basic SFE instrumentation in analytical scale is quite simple, as shown in Figure 4. The 
SCF must be SFE grade to avoid accumulation of impurities. A high pressure pump is 
needed to pressurise the extraction fluid and deliver the fluid at a constant flow rate through 
the system. The sample is placed in the extraction vessel, and the frits and seals at both ends 



 24

to close the vessel firmly. The extraction vessel is then placed in an oven that heats the 
pressurised CO2 and the sample to desired temperature.  
 
Usually after the extraction vessel there is a valve, for the selection of dynamic or static 
mode. In dynamic mode, the fluid keeps flowing through the extraction vessel, while in 
static mode the flow of CO2 is stopped for a desired period. Dynamic mode is always 
required to elute the analytes from the extraction vessel. Static mode for 5 or 10 minutes 
before dynamic extraction may be effective when a modifier is directly applied to the 
extraction vessel [99]. 
 
 
 

 
Figure 4. A simple setup for SFE instruments. 

 
 
A pressure restrictor is an important component in SFE, as its function is to maintain the 
high pressure in the system while controlling the flow-rate of CO2. The pressure of CO2 is 
decreased to atmospheric pressure at the pressure restrictor. The extract is no longer soluble 
in expanded CO2, which facilitates the subsequent collection of extracts. Modern SFE 
instruments exclusively employ computer-controlled needle-valve restrictors that are easily 
adjusted and more reliable than capillary restrictors. 
 
Off-line collection of extracts can be carried out by bubbling CO2 through a few millilitres 
of solvent (solvent collection) or by adsorption onto adsorbent packed in a column (solid-
phase trapping). When a collection device is instead interfaced on-line to a chromatographic 
system (on-line collection), two requirements must be fulfilled: quantitative trapping of the 
analytes and quantitative transfer of the analytes as a narrow band to the chromatographic 
system. Often the analytes are trapped in a cooled solid-phase trap or on inert surface of a 
GC column, followed by thermal or solvent desorption [105-107]. 
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4.2. Critical Extraction Parameters 

 
 
SFE is most useful when relatively nonpolar and volatile analytes are extracted with CO2. 
Supercritical CO2 is not the best fluid for extraction of polar compounds, but the addition of 
small volume of polar organic modifier can enhance the solubility of polar compounds and 
increase the extraction recoveries. Effects of different modifiers on the recoveries of polar 
compounds have been studied [108-110]. A modifier can be employed in three forms. It 
may be present in a commercial extraction fluid, it may be added by connecting an 
additional pump before the extraction vessel, or it may be added directly to the extraction 
vessel. The last method is by far the simplest and most economical though the concentration 
of modifier decreases during the extraction.   
 
Both temperature and pressure influence the density of SCF and the vapour pressure of an 
analyte, and thereby the solubility of the analyte in SCF. At constant temperature, the 
solubility of the analyte may first decrease with increased pressure because the vapour 
pressure of the analyte decreases correspondingly. However, a sharp increase in analyte 
solubility should be observed as the fluid pressure approaches to its critical point [111]. The 
effect of temperature is somewhat more complex because of two competing effects. The 
solute volatility, diffusion and desorption from the matrix are enhanced with increasing 
temperature, and extraction recoveries are improved. At the same time, however, the density 
of the fluid decreases, which has a negative effect on the solubility of the analyte. In 
practice, increase in temperature improves the extraction efficiency so long as high 
extraction pressure is applied to keep the fluid density sufficiently high [112].  
 
After the best temperature and pressure have been selected, the flow rate of CO2 and the 
extraction time (i.e. volume of fluid used for extraction) should be optimised. If the 
extraction rate is limited by solubility or equilibrium processes such as partition of the 
analytes between the fluid and the matrix surface, then increasing the flow rate will improve 
the extraction rate because the sample is exposed to a larger volume of the fresh fluid. 
Analytes in high concentrations and large sample volumes also require high flow rate to 
avoid saturation of the fluid. On the other hand, if the rate determining step of SFE is the 
kinetics of desorption or diffusion of analytes, then change in the flow rate will not 
influence the extraction rate. Instead, optimisation of other parameters such as temperature 
or polarity of the fluid should be considered. In general, the extraction rate is improved for 
samples with small particle size because a large area is then exposed to the fluid and the 
path of diffusion for analytes to matrix surface is shorter. 
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4.3. Derivatisation and Ion-Pair Reactions 

 
One way to overcome the poor extraction efficiency of polar and ionic analytes in 
supercritical CO2 is to apply derivatisation or ion-pair reactions. These reactions reduce the 
polarity and often also increase the vapour pressure of the compounds, enhancing their 
solubility in supercritical CO2. If chromatographic methods are used for the final analysis, 
chemical derivatisation reactions may also improve separation efficiency and the sensitivity 
in detection. In-situ derivatisation reactions in SFE have been applied for the extraction of 
organic compounds containing carboxyl [113-116], hydroxyl [117-119] and amine [120] 
groups. Organometal compounds [121-123] and amides [125] have also been successfully 
extracted after in-situ ion-pair reactions in SFE.  
 
The most common procedure for in-situ chemical derivatisation in SFE is to add the 
derivatising reagent, catalyst and modifier directly to the extraction vessel, and carry out the 
reactions in static mode. The amount of derivitising reagents, the duration of the reaction, 
and the reaction temperature and pressure should be optimised experimentally.  
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5. On-Line Coupled Liquid Chromatography - Gas Chromatography 
 
 
 
GC is one of the major separation techniques in modern analytical chemistry. It can be used 
to separate a wide range of compounds in a single column, it offers excellent separation 
efficiency and it is easily coupled with different types of detectors. Straightforward on-line 
coupling of GC with MS makes the identification of compounds relatively easy.  
 
Complex samples cannot always be directly analysed by GC. Disturbing compounds such as 
water, inorganic or non-volatile compounds must be removed from the sample before GC 
analysis. Also, fractionation of the analytes from the sample matrix is necessary. Sample 
pre-treatment eteps (e.g. thin-layer chromatography, solid-phase extraction, classical 
column chromatography) are mostly done manually.  
 
On-line coupled LC-GC is an attractive method for automated trace analysis with a complex 
sample matrix. The separation is carried out in two steps. The target analytes are first 
isolated and concentrated in LC, and then the fraction of interest is transferred directly to the 
GC, which performs the final separation. Since the sample pre-treatment is carried out 
automatically in a closed system, LC-GC offers better reliability and requires less labour 
with less consumption of organic solvent. In addition, with an LC-GC interface, much larger 
samples (mL level) can be transferred to the GC without loss of analytes. LC-GC thus offers 
very low detection limits and excellent sensitivity.  
 
 
5.1. Liquid Chromatography in On-Line Liquid Chromatography - Gas 

Chromatography 

 
The role of LC in on-line coupled LC-GC is isolation of the analytes from the disturbing 
compounds and concentration of the analytes into suitable fractions. A high-performance 
LC column provides excellent separation efficiency with good repeatability, making LC a 
powerful sample pre-treatment method before GC [91]. It is also easy to monitor the 
separation process with commonly available detectors.  
 
Most modern LC separations are carried out in reversed phase, using a nonpolar column and 
an aqueous eluent. In on-line LC-GC, however, most of the methods are carried out in 
normal phase with use of a polar LC column (e.g. silica, amino, cyano) and a nonpolar 
organic eluent (e.g. n-pentane, n-hexane, cyclohexane). Analytes that can be separated by 
GC are usually non- or semi-polar compounds with relatively high vapour pressure, and 
thus they are soluble in typical NPLC eluents. Another reason for normal phase is the 
compatibility of the eluent with the LC-GC interface. When the target fraction is transferred 
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from a liquid chromatograph to a gas chromatograph, the LC eluent must be effectively 
discharged at the interface. Aqueous eluents are much more difficult to discharge than 
organic eluents, and require special techniques [125-129]. 
 
The volume of the fraction to be transferred depends on the diameter of the LC column. A 
wide column has larger capacity; however, the volume of the fraction also becomes large. A 
suitable fraction volume in LC-GC (i.e. a few hundred µL) often can be obtained with a 2-
mm i.d. column [130]. The LC column does not necessarily have to be as long as an 
analytical LC column because efficient separation is not always the main requirement of the 
LC step. A precolumn of 2-3 cm may be efficient enough [131]. 
 
 
5.2. Interfaces and Evaporation Techniques 

 
The introduction of a large volume of eluent from LC to a GC column requires special 
techniques. These techniques must remove the eluent selectively without loss of analytes, 
and for good separation the analytes must form a sharp band at the entrance of the GC 
analytical column. There are currently three main interfaces for LC-GC coupling: on-
column, loop-type and programmable temperature vaporiser (PTV). The eluent can be 
discharged from the gas chromatograph by either fully concurrent or partially concurrent 
eluent evaporation technique.  
 
The on-column interface with partially concurrent eluent evaporation technique was used 
throughout the present study, and is described in the next section. Detailed information on 
other techniques is available in excellent review articles [132-134]. 
 
 
5.3. On-Column Interface with Partially Concurrent Eluent Evaporation 

 
The development of the on-column interface is largely due to the work of Grob in the 
1980’s [135], and his is probably the best LC-GC transfer technique when volatile 
compounds are to be analysed [136-139]. In Grob’s technique, the discharge of the eluent 
vapour and concentration of the analytes are carried out with use of a solvent vapour exit 
(SVE) and a GC precolumn, known as a retention gap. Usually partially concurrent eluent 
evaporation is employed. 
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5.3.1. Mechanism of Sample Transfer 

 
A simple diagram of on-column LC-GC is shown in Figure 5(a) and a detailed presentation 
of the GC injector in Figure 5(b). The line from the LC (or LC detector) is connected to an 
injection valve (A). A thin capillary from the injection valve enters a retention gap (B), 
which is connected to a retaining precolumn (C) and further to an analytical column (D). 
Typically a solvent vapour exit (SVE) is mounted between the retaining precolumn and the 
analytical column. The restrictors on multiple port valves prevent back flow of the eluent 
from capillaries to the GC system, which could raise the baseline [140].  
 
 

 
Figure 5. On-line LC-GC with on-column interface (a) and a detailed 
presentation of the interface (b). A, injector valve; B, retention gap; C, 
retaining precolumn; D, analytical column; E, detector; F, GC injector; 
SVE, solvent vapour exit.  

 
 
Transfer of a fraction is initiated by switching the injection valve. The fraction is pushed to 
the entrance of the retention gap through a thin capillary by an LC pump at a constant flow 
rate. For partially concurrent eluent evaporation technique, the temperature of the GC oven 
is kept slightly under the boiling point of the eluent corrected for the inlet pressure of the 
carrier gas. Thus, instead of boiling, the eluent is pushed forward by the carrier gas and 
forms a liquid film (flooded zone) on the inner wall of the retention gap. The carrier gas 
becomes saturated with the eluent vapour at the very beginning of the retention gap, so that 
eluent evaporates from the rear end of the liquid film during transfer of the fraction. Part of 
the eluent vapour is discharged through the SVE, which is opened during the eluent transfer, 
while the remaining part of the eluent forms the flooded zone. 
 
Volatile and high boiling compounds are concentrated in the retention gap by different 
mechanisms. The flooded zone works as a powerful temporary stationary phase in the 
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retention gap, and retains volatile compounds (solvent effect). The volatile compounds 
move together with the flooded zone in the retention gap and form a sharp band as the 
flooded zone becomes narrower at the end of the evaporation process. High boiling 
compounds do not move with the flooded zone but remain on the inner wall of the retention 
gap, forming a broad band in the retention gap. When the analysis starts and the GC 
temperature is raised, they migrate through the retention gap but are trapped again at the 
entrance to the analytical column due to the large difference in retention powers of the 
retention gap and the analytical column, and they make a sharp band there (phase ratio 
focusing).   
 
It is crucial in on-column interface that the retention gap is well wetted with the eluent, so 
the eluent must be able to form a uniform liquid film. If wettability is not sufficient, the film 
is not uniform and the flooded zone increases in length and becomes unstable. A retention 
gap deactivated with diphenyltetramethyldisilazane (DPTMDS) offers satisfactory inertness 
and wettability [141]. Solvents with low surface tension (n-hexane, diethyl ether) form a 
uniform flooded zone in the retention gap [142]. Water is a difficult eluent to deal with. 
Water does not form a liquid film on the inner wall owing to the high surface tension. 
Rather, water shoots deep into the retention gap in the form of droplets. Water produces a 
larger volume of vapour than other organic solvents, and discharge of the vapour is more 
time consuming [143]. In addition, solvents containing hydroxyl groups tend to desilylate 
the surface of the deactivated retention gap, ultimately ruining the column. 
 
 
5.3.2. Removal of Eluent Vapour 

 
Partially concurrent eluent evaporation technique with use of SVE is preffered to eluent 
evaporation through the analytical column because a much larger analyte fraction can then 
be transferred.  
 
In fraction transfer with SVE, most of the eluent that is introduced is simultaneously 
evaporated through SVE. The inner diameter of the retention gap is large (typically 0.53 
mm) to increase the capacity of the column and to accelerate the eluent evaporation rate 
through higher carrier gas flow [144]. The problems with GC detectors associated with 
excessive amount of solvent vapour are prevented since most of the vapour is discharged 
through the SVE. A fraction larger than 1 mL can be transferred using a retention gap of 10 
m × 0.53 mm i.d. [145-147]. The use of SVE, it must be added, requires more complicated 
instrument design and optimisation of the eluent transfer conditions to prevent loss of 
volatile analytes along with the eluent. 
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5.3.3. Critical Parameters for Transfer 

 
Optimisation of eluent transfer conditions is complicated for the on-column interface with 
partially concurrent eluent evaporation technique because there are three interdependent 
parameters: the length of the flooded zone, the transfer rate and the eluent evaporation rate. 
These are adjusted with the inlet pressure of the carrier gas, the GC oven temperature and 
the transfer rate (i.e. flow rate of the LC pump). In addition, the timing of the SVE closure is 
important if it is used.  
 
The transfer rate must be greater than the eluent evaporation rate to avoid drying up of the 
flooded zone. The maximum transfer volume increases as the eluent evaporation rate 
approaches the transfer rate. Higher inlet pressure increases the eluent evaporation rate. 
Likewise, higher transfer temperature enhances the eluent evaporation process. However, 
the transfer temperature must be kept under the pressure-corrected boiling point of the 
eluent to avoid violent evaporation of the eluent. 
 
Also important to the transfer is the geometry of the columns. A wide retention gap gives 
higher capacity and faster eluent evaporation due to the faster flow rate of the carrier gas. 
However, a retention gap with large i.d. has a drawback in the strong pressure drop. In ideal 
transfer conditions, the eluent is evaporated from the rear end of the flooded zone. If there is 
a substantial pressure drop in the retention gap, the eluent may boil at the front end of the 
flooded zone, causing the loss of volatile compounds. Use of a retaining precolumn with 
narrower i.d. (e.g. 0.32 mm) and of 2-3 m length is a good way to minimise the pressure 
drop across the retention gap [147]. 
 
Finally, the timing of the SVE closure must be carefully optimised to avoid loss of volatile 
compounds due to drying up of the flooded zone. The flow of the carrier gas must be 
directed to the analytical column before the last portion of the solvent film is evaporated. On 
the other hand, if the SVE is closed too early, the eluent may shoot into the analytical 
column and peaks may become distorted [144]. 
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6. On-Line Coupling of Supercritical Fluid Extraction to Liquid 
Chromatography – Gas Chromatography 
 
 
 
It is possible to couple SFE on-line to analytical systems. Contamination risk is minimised 
when transfer of the extracts to the analytical system is carried out in a closed system. In 
many cases, the whole extract is transferred, and detection limit and sensitivity are 
improved. SFE has been coupled most successfully with supercritical fluid chromatography 
(SFC) [148-150] and GC [64,151] since decompressed CO2 is basically compatible with 
these two techniques.  
 
The first qualitative on-line SFE-LC system was reported by Unger and Roumeliotis in 
1983 [152]. The most common on-line interface between SFE and LC today is the solid-
phase trap, shown in Figure 6(A). In this configuration, the extracted analytes are collected 
in the solid-phase trap and transferred to the LC analytical column by elution when the 
valve is switched. Material such as octadecyl [153-156] and porous graphite carbon [157] 
has been applied in the trap. One problem with this configuration is that gas enters the LC 
system, making the LC column and the detector unstable. The packing material of the solid-
phase trap, the LC column and the eluent composition must be chosen carefully. The eluent 
must be strong enough for effective elution of analytes from the solid-phase trap, but weak 
enough for a sharp band to form at the beginning of the LC column during the transfer. 
 
Another way to interface SFE and LC is to use a  0.53 mm i.d. coated silica capillary [158] 
and directly inject small volume of CO2 containing the extracts to the analytical column 
[159,160] 
 
Before us, only Cortes et al. [161] had carried out on-line coupling of SFE to LC-GC. They 
analysed grass samples for chlorpyrifos insecticides. In their study, the interface between 
SFE and LC-GC was a T-piece containing an impactor plate, as shown in Figure 6(b). In 
this configuration, decompression of gas occurs at the impaction plate, where the analytes 
are collected. During the extraction, the other end of the LC is plugged to prevent CO2 from 
entering the LC system. After the extraction, the plug is removed when the eluent has filled 
the impactor interface.  
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Figure 6. (A) Interface for on-line SFE-LC. A, solid-phase trap; B, LC 
column. (B) Impactor interface for SFE and LC-GC developed by Cortes 
et al. [161]. 
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7. Experimental 
 
 
 
Chemicals, instruments and analytical procedures used in this study are briefly described 
below. More detailed information can be found in Papers I-V. 
 
 
7.1. Chemicals 

 
The chemicals, their suppliers and the purities of the chemicals are listed in Table 1. HPLC-
grade n-pentane and n-hexane were further distilled in the laboratory. Stock solutions of the 
chemicals were prepared by diluting with ethyl acetate, toluene or acetone, and further 
diluting to the desired concentrations with the distilled n-pentane or n-hexane.  
 
 
7.2. Sampling 

 
The materials used for sampling in this study are presented in Table 2. Sampling was 
conducted at different locations in the years 2001 to 2003, except for the high-volume 
sampling for Paper II, where the samples were provided by The Helsinki Metropolitan Area 
Council. Most of the samples were collected at the University campus (Paper I, III and IV), 
and represent urban air. The sample reported in Paper V was collected at the Hyytiälä Forest 
Station. 
 
Quartz filters and glass fibre filters were preheated at 880 and 480 °C before use to remove 
the organic impurities. Teflon filters were applied without pre-treatment. XAD-2 was 
washed by Soxhlet extraction, twice with ethanol and twice with dichloromethane. 
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Table1. Chemicals used in the experiments. See Papers I-V for more details 
 
Compound Source Notes Paper
   
SFE    
Carbon dioxide Messer SFE grade I-V 
Carbon dioxide AGA cooling of solid-phase trap I-V 
Sodium sulphate J. T. Baker drying agent, 12-60 mesh I 
    
LC eluent    
Ethyl acetate Lab-Scan HPLC grade, 99.9% I-V 
n-Hexane Lab-Scan HPLC grade, 95% IV-V 
n-Pentane Lab-Scan HPLC grade, 95% I-III 
    
Standards    
Benzoic acid local pharmacy  I 
Butyric acid Fluka ≥99% I 
Salicylic acid May & Baker ≥99.5% I 
cis-Pinonic acid Aldrich 98% I, V 
PAH mixture AccuStandard Product# Z-014G-R II-V 
n-Alkane (C12 – C32) Fluka even carbon numbers IV-V 
Anthraquinone Fluka ≥99% IV-V 
2-Methylanthraquinone Fluka >95% IV-V 
Acenaphthenequinone Fluka  IV-V 
9-Fluorenone Fluka ≥99% IV-V 
5,12-Naphthacenequinone Fluka >96% IV-V 
Phenanthrene-9-carboxaldehyde Fluka >97% IV-V 
Xanthone Fluka >97% IV-V 
    
Internal standards    
Butyrophenone Fluka >98% I 
1,1’-Binaphthyl Acros 98% IV, V 
2,2’-Binaphthyl AccuStandard >99% II, III 
2-(Bromomethyl)naphthalene Aldrich 96% II 
    
Others    
Acetone Lab-Scan HPLC grade, 99.5%, modifier, 

cleaning of instrument 
I, V 

Dichloromethane Lab-Scan HPLC grade, 99.8%, LC rinse, 
modifier, Soxhlet of XAD-2 

III-V 
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Table1 (cont.). Chemicals used in the experiments. See Papers I-V for details. 

 
 Source Notes Paper
Methanol Lab-Scan HPLC grade, ≥99.8%, Soxhlet 

of XAD-2
III 

Isopropanol Lab-Scan HPLC grade, >99.7%, LC rinse I-III 
Toluene Lab-Scan HPLC grade, 99.8%, Soxhlet 

extraction 
II 

Pentafluorobenzyl bromide Aldrich Derivatisation reagent I, V 
Triethylamine Fluka Catalyst in derivatisation I, V 
 
 

Table 2. Materials used for sampling 
 
 Manufactures Notes Flow rate Paper 
     
Hi-volume sampling     
Quartz filter Munktell 240 mm diameter 80-100 m3/h IV-V 
Glass fibre filter Munktell 250 x 200 mm 100 m3/h II 
     
Membrane filter     
Filter holder Whatman Nuclepore 25 mm diameter 3.5 L/min I 
Teflon filter Schleicher & Schuell 25 mm diameter, 5 and 

0.2 µm pore size 
3.5 L/min I 

     
Partition Study     
Cyclone University Research 

Glassware 
Cutsize 2.5 µm at 10 
L/min flow rate 

10 L/min III 

Filter holder University Research 
Glassware 

47 mm diameter 10 L/min III 

Quartz filter Whatman 47 mm diameter 10 L/min III 
XAD-2 EGA-Chemie 20-60 mesh 10 L/min III 
     
Impactor     
Low pressure 
impactor 

Dekati 13 stages 14 L/min III 

Glass fibre Whatman 25 mm diameter 14 L/min III 
 



 37

7.3. Instrumentation  

 
A scheme of the SFE-LC-GC-MS system is presented in Figure 7. Instruments and 
materials for the construction are listed in Table 3. Detailed descriptions of the construction 
of constructing the SFE-LC-GC-MS can be found in the original papers.   
 
The interface between SFE and LC was made with a Teflon tube (0.5 mm i.d., 1/16’’ o.d.),  
one end of which was connected to the solid-phase trap and the other to the multiple-port 
valve (V1 in Figure 7). The on-column interface between LC and GC was made of thin 
deactivated silica capillary (100 µm i.d., 170 µm o.d.). One end of the capillary was 
connected to the multiple port, V3, and the other end through the GC injection port into the 
retention gap (0.53 mm i.d. x 10 m). The carrier gas (helium) was introduced from the 
injection port.  
 
 
 
 

 
Figure 7. SFE-LC-GC-MS system. C, exhaust and the position of the 
back pressure regulator during elution; CR, capillary restrictor; EV, 
extraction vessel; R pressure restrictor; V1-V7 multi-port valves. 
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Table 3.  Materials and devices used for instrumentation. 
 

 Manufactures Notes Paper 
    
SFE    
Suprex Prep Master Suprex with Accutrap unit I-V 
Solid-phase trap  8.0 cm × 2.0 mm i.d. I-V 
Octadecylsilane particles J & W Scientific trap material (60 µm) I-V 
Extraction vessel home made volume: 3 mL, 5 mL I-V 
    
LC    
PU-980 pump Jasco  I-V 
UV-970 detector Jasco  I-V 
Cyano column Phase Separations 10.0 cm × 2.1 mm i.d I-II 
Silica column Phenomenex 15.0 cm × 2.0 mm i.d III-V 
    
GC    
HRGC 5300 Carlo Erba  I-V 
Deactivated retention gap Agilent Technologies, 

BGB Analytik 
10 m × 0.53 mm i.d. 
DPTMDS deactivated 

I-V 

Retaining precolumn Agilent Technologies (HP-
5), BGB Analytik (BGB-5) 

3 m × 0.32 mm i.d.,  
0.25 µm film thickness 

I-V 

Analytical column Agilent Technologies 
 

20 m × 0.25 mm i.d., HP-
5, 0.25 µm film thickness 

II-V 

Analytical column BGB Analytik 20 m × 0.32 mm i.d., 
BGB-5, 0.25 µm film 
thickness 

I 

Glass pressfits BGB Analytik  I-V 
    
MS    
Automass Solo Thermoquest with Xcalibur software I-V 
    
Others    
Teflon tubing Alltech 0.5 mm i.d., 1/16’’ o.d. I-V 
PEEK tubing Alltech 0.5 mm i.d., 1/16’’ o.d. I-V 
Stainless steel tubing Alltech, Vici Valco 0.5 mm i.d., 1/16’’ o.d. I-V 
Silica tubing Composite Metal Services 100 µm i.d. x 170 µm 

o.d. (LC-GC transfer), 
50 µm i.d. x 375 µm o.d. 
(restrictors on GC) 

I-V 

Multi-port valves Vici Valco  I-V 
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7.4. Analytical Procedure 

 
After sampling, the filters were stored in clean glass jars at -25 °C. A day or two before the 
samples were to be analysed, they were moved to a clean dessicator and dried in the dark at 
4°C. The basic analytical procedures are summarised in Figure 8, and the analytical 
conditions studied and applied are listed in Table 4.  
 
The SFE conditions for the analysis of organic acids reported in Paper V were modified 
from those given in Table 4 because of the smaller extraction vessel that was used (3 mL vs 
5 mL). In addition, the LC-GC conditions for the acid analysis were those used for  the 
group analysis (Paper V) rather than those used earlier (Paper I). See the papers for the 
details.  
 
 
 

 
Figure 8. Analytical procedure for SFE-LC-GC-MS analysis 

 
 
 

Addition of sample and reagents to extraction vessel

Static SFE (derivatisation), if needed

Dynamic SFE

Transfer of analytes from sold-phase trap to LC

Fractionation and clean-up in LC

Transfer of target fraction from LC to GC

Final separation and detection by GC-MS 

Clean up of solid-phase trap and LC coulmn
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Table 4. Studied and applied analytical conditions for Papers I-V. 
 

 Organic Acids (Papers I and V) PAHs (Papers II and III) Group analysis (Papers IV and V) 
Static SFE  
Derivatising reagent PFBBr (50 µL, 2% v/v in acetone)
Catalyst TEA (25, 50, 75 and 100 µL)
Modifier Acetone (100, 300, 600 and 900 µL) Dichloromethane 400 µL
Temperature 80, 100, 120 °C 150 °C
Pressure 300, 350 and 400 bar 400 bar
Extraction time 5, 10, 15, 30 and 60 min 10 min
  
Dynamic SFE  
Temperature and pressure Optimised in static SFE 150 °C and 400 bar 150 °C and 400 bar, 45 °C and 300 bar‡ 

Flow rate, trap temperature 1.5 mL/min (fluid), 10 °C 1.5 mL/min (fluid), 10 °C 1.5 mL/min (fluid), 10 °C
Extraction time 15, 30, 45 and 60 min 10, 20, 30, 45 and 60 min 45 min
  
LC-GC  
Eluent composition 3% EtAc in n-pentane (v/v) 2-3% EtAc in n-pentane (v/v) 5% EtAc in n-hexane (v/v)
LC flow rate 200 µL/min 200 µL/min 210 µL/min
Transfer temperature and 
 pressure (helium) 

43 °C and 1.3 bar 43 °C and 1.3 bar 80 °C and 1.3 bar 

Transfer volume 1600 µL 900 µL 280 – 840 µL
GC temperature 40 °C (1 min) – 10 °C/min – 300°C (10 

min) 
40 °C (1 min) – 15 °C/min – 150 °C – 5 
°C/min – 200 °C – 10 °C/min – 300 °C 
(15 min)  

80 °C (1 min ) – 15 °C/min – 150 °C – 5 
°C/min – 200 °C – 10° C/min – 300 °C 
(30 min) 

  
MS  
Electron voltage 20 eV 70 eV 70 eV
Scanned range with TIC 50-500 amu 50-500 amu 50-500 amu
‡ conditions used for analysis of Scots pine needles
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8. Results and Discussion 
 
 
 
In the construction of the instrument, solid-phase trapping was chosen as the collection 
method for SFE because it is easy to apply to an on-line system; capacity is satisfactory and 
retaining power is good. After the interface between the SFE and LC-GC was constructed, 
the optimisation of the system was carried out, always with use of the on-line coupling 
system. The option of optimising each method separately was not pursued because a number 
of compromises have to be made when SFE and LC-GC are coupled on-line. For example, 
maximum volumes of the derivatising reagents are limited by the capacity of the solid-phase 
trap and the separation efficiency in LC. The SFE modifier has to be chosen so as not to 
damage the LC-GC system even this is introduced in large volume. The volume of the SFE 
modifier is limited by the trap efficiency. A compromise was made in the choice of eluent. 
For simplicity, an eluent suitable for NPLC-GC analysis was also used for the elution of the 
analytes from the solid-phase trap. 
 
Three methods were developed using the on-line SFE-LC-GC-MS system. The first method, 
which was developed for the analysis of organic acids, was in-situ SFE derivatisation with 
pentafluorobenzyl bromide before dynamic extraction (Paper I). The optimal conditions for 
the derivatisation reaction and extraction, the extraction duration, and the amount of added 
reagents were investigated. The derivatisation reagents were separated from the analytes in 
LC, and the fraction containing the derivatised organic acids was transferred to the GC. In 
the second method, in which PAHs were analysed, SFE was carried out without application 
of modifier (Papers II and III). The recoveries of PAH compounds obtained with the SFE-
LC-GC-MS system were compared with those obtained by Soxhlet extraction and GC-MS 
analysis. The third method was developed for the group analysis of organic compounds 
(Paperd IV and V). The extract from SFE was separated into three or four fractions in LC 
according to the polarity of the analytes. Each fraction was then transferred to GC for the 
final analysis.  
 
Organic acids were collected with membrane filters of 5 and 0.2 µm pore size (Paper I). In 
the case of PAH compounds, the size-discriminated sampling was carried out with a low-
pressure impactor to study the size distribution (Paper III). The gas-partition coefficient 
study for PAH compounds was carried out by collecting aerosol particles on glass fibre 
filter and then gas phase compounds on adsorbent (Paper III). High-volume sampling was 
used for group analysis of aerosol particles. Sampling was carried out in an urban area, 
downtown Helsinki (Paper IV) and in a forested area (Paper V).  
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8.1. Interface Between Supercritical Fluid Extraction and Liquid 

Chromatography – Gas Chromatography 

 
A solid-phase trap was chosen as the collection method for the SFE extracts because the 
capacity of the solid-phase trap can easily be adjusted by changing the amount, particle size 
and nature of the packing material. Octadecylsilane particles were chosen as packing 
material. As pointed out in literature [153-156], nonpolar material like octadecylsilane is 
well suited for the trapping of relatively nonpolar compounds extracted by SFE. The column 
of 8 cm x 2.1 mm i.d. was able to hold 0.5 g of the packing material (60 µm particle size).  
 
Elution of the solid-phase trap was initiated by switching Valve 5, and injection to the liquid 
chromatograph was by Valve 1 (Figure 7). The timing of the switching of those valves was 
important for successful transfer. When the two valves were switched simultaneously, the 
gas present in the solid-phase trap entered the LC column. Waiting for equilibrium of the 
LC column after the passage of gas was not an attractive option because the LC column 
suitable for LC-GC methods (i.e. silica or cyano column) did not strongly retain the SFE 
analytes eluted with nonpolar organic solvent. As a result, the analytes started to emerge 
from the LC system before the column and the UV detector became stable. Instead of 
waiting for equilibrium, therefore, the entrance of gas to the LC column was prevented by 
switching Valve 1 only after the eluent front had arrived there.  
 
The eluent flow in the Teflon transfer line between the solid-phase trap and Valve 1 
contained gas plugs. Blocking the exhaust on Valve 1 created a small backpressure against 
the eluent flow, and the gas plugs disappeared. More repeatable elution was obtained 
because backpressure ensured smoother elution of the solid-phase trap.  
 
 
8.2. Supercritical Fluid Extraction Conditions 

 
This section summarises the results obtained for the SFE optimisation described in Papers I-
V. Parameters affecting the in-situ derivatisation of organic acids are discussed. The effects 
of the amount of modifier, extraction temperature and pressure, and extraction time on the 
recoveries were investigated. 
 
 
8.2.1. Derivatising Reagents 

 
Recoveries of the selected organic acids (butyric acid, benzoic acid, salicylic acid and 
pinonic acid) were poor (less than 5%) without derivatisation. Pentafluorobenzyl bromide 
(PFBBr) was chosen as derivatising reagent. PFBBr has been successfully applied for 
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organic acids by Taylor et al. [113] and Lopez-Avila et al. [114]. PFBBr absorbs UV 
radiation at wavelengths as high as 254 nm, making detection of the fraction easier. In 
addition, the organic acids derivatised with PFBBr exhibit good gas chromatographic 
behaviour. 
 
Butyric acid, benzoic acid and salicylic acid are formed during the oxidation of 
anthropogenic hydrocarbons and have been observed in urban areas [162-166]. Pinonic acid 
is one of the photooxidation products of α-pinene, and represents the biogenic aerosol 
particles [167-168]. Dicarboxylic acids such as oxalic acid and succinic acid were excluded 
from the study because they did not react quantitatively with PFBBr. Recoveries of the 
derivatised organic acids were studied under various SFE conditions with different reagent 
volumes added to the extraction chamber (5 mL). 
 
It is difficult to estimate the concentration of organic acids in real samples. In this study, 
1000-fold excess of PFBBr (6.5×10-6 mol) was added to the extraction vessel containing the 
mixture of selected organic acids (200 ng each). The overlap of PFBBr and the derivatised 
acids in LC became more problematic at higher concentrations of the derivatising reagent 
than the one used in this study.  
 
Derivatisation of organic acids with PFBBr requires basic conditions, and triethylamine 
(TEA) is usually added to enhance the reaction efficiency. Furthermore, addition of acetone 
as a modifier is known to increase the recovery of derivatised acids from SFE [113,114]. 
Figure 9 shows the recoveries of the derivatised acids with different volumes of TEA added 
to the extraction vessel (25, 50, 75 and 100 µL). The SFE conditions were 400 bar and 100 
°C and 30 min for both static and dynamic extraction. For all the acids, increase of TEA 
from 25 to 50 µL clearly improved the recoveries. Increase of TEA from 50 to 75 µL had a 
positive effect on benzoic acid but negative or no clear effect on other acids. 50 µL was 
selected as a compromise because recoveries of all the acids were satisfactory at this level, 
and the aim was to use minimum volumes of the reagents to avoid saturation of the solid-
phase trap or the LC column.  
 
 
8.2.2. Modifier and Saturation of the Solid-Phase Trap 

 
Use of a modifier improves the extraction efficiency of SFE for polar analytes. However, 
the amount of modifier to be added must be carefully optimised when the solid-phase trap is 
used. If the solid-phase trap is saturated with the modifier, the analytes are not retained but 
penetrate through the trap, and recoveries are lowered. 
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Acetone is a good modifier for extraction of derivatised organic acids, and high extraction 
recoveries have been reported [113,114]. In this study, the modifier was added directly to 
the extraction vessel. Of the acetone volumes added to the extraction vessel (100, 300, 600 
and 900 µL), 300 µL was the maximum volume, before saturation of the solid-phase 
became significant.  
 

 
Figure 9. Effect of the volume of triethyl amine (25, 50, 75 and 100 µL) on 
recovery of derivatised acids. Both reaction and extraction times were 30 
min at 400 bar and 100 °C. Acetone (300 µL) was added to the extraction 
vessel. The maximum recoveries are normalised to unity (n=3, Paper I) 

 
 
For the extraction of polar compounds in the group analysis (Papers IV and V), 
dichloromethane was chosen as modifier on the basis of its demonstrated performance for 
the extraction of PAHs, chlorinated benzenes and cyclohexanes from solid matrix 
[169,170]. Saturation of the solid-phase trap is more easily avoided with dichloromethane 
because of its low boiling point, and no damage occurs to the LC-GC system if a large 
volume is introduced to the system. The influence of dichloromethane on recoveries of 
some PAHs and oxy-PAHs is shown in Table 5. The dichloromethane (400 µL) was directly 
added to the 3-mL extraction vessel, and the static extraction was carried out for 10 min at 
400 bar and 150 °C. As can be seen from Table 5, there was no significant improvement in 
the recovery of PAH compounds when the modifier was applied, but a moderate increase in 
recovery was observed for more polar oxy-PAHs. One reason for the only moderate 
improvement in recoveries with dichloromethane may be that pure CO2 is effective enough 
itself to extract analytes from aerosol samples which have a relatively weak matrix effect. 
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Saturation of the solid-phase trap was investigated by connecting two identical traps in 
series. Again 400 µL of dichloromethane was used as modifier, and the extraction was 
carried out for 45 min. The traps were kept at 10 °C. Breakthrough of PAH compounds was 
less than 3%, while that of n-alkanes ranged from 5 to 7% (Table 6). The higher 
breakthrough of n-alkanes can be explained by their being present at higher concentrations 
than PAHs in the atmosphere. Another reason may be that the n-alkanes were more  weakly 
retained by the solid-phase trap than were PAHs.  
 
 
 

Table 5. Recoveries of selected organic compounds when 400 µL of 
dichloromethane was used as the modifier. 100% corresponds to the 
recoveries without modifier. Unpublished data (n=3). 

 
Compounds Recovery, % (± RSD)
Fl 118 (±24) 
Phe + Ant 101 (±12) 
Pyr 100 (±9) 
BaA + Chry 102 (±11) 
B[b+k]F 103 (±17) 
DbA 93 (±11) 
Anq 172 (±32) 
9-Flu 107 (±16) 
Methyl-Anq 149 (±26) 
7-BdA 119 (±24) 

 
 
 

Table 6. Breakthrough of selected n-alkanes and PAHs 
(n=2). Unpublished data. 

 
Compounds Breakthrough (%) 
C24 5.4 
C25 6.4 
C26 6.3 
Pyr 2.9 
BaA+Chry b.d. 
B[b+k]F 1.8 

b.d. = below detection limit 
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One way to avoid saturation of the solid-phase trap is to raise the collection temperature 
above the boiling point of the modifier. However, the collection efficiency of the solid-
phase trap is better when it is cooled. Dichloromethane is a good choice as modifier because 
of its low boiling point (40°C). Figure 10 shows the effect of temperature of the solid-phase 
trap on collection efficiency when 400 µL of dichloromethane is added to the extraction 
vessel. No significant differences in the relative peak areas were seen for trap temperatures 
10 °C and 40 °C.  
 

Figure 10. Influence of trap temperature (10 and 40 °C) on recoveries of 
selected PAHs and oxy-PAHs. Recoveries are expressed as peak area of 
the compound divided by that of ISTD. Unpublished data (n=2). 

 
 
 
8.2.3. Temperature and Pressure 

 
The solubility of an analyte in a supercritical fluid is determined by two factors: the solvent 
strength of the fluid and the volatility of the analyte. Maximum solvent strength can be 
achieved by maintaining the maximum fluid density with high pressure and low 
temperature. However, enhancement of volatility of analytes with high temperature has 
much greater effect on solubility. Thus, the best extraction rate may be obtained by keeping 
both temperature and pressure high. 
 
The effects of temperature and pressure on derivatisation and extraction of the organic acids 
are summarised in Figure 11. At constant temperature, increase of pressure had a clearly 
positive effect on the recoveries of benzoic acid, pinonic acid and salicylic acid. Butyric 
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acid was only slightly affected, probably because its vapour pressure is higher than that of 
the other organic acids. At constant pressure, recoveries were best at 100 °C. From 
Figure11, it can be seen that reaction conditions of 400 bar and 100 °C give the best 
recoveries for all the organic acids. These conditions are similar to those reported in 
literature [113,114] where chlorophenoxy acid herbicides were extracted from soil samples 
after PFBBr derivatisation. 
 
Temperature and pressure were not optimised independently for PAHs because a great deal 
of experimental work has already been carried out on this topic [172-174]. The maximum 
pressure and temperature for the SFE instrument used in this study were 400 bar and 150 
°C, and these conditions were applied. Bøwadt et al. [175] earlier showed these conditions 
to be effective for the extraction of PAHs from soil samples. 
 
 
8.2.4. Reaction and Extraction Times 

 
The recoveries of the derivatised acids after different reaction and extraction times are 
shown in Figure 12. The SFE conditions were 400 bar and 100 °C with 1.5 mL/min fluid 
flow. Derivatisation time of 30 min was sufficient for all the organic acids except butyric 
acid, which required a longer time, and recoveries were satisfactory after 45 min. The 
results are comparable with those of Taylor et al. [113] and Lopez-Avila et al. [114] where 
30 min was used for both derivatisation and extraction. The conditions optimised in this 
study and in the literature were obtained from spiked samples, however. Longer extraction 
time may be needed for real samples with stronger matrix effect. 
 
Figure 13 summarises the effect of extraction time on recoveries of PAHs, where samples of 
urban ambient air were collected onto a glass fibre filter with a high-volume sampler (24 h). 
For less volatile PAHs such as pyrene (Pyr), fluoranthene (Fl) or benzo(a)pyrene (BaP), the 
recoveries increased gradually, and were more than 90% at 45 min (Figure 12(b)). The more 
volatile PAH compounds, naphthalene (N), acenaphthene (Ace) and acenaphthylene (Ay), 
showed somewhat different recovery patterns as shown in Figure 12(a). Recoveries had not 
reached near the maximum after 45 min, though those more volatile PAHs should have been 
extracted in SFE more easily than the less volatile PAHs. Inefficient trapping was not the 
reason for the peculiar recovery patterns of volatile PAHs (Paper II). A possible explanation 
for the extraction profile of the more volatile PAHs is that the more volatile PAHs were 
evaporated from the surface of particles before analysis, and the extraction was limited by 
diffusion of the compounds from inside the aerosol particles.  
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Figure 11. Influence of temperature (80, 100 and 120 °C) and pressure 
(300, 350 and 400 bar) on derivatisation reaction and extraction. Acetone 
(300 µ) and TEA (50 µL) were present in the extraction vessel. Both the 
reaction and extraction times were 30 min. Recoveries are normalised to 
unity at maximum (n=3, Paper I). 
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Figure 12. (a) Influence of reaction time (5, 10, 15, 30, 60 min) on normalised 
recoveries. The extaction time was 30 min. (b) Influence of extraction time (15, 
30, 45 and 60 min) on normalised recoveries. The reaction time was 30 min. 
Butyric acid (○), benzoic acid (□), salicylic acid (∆), pinonic acid (×). The 
derivatisation reaction and extraction were carried out at 400 bar and 100 °C with 
TEA (50 µL) and acetone (300 µL), (n=3, Paper I). 

 
 
 
 

 
 
Figure 13. Effect of extraction time on normalised recoveries for (a) more 
volatile PAHs:  N (×), Ace (○) and Ay (□), and (b) less volatile PAHs: Pyr (×), Fl 
(□) and BaP (○). Tested extraction times were 10, 20, 30, 45 and 60 min. The 
extraction conditions were 150 °C, 400 bar at 1.5 mL/min fluid flow rate (n=3, 
Paper II). 
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8.3. Transfer from Supercritical Fluid Extraction to Liquid Chromatography 

and Liquid Chromatographic Separation 

 
 
In on-line coupling of SFE with LC, the elution of the solid-phase trap needs to be done 
with a solvent that is compatible with the following LC separation. To keep the system as 
simple as possible, the same solvent was used for the elution of the trap and the LC 
separation. When a sample is injected to an LC column by a sample loop, the sample is 
introduced as a uniform initial band at the front end of the LC column. In transfer from a 
solid-phase trap, in contrast, the analytes arrive from SFE to the LC column in relatively 
larger volume and at different times depending on elution of the analytes from the solid-
phase trap. 
 
Figure 14 compares the liquid chromatograms of PAH standards when they were injected to 
the silica column from a 30-µL sample loop and by elution from the SFE solid-phase trap 
(octadecylsilane particles) with n-hexane containing 5%(v) ethyl acetate. With the loop 
injection, PAHs were separated into three groups according to their ring numbers. Ring-size 
separations of aromatic compounds have earlier been carried out by Davies et al. [176] and 
Beens and Tijssen [177] using NPLC-GC. Excellent separation of PAHs was achieved as 
they used an aminosilane based silica column that is less sensitive to moisture, and a weaker 
mobile phase such as n-pentane or n-hexane could be used. In our study, however, greater 
eluent strength was necessary to keep the LC-GC system stable and to keep the fraction size 
small. 
 
When the PAHs were transferred from the solid-phase trap, only one peak appeared in the 
liquid chromatogram. When the solid-phase trap with octadecylsilane phase was eluted with 
the nonpolar eluent, smaller PAHs emerged from the trap before heavier PAHs. The smaller 
PAHs were weakly retained in the silica LC column, and were observed as a single peak. 
The larger PAHs, on the other hand, being more strongly retained in the solid-phase trap 
than smaller PAHs, arrived to the LC column later, and in larger volume. In the LC 
separation, the larger PAHs were further spread out in the column and as a result, were not 
observed as peaks. 
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Figure 14. Liquid chromatograms of PAH standards (50 ng each 
compound) for a loop injection (30 µL) and an injection carried out by 
elution of SFE solid-phase trap (octadecylsilane particles). n-Hexane 
containing 5% (v) ethyl acetate was used as mobile phase for the silica 
column (5 µm particle diameter, 10 cm × 2 mm i.d). The wavelength was 
254 nm.  

 
 
In an ideal LC separation for on-line LC-GC, satisfactory separation of the target analytes 
and the disturbing compounds should be obtained; the target analytes should be contained in 
a small fraction volume, and the eluent should be suitable for final GC analysis. In our 
experiments, cyano column and silica column were used with n-pentane or n-hexane as the 
main eluent, and ethyl acetate was added to increase the polarity of the eluent mixture. 
When only pure n-pentane or n-hexane was used as the eluent, the fraction volume to be 
transferred to the gas chromatograph was too large, and the repeatability of the LC was poor 
due to the moisture. On the other hand, when too much ethyl acetate was added, the 
separation efficiency became insufficient. With 2-5% (v/v) of ethyl acetate, separation was 
satisfactory and the fraction volume that was easy to handle. A compromise had to be made 
for separation efficiency in LC because of the broad initial band when the extract was 
transferred to the LC column by elution of the solid-phase trap. However, the achievement 
of excellent separation efficiency is seldom the most important goal in fractionation in on-
line LC-GC. 
 
A typical liquid chromatogram for organic acid analysis is shown in Figure 15(a). A cyano 
column with the eluent consisting of 3% ethyl acetate in n-pentane was able to separate 
derivatised organic acids from the derivatising reagent (PFBBr). The size of the transferred 
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fraction was 1600 µL. When a more polar eluent was used, satisfactory separation was not 
obtained between PFBBr and derivatised acids, a large volume of PFBBr was transferred to 
the GC, and the GC was contaminated with excess of PFBBr. When a less polar eluent was 
employed, the size of fraction became too large for transfer.  
 
A liquid chromatogram for group analysis of organic compounds in a silica column is 
shown in Figure 15(b). n-Pentane or n-hexane was used as mobile phase with addition of 2-
5% (v) ethyl acetate to adjust the eluent strength. The compounds in the SFE extract were 
separated mainly by polarity. Fraction sizes ranging from 280 to 840 µL were successfully 
transferred to the gas chromatograph. Fraction 1 contained nonpolar compounds that were 
not retained by the LC column. These included n-alkanes, hopanes and steranes. The 
fraction also contained a mixture of branched, cyclic and unsaturated hydrocarbons. The 
mixture is generally known as unresolved complex mixture (UCM) because these are often 
the most abundant organic compounds in aerosols and appear as a huge hump in gas 
chromatograms. Fraction 2 contained mainly PAHs and alkyl-PAHs. Fraction 3 contained 
oxygen-containing compounds such as n-alkan-2-ones, n-alkanals and oxy-PAHs, while 
fraction 4 consisted of quinones. The compounds observed in fraction 3 were sometimes 
overlapped with those of the fraction 4. 
 
 
 
 

 
Figure 15. (a): Liquid chromatogram (λ = 254 nm) of derivatised organic acids 
(Paper I). The derivatising reagent (PFBBr) was separated from the transferred 
fraction (Transfer) containing the derivatised organic acids. (b): Liquid 
chromatogram (λ = 254 nm) of PAHs and group analysis (Paper II-V) with 
transferred fractions numbered 1-4.  
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8.4. Liquid Chromatography – Gas Chromatography Transfer Conditions 

 
Partially concurrent eluent evaporation technique was applied with the solvent vapour exit 
(SVE). Once preliminary conditions had been selected for the carrier gas, the transfer flow 
rate and GC oven temperature, a final tuning was done for the timing of the SVE closure. 
This fine-tuning was necessary whenever a new retention gap and pressfits were applied.  
 
From the rule presented by Grob [178], the maximum transfer temperatures for n-pentane 
and n-hexane at 1.3 bar were calculated to be 49°C and 81°C, respectively. A volume of n-
pentane as large as 1600 µL could be transferred at 43 °C and 1.3 bar (Paper I). At lower 
transfer temperature, the evaporation rate became slower and the maximum volume of the 
fraction decreased. At the higher transfer temperature, on the other hand, the evaporation 
rate exceeded the injection rate, and in the absence of the flooded zone, there was a loss of 
volatile compounds. 
 
The SVE must be closed just before the last portion of the solvent film is evaporated. If the 
SVE is closed too late, the volatile compounds are lost with the solvent vapour. If the SVE 
is closed too early, the solvent film may shoot deep into the analytical column when the 
carrier gas stream is directed to the analytical column, and the analytes will elute as 
distorted solute peaks, as shown in Figure 16. It must be remembered that when the SVE is 
closed, the length of the flooded zone increases owing to the decreased flow rate of the 
carrier gas in the precolumn [144].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Gas chromatograms of PAHs in n-hexane at 80 °C and 1.3 bar 
(helium). The injection speed was 210 µL/min for 4 min. SVE was closed 25 sec 
(above) and 15 sec (below) after the end of the transfer. Unpublished results. 
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8.5. Quantitative Aspects 

 
Limits of detection for derivatised organic acids were at level of 3 ng (Paper I). The higher 
detection limit for organic acids than other compounds was due to the lower impaction 
voltage of the MS (20 eV) required to maximise the intensity of the derivatised molecular 
ion. With higher electron voltage, the intensity of the molecular fragment of the derivatised 
acid was weak, making the identification of the compound difficult. Limits of detection for 
PAHs ranged from 0.03 to 0.06 ng when using reconstructed ion chromatograms with 
molecular weights (Paper IV). The corresponding limits for n-alkanes using m/z = 85 and 
99 were about ten times higher due to a noisier baseline.  
 
The relative standard deviation (RSD) of repeated analyses usually remained at less than 
20%. The RSD of acid analysis was initially high (40%) because of memory effects. 
However, clean-up of the instrument by extraction of a vessel containing acetone reduced 
the RSD to less than 20%. The calibration curves for PAHs and n-alkanes were linear up to 
200 ng, after which they dropped off. Second order polynomial fitting was better for the 
calibration of salicylic acid and pinonic acid. 
 
The performance of SFE-LC-GC-MS was compared with Soxhlet extraction and GC-MS 
analysis. The Soxhlet extraction was carried out with 100 mL of toluene for 16 h. The 
excess of the solvent was evaporated with gentle stream of nitrogen. 10 µL of the sample 
was directly injected to GC-MS without further treatment. The extraction conditions for 
SFE were 150 °C and 400 bar for 45 min at 1.5 mL/min fluid flow rate. No modifier was 
used in the experiment. Table 7 summarises the recoveries of PAH compounds from glass 
fibre filter by Soxhlet extraction with GC-MS analysis, normalised to SFE-LC-GC-MS 
recoveries (100%). 
 
Reasonable agreement was demonstrated between the two methods. The Soxhlet recoveries 
for PAHs increased with the mass of PAH, evidently because of poorer solubility of heavier 
PAHs in supercritical CO2. The lower recoveries for lighter PAHs can be explained by the 
loss of those compounds during sample pre-treatment, especially during the evaporation of 
toluene.  
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Table 7. Soxhlet recoveries relative to SFE-LC-GC-MS (100%) 
for PAH compounds in glass fibre filter (n=5, Paper II). 

 
Compounds Soxhlet  (%) 
Phe + Ant 60.1 ± 10.8 
Pyr 62.1 ± 8.5 
BaA + Chry 93.4 ± 15.1 
BaP 89.6 ±13.1 
IdP 81.8 ± 11.8 
Bghi 136.1 ± 17.9 
DbA 107.8 ± 14.6 

 
 
 
8.6. Atmospheric Analysis 

 
The concentrations of organic compounds in atmospheric aerosols collected in Helsinki 
(Papers I-IV) and at the Station for Measuring Forest Ecosystem-Atmosphere Relations 
(SMEAR II) in Hyytiälä (Paper V) are reported in this section. More detailed descriptions of 
the sampling sites can be found in the papers.  
 
The identification and quantification of n-alkanes, PAHs, organic acids and some oxy-PAHs 
were performed with the help of authentic standard mixtures. For other compounds, 
qualitative data were obtained by comparing the GC retention times and mass spectra with 
results in the literature and on MS library. The m/z values of the major organic compounds 
used for the extraction of ion chromatograms are presented in Table 8. These values were 
used for identification, and where possible for quantification.  
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Table 8. Typical fragments (m/z) used for identification and quantification of compounds in this study.  
 

Compounds m/z Paper Compounds m/z Paper 
Homologue series   Dimethylphenanthrene 206, 191 IV 
n-Alkanes 85, 99 IV, V Methylpyrene 216, 189 IV 
Hopanes 191 IV, V Trimethylpyrene 228, 213 IV 
Steranes 218 IV, V Retene 234, 219 IV 
n-Alkan-2-ones 59 IV, V Methylbenz[a]anthracene 242 IV 
n-Alkanals 82 IV, V Dimethylbenz[a]anthracene 256, 241 IV 
   Methylbenzo[a]pyrene 266 IV 
PAHs (mixture)      
Naphthalene 128 II-V Oxy-PAHs*   
Acenaphthylene 152 II-V Dibenzofuran 168,139 IV 
Acenaphthene 154 II-V 9-Fluorenone 180, 152 IV,V 
Fluorene 166 II-V Acenaphthenequinone 182, 154, 126 IV 
Carbazole 167 II-V Methylfluorenone 194, 165 IV 
Phenanthrene 178 II-V Xanthone 196, 168, 139 IV 
Anthracene 178 II-V 4-Hydroxy-9-fluorenone 196 IV 
Fluorancene 202 II-V 4H-Cyclopenta[d,e,f]phenanthren-4-one 204, 176, 174 IV 
Pyrene 202 II-V Phenanthrenecarboxaldehyde 206, 178 IV 
Benz[a]anthracene 228 II-V Anthraquinone 208, 180, 152 IV, V 
Triphenylene 228 IV Methyl-4H-cyclopenta[d,e,f]phenanthren-4-one 218, 189 IV 
Chrysene 228 II-V 2,6-Di-tert-butyl-p-benzoquinone 220, 105, 177 V 
Benzo[b]fluoranthene 252 II-V 4-Oxaopyren-5-one 220 IV 
Benzo[k]fluoranthene 252 II-V Methylanthraquinone 222, 194, 165 IV 
Benzo[a]pyrene 252 II-V Dibenz[b,e]oxepin-6,11-dione 224 IV 
Benzo[ghi]perylene 276 II-V 7H-Benz[d,e]anthracene-7-one 230, 202, 101 IV, V 
Indeno[1,2,3-cd]pyrene 276 II-V Benzofluorenones 230, 202, 101 IV 
Dibenz[a,h]anthracene 278 II-V Chloroxanthen-9-one 230 IV 
Coronene 300 IV Anthracene dicarboxylic anhydride 248 IV 
   Benzopyrenones 254, 126 IV 
Alkyl-PAHs*   5,12-Naphthacenequinone 258, 230, 202 IV 
Dimethylnaphthalene 156, 139 IV 5H-Chryseno[4,5-bcd]pyran-5-one 270, 242 IV 
Trimethylnaphthalene 170, 155 IV 7H-Benzo[hi]chrysen-7-one 270 IV 
Methylfluorene 180, 165 IV Dibenzo[def,mno]chrysen-6,12-dione 306, 278, 250 IV 
Dimethylbiphenyl 182, 167 IV    
Dimethylfluorene 194, 179     
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Monoterpenes   Biogenic compounds   
Tricyclene 136, 121, 93, 79 V Methyl-1-methylethylphenol 150, 135 IV 
α-Pinene 136, 121, 93, 79 V 6-Tert-butyl-3-methylphenol 164, 149, 121 V 
Camphene 136, 121, 93, 79 V 4-Nonylphenol 220, 135, 121, 107 V 
Sebinene 136, 121, 93, 79 V 2,6-Di-tert-butyl-4-methylphenol 220, 205 V 
β-Pinene 136, 121, 93, 79 V 2,6-Di-tert-butyl-4-ethylphenol 234, 219 V 
Myrcene 136, 121, 93, 79 V 6,10,14-Trimethylpentadecan-2-one 268, 250, 210, 58 V 
∆3-Carene 136, 121, 93, 79 V    
Limonene 136, 121, 93, 79 V Oxygen-containing terpenes   
β-Ocimene 136, 121, 93, 79 V Bornylacetate 196, 136, 121, 95 V 
γ-Terpinene 136, 121, 93, 79 V Cubenol 204, 179, 161, 119 V 
α-Terpinolene 136, 121, 93, 79 V Cadinols 204, 179, 161, 119 V 
   Muurolol 204, 189, 161, 121 V 
Sesquiterpenes   Manoyloxide 275, 257, 192, 137 V 
α-Copaene 204, 161, 119, 105 V Manool 290, 272, 257, 137 V 
β-Elemene 204, 161, 119, 105 V Verbenone (MW 150) 150, 135, 107 V 
β-Caryophyllene 204, 189, 133 V MW 152 152, 137, 109 V 
α-Humulene 204, 161, 147, 121 V MW 154 154, 139, 95 V 
γ-Muurolene 204, 161, 119, 105 V    
Germacrene D 204, 189, 133 V Derivatised carboxylic acids   
α-Muurolene 204, 161, 119, 105 V Butyric acid  268, 181, 87, 71 I 
Bicyclogermacrene 204, 151, 119, 105 V Salicylic acid 318, 181, 120 I 
α-Muurolene 204, 161, 119, 105 V Benzoic acid 302, 181, 105, 77 I 
α-Cadinene 204, 161, 105 V Pinonic acid  364, 349, 181 I, V 
δ-Cadinene 204, 161, 105 V MW 350 350, 292, 181  V 
γ-Cadinene 204, 161, 105 V MW 378 378, 181 V 

 
 * Can be isomers or similar compounds 
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8.6.1. n-Alkanes 

 
n-Alkanes are emitted to the atmosphere from anthropogenic sources, mainly combustion 
process, or from biogenic sources such as bacterial activity and plants. The gas-particle 
partition study of Fraser et al. [179] has shown that n-alkanes smaller than C18 are 
exclusively in the gas phase, while n-alkanes between C19 and C28 are present in both 
phases, and n-alkanes larger than C28 are in particulate form.  
 
n-Alkanes with carbon numbers C16 to C42 were identified and those from C16 to C34 were 
quantified. The total concentration of n-alkanes was 128.1 ng/m3 for the urban site in 
Helsinki (Paper IV). The distribution of n-alkanes is shown in Figure 17. The concentrations 
of individual n-alkanes at the urban site ranged from 2.9 ng/m3 (C28) to 16.3 ng/m3 (C23). In 
addition to n-alkanes, the same fraction contained a nonpolar UCM that appeared as a wide 
hump in the chromatograms [180,181]. A better view of the n-alkane distribution can be 
obtained by calculating the carbon preference index (CPI), the sum of the concentrations of 
odd carbon n-alkanes divided by the sum of even carbon n-alkanes. The CPI obtained from 
the sample collected in Helsinki was 1.5. 
 

Figure 17. Concentrations of n-alkanes at the university campus in 
Helsinki (urban). The sample was collected with a high-volume sampler in 
summer 2002 (Paper IV). 
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The results were compared with other data obtained in urban areas and are summarised in 
Table 9. The total n-alkane concentration, carbon number with maximum concentration 
(Cmax) and CPI from Helsinki show reasonable agreement with other data. In urban areas, 
the most significant source of n-alkanes is vehicles. In particular burning of diesel fuel emits 
high concentrations of n-alkanes below C27 without the odd-even relationship (CPI close to 
unity) [182,183].  
 

 
Table 9. Comparison of total n-alkane concentrations collected in urban areas, 
carbon number at maximum concentration (Cmax) and carbon preference index. 
 

 Σ(n-alkanes) ng/m3 Cmax CPI 
Helsinki 128.1 C23 1.51 

Kuala Lumpur [184] 26-335 C31 1.68-1.75 
Campos dos Goytacazes [185] 8-46 C25 1.1-1.42 

Porto [186] 272.3  1.02-2.02 
Hong Kong [187] 6.5–41.1 C27, C29, C31 1.2-1.9 

Vienna [186] 188.3  0.96-1.21 
London [188] 190-247 C25, C29 1.04-1.46 
Santiago [189] 261.7-282.8  0.79-1.00 
Temuco [189] 257.9  0.43 
Taipei [190] 69-702  0.9-1.9 
Oviedo [191] 7.9 – 50.4  0.8-1.3 
Algiers [19] 55-188 C23 (summer) 

C17 (winter) 
1.2-2.0 

 
 
The total concentration (C17 – C34) of n-alkanes measured at the forest site ranged from 1.37 
to 5.24 ng/m3 (Paper V), which is 1/20 to 1/100 the values obtained in Helsinki. The n-
alkane distributions for two spring days (clean day and polluted day) are shown in Figure 
18. The maximum concentrations are observed at C27, for both days, and CPIs ranged from 
1.5 to 1.9.  
 
The total concentrations of n-alkanes in this study were of the same order as in rural areas in 
Brazil [185] and Texas [58]. The difference in the concentrations on the two days can be 
explained by the wind direction. When the air mass arrived to the forest site from a clean 
environment, the mass of total suspended particles (TSP) was about 10 µg/m3. When the air 
mass had passed through a heavily industrialised area, the TSP rose sharply to more than 40 
µg/m3 (paper V). The typical TSP in Helsinki was 30-40 µg/m3 (Paper II).  
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Figure 18. Concentrations of n-alkanes in a Finnish forest (Hyytiälä) on 
two days with different amount of total suspended particles. Samples were 
collected with a high-volume sampler in spring 2003 (Paper V). 

 
 
Cmax was at higher carbon number for the forest sample than the sample from Helsinki. n-
Alkanes emitted from natural wax in plants tend to show high concentrations at C27 to C35 
with strong odd-even relationship, typically CPI larger than 2 [192]. Figure 18 shows the 
clear odd-even relationship; however, the CPI values were only 1.5-1.9, which is lower than 
values given in the literature. Kavouras et al. [167], for example, report a CPI value greater 
than 5 for a Portuguese forest. The low CPI values at Hyytiälä may be explained by the low 
emission of plant wax to the atmosphere because of the low temperature at the time of 
sampling (early spring, 0 – 5 °C). 
 
 
8.6.2. Hopanes and Steranes 

 
Hopanes and steranes are molecular fossils present in crude oil, used to trace the sources of 
crude petroleum deposits and to identify the origin of tar balls found in the oceanic 
environment [193]. They are present in the lubricating oil used for gasoline- and diesel-
powered vehicles, and also present in significant amount in diesel fuel [170,194]. Hopanes 
and steranes have been used as molecular markers of motor vehicle exhaust by atmospheric 
scientists [195].  
 
Hopanes from C28 to C35 and steranes from C27 to C29 were monitored with m/z = 191 and 
m/z = 218, respectively, and were identified by comparing their retention times with n-
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alkanes found in the literature [87,195,196]. They were present in both urban (Paper IV) and 
forest samples (Paper V). The finding of hopanes and steranes in forest aerosols confirms 
the importance of long-range transport of pollution. In addition, the hydrophobic surface of 
plant leaves or needles acts as an effective sink for those compounds [197]. 
 
 
8.6.3. Polycyclic Aromatic Hydrocarbons 

 
PAH and alkyl-PAH compounds are products of incomplete combustion formed during the 
burning of organic matter. Some PAH compounds are carcinogenic, which may be why so 
much research is focused on determination of PAH compounds. Emissions from motor 
vehicles are the major concern in urban areas [182,193]. 
 
Figure 19 shows the total concentrations of PAHs at the Helsinki Central Railway Station 
and the average monthly temperatures. The concentrations varied from less than 1 ng/m3 to 
more than 5 ng/m3 and were higher in winter than in summer. Concentrations of PAHs were 
higher in winter partly because of the higher mass of TSP when lower temperature favours 
more condensed materials and mixing of pollutants in the atmosphere is inefficient (Paper 
II). PAH levels are lower in summer because at higher temperature TSP is less and the 
oxidation reactions of PAHs with ozone, NOX and OH radicals occur in the presence of UV 
light [198]. The concentrations obtained in this study are comparable with those obtained in 
London [188], Birmingham [199], Barcelona [200], Texas [58] and other urban sites. 
 

Figure 19. Average monthly concentrations of total PAHs and average 
ambient temperatures at the Helsinki Central Railway Station. Samples 
were collected with a high-volume sampler (Paper II).  
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On clean days, the total PAHs at the forest site in early spring in 2003 were at 0.5 ng/m3 
level. However, on days when the air mass passed through large cities, the concentration 
level was as high as the urban level (about 2 ng/m3). This shows that, for some pollutants, 
the long-range transport of some pollutants may be  significant than the emission from local 
sources.  
 
The vapour pressure of PAH compounds varies widely from 7.8×10-2 torr for naphthalene to 
1.5×10-12 torr for coronene [201]. Thus, some PAH compounds are present in the 
atmosphere as vapour or particulate or as both phases together. Figure 20 shows the gas-
particle partition of the sample collected in Helsinki when the particulate PAHs were 
collected on glass fibre filter and gas phase PAHs by backup XAD-2. As can be seen from 
the figure, the PAHs up to phenanthrene and anthracene are exclusively in gas phase 
whereas heavier PAHs than chrysene are predominantly in the particulate phase. In the 
literature, pyrene and fluoranthene are reported to be exclusively in gas phase unlike in this 
study where about 60% was in particulate form [199, 202].  
 
 
 

Figure 20. Gas-particle partition of major PAH compounds in Helsinki. Particles 
were collected on glass fibre filter, and gases penetrated through the filter in 
XAD cartridge (Paper III). 
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The data for gas-particle partition is dependent on the temperature during sampling. A better 
picture of the temperature dependence of the gas-particle partition can be obtained by 
calculating the partition coefficients (Kp) for the PAH compounds [203,204]: 
 

 
(Eq.3) 

 
 

where Kp (m3/µg) is the partition coefficient, Cp and Cg are the particulate and gaseous 
concentrations of the analytes (ng/m3) and TSP (µg/m3) is the mass of the total suspended 
particulate matter on the filter. The measured partition coefficients were further correlated 
with the sub-cooled liquid vapour pressures, P0

L (mmHg), of the analytes: 
 

(Eq.4) 
 

where m and b are constants. The sub-cooled liquid vapour pressure is temperature 
dependent. The values for several PAHs at the sampling temperature of this study (0.4 °C) 
were calculated using the Clausius-Clapeyron equation and the data obtained by Yamasaki, 
et al. [205], assuming that the enthalpy of vaporisation is constant over small changes of 
temperature. The results are shown in Figure 21. The gradient -0.658 was obtained with 
regression 0.967. In the ideal case where the gas-partition process is dependent only on 
sampling temperature and vapour pressures of PAHs, the gradient should be –1 [203]. 
However, gradients shallower than –1 have often been reported, as shown in Table 10. 
Rapid change of temperature or PAH concentrations in the ambient air during sampling can 
cause the deviation from equilibrium. Also, nonexchangeability of PAH compounds 
depending on the nature of the particle surface, or on artefacts during sampling such as 
volatilisation of light PAHs from the particle surface, may lead to gradients other than –1 
[206]. 
 
An important aspect of PAH analysis of ambient aerosols is the distribution of PAHs as a 
function of particle size. When airborne particles are inhaled to the human respiratory tract, 
most of the particles are adsorbed on the layer of protective mucus by diffusion, 
sedimentation or impaction, and removed from the respiratory system before they can 
penetrate deep into the lung. However, particles in the accumulation mode (some hundred 
nm to about 2 µm in diameter) are able to penetrate into the alveolar region where the 
mucus layer does not exist, and cause a potential health effect [207]. 

g

p

C
TSPC

Kp
)/(

=

bpmKp L += )log()log( 0



 64

Figure 21. Gas-particle partition coefficient as a function of sub-cooled vapour pressure for 
some PAHs (Paper III).  
 
 
 

Table 10. Comparison of gas-particle partition value obtained from Figure 
20 with values in the literature. 

 
 Gradient Interception R2 
Helsinki -0.658 -5.92 0.967 
Chicago [203] -0.734 -4.02 0.969 
Chicago [208] -0.745  0.999 
Lake Michigan [203] -0.811 -4.25 0.955 
Bangkok [204] -(0.498-0.8389) -(4.73 - 6.66) 0.601 – 0.834 
Chesapeake Bay [209] -1.03 -10.9 0.87 
Yorkshire [210] -0.79 -5.3 0.97 
Manchester [210] -0.72 -5.2 0.96 

 
 
The mass size distribution of selected PAHs collected with a 13-stage low pressure impactor 
is shown in Figure 22. From the figure it can be seen that concentrations are highest for 
particles with about 1 µm aerodynamic diameter. The majority of PAHs are therefore 
present in the respiratory particle size range. Less volatile PAHs such as benzo(a)pyrene and 
benzo(b+k)fluoranthene show one modal distribution with maximum at 1 µm, whereas the 
smaller and more volatile PAHs such as fluorene and pyrene show more evenly spread 
distributions. PAHs are emitted mainly by combustion processes, which also emit mainly 
fine particles. PAHs are thus generally associated with fine particles when released to the 
atmosphere. If PAHs are associated with coarse particles, as is the case with fluorene and 
pyrene, the association must have occurred either because the fine particle grew in size to 
coarse particles or because the volatile PAHs underwent continuous vaporisation and 
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condensation onto the pre-existing particles [211]. The latter is the more likely case because 
the heavier PAHs do not show high concentrations in the coarse mode. The idea is further 
supported by the study by Venkataraman et al. [212] in India, where light PAHs did not 
show clear modes in mass size distribution because of the high ambient temperature during 
sampling. The data obtained by Kaupp and McLachlan [86] also show evenly distributed 
PAH compounds for a sample taken in summer, due to the continuous partition of volatile 
compounds, but a sharp mono modal distribution was recorded in winter when the 
evaporation of PAHs from particles was less.  
 
 

 

aerodynamic diameter (µm) 
 

Figure 22. Mass size distribution of fluorere (Fl), pyrene (Pyr), benzo(a)pyrene (BaP) 
and benzo(b+k)fluoranthene (B(b+k)F). The sample was collected by a 13-stage low 
pressure impactor at the University campus (urban) in winter 2002 (Paper III). 
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8.6.4. Oxygen-Containing Polycyclic Aromatic Hydrocarbons 

 
Oxygen-containing PAHs (oxy-PAHs) are emitted directly from combustion processes 
[182,194] or they are generated in the atmosphere by reaction between parent PAHs and 
reactive compounds such as ozone, OH or NO3 radicals [213,214]. Reactions can also occur 
during sampling with a high-volume sampler. Oxy-PAHs are typically found in the urban 
atmosphere and reported in several papers [66,68,189,215].  
 
Oxy-PAHs such as anthraquinone, methylanthraquinone, 7H-benzo[d,e]anthracen-7-one, 
xanthone and 9-fluorenone were identified in Helsinki (Paper 4) with similar levels to 
PAHs. 4H-Cyclopenta[d,e,f]phenanthren-4-one, benzofluorenones, 2,12-
naphthacenequinone, benzopyrenones and 5H-chrysen[4,5-bcd]pyran-5-one were identified 
by comparison of retention times with literature values and interpretation of the MS data 
[216-218].  
 
 
8.6.5. n-Alkanals and n-Alkan-2-ones 

 
Long chain n-alkanals with carbon number greater than 20 are synthesised enzymatically by 
plants from n-alkanoic acids. Often they show a strong even-to-odd relationship [192]. They 
are contained in leaf waxes, and have been identified from aerosol particles [84, 219,220]. 
Long chain n-alkan-2-ones are usually the most abundant of the n-alkanones in aerosol 
particles. They are formed during in-situ microbial oxidation of n-alkanes, and often show 
odd-to-even relationship [19,87,221].  
 
The homologue series of n-alkanals from C24 to C32 and n-alkan-2-ones from C19 to C31 
were identified in this study in both urban (Paper IV) and forest samples (Paper V). The 
identification was based on reconstructed ion chromatograms with m/z = 82 (n-alkanals) 
and m/z = 59 (n-alkan-2-ones) and comparison of GC retention times with those of n-
alkanes found in the literature [84,87,221]. 
 
 
8.6.6. Terpene Compounds 

 
Biogenic hydrocarbons, especially monoterpenes, are important compounds emitted from 
trees. Their concentrations in Finnish forest vary from 10 ppt(v) to 4 ppb(v) with α-pinene 
as the most abundant compound [222]. They are exclusively in gas phase in the atmosphere 
owing to their high vapour pressures. Monoterpenes, however, undergo oxidation reactions 
with ozone, OH radicals and NO3 radicals to generate more polar products. These reaction 
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products exhibit lower vapour pressure than the parent compounds, and are more likely to 
be found in aerosol particles.  
 
The empirical formulae of the oxidation products of monoterpenes found in the forest 
sample (Paper V) include C10H14O (MW=150), C10H16O (MW=152) and C10C18O 
(MW=154). Each compound was present as at least three or four isomers, in agreement with 
findings of Pio et al. [223]. The compounds could be ketones, aldehydes or alcohols, but 
since all isomers were included in the second LC fraction (Figure 15(b)), alcohols can be 
excluded. 
 
 
8.6.7. Organic Acids 

 
Organic acids play important roles in atmospheric aerosol chemistry. They are directly 
emitted to the atmosphere from vehicle exhausts [62,182]. But also, and more importantly, 
they are formed by oxidation reactions in the atmosphere. A number of nonpolar gaseous 
compounds have been shown to react rapidly in the atmosphere with ozone, OH radicals 
and NO3 radicals to produce organic acids. Reaction mechanisms have been investigated, 
for example, for cyclohexene [224], toluene [225] xylenes [226] and a number of biogenic 
terpene compounds [227,228]. Organic acids are more polar than their parent molecules or 
other oxidation products such as ketones and aldehydes, and therefore they more easily 
condense, taking part in the formation of new aerosol particles in the atmosphere.  
 
Table 11 summarises the concentrations of the selected organic acids collected at the 
university campus in Helsinki in winter 2001. The sample was collected on Teflon-
membrane filters (0.2 and 5 µm pore size) fitted in tandem. The concentration of butyric 
acid in aerosol particles larger than 0.2 µm was 33.9 ng/m3, of which about half was present 
in particles between 0.2 and 5 µm. The concentration of benzoic acid was lower, 1.27 
ng/m3, but 67% of the mass was distributed in particles sized between 0.2 and 5 µm. Both 
compounds have been detected in ambient air in Los Angeles [62], and motor vehicle 
exhaust is an important source. Salicylic acid is produced during photooxidation of toluene 
in the presence of NOx and 1-propene [225], and also in burning of pine and oak wood 
[229]. Salicylic acid was not, however, detected in this study. Pinonic acid was not detected 
in the urban sample. The reason may be the weather conditions during sampling: the 
sampling was carried out in winter when the emission of biogenic compounds is limited, 
and photooxidation may not be efficient because there is less UV light available.  
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Table 11. Concentrations of selected organic acids (ng/m3) derivatised 
with PFBBr. The sample was collected at the university campus on Teflon 
membrane filters (0.2 and 5 µm pore size) in winter 2001 (Paper I) 

 
 Butyric acid Benzoic acid Salicylic acid Pinonic acid 

0.2 µm 16.8 0.85 - - 
5 µm 17.1 0.42 - - 

 
 
Biogenic organic acids were found in the forest samples (Paper V). Three isomers with 
empirical formula C10H16O3 were identified. One of them was pinonic acid, confirmed with 
an authentic standard. The other isomers were limononic acid, sabinonic acid, 3-caronic 
acid or 3-caronalic acid. Also a compound with C10H14O4 was identified, possibly 10-oxo-
pinonic acid. Several peaks were identified for compounds with formula C9H14O3. They 
could be norpinonic acid, sabinalic acid, nor-3-caronic acid, 3-caralic acid or norlimononic 
acid.  
 
Dicarboxylic acids such as pinic acid should be present at detectable concentrations in 
aerosol particles when pinonic acid is identified in forest samples. Dicarboxylic acids were 
not found in this study, however, most probably because of the poor efficiency of the 
derivatisation of dicarboxylic acids with PFBBr. A preliminary study of the derivatisation of 
oxalic acid and succinic acid in test tube scale showed two peaks for each acid, one peak 
corresponding to the acid with one acidic group derivatised, and the other to the acid with 
both acidic groups derivatised. The experiment was not repeatable, however, and the two 
peaks were not always found. When the dicarboxylic acids were derivatised in SFE, neither 
was found. 
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9. Conclusions 
 
 
 
An on-line coupled SFE-LC-GC-MS system was constructed. Combining of extraction, 
fractionation and final chromatographic separation significantly reduced the labour required 
for the analysis of atmospheric aerosol samples. The only sample pre-treatment needed was 
drying of filters. The whole analysis was carried out semi-automatically in a closed system, 
which minimised the loss or oxidation of analytes and the risk of contamination. 
Repeatability was improved by automation of the system.   
 
The interface between SFE and LC consisted of a solid-phase trap and several multi-port 
valves. The timing for switching the valves was the important parameter for successful 
transfer from SFE to LC without introducing the gas in the solid-phase trap to LC. The 
eluent for NPLC was able to elute the analytes quantitatively from the solid-phase trap to 
LC. The LC and GC were coupled with an on-column interface, and partially concurrent 
eluent evaporation technique was used for the large-volume transfer. As a consequence of 
large-volume transfer, the target analytes were not lost but all reached the detector, 
improving the detection limit and sensitivity.  
 
The important parameters for the extraction of organic compounds from aerosol particles 
collected on the filter material were temperature and pressure. High temperature enhanced 
desorption of the analytes from the sample matrix; the high density of the fluid was 
maintained by applying high pressure. Addition of modifier was effective for the extraction 
of polar compounds. Excess of modifier and too high temperature of solid-phase trap may, 
however, result in breakthrough of the extract. Organic acids were successfully extracted 
after in-situ SFE derivatisation with PFBBr. The amount of reagents in the extraction vessel, 
the temperature and pressure, and the reaction and extraction times were important 
parameters, which were optimised experimentally to obtain the best conditions.  
 
The choice of eluent was crucial in this study. A compromise had to be made in finding an 
eluent that was able to elute the solid-phase trap well and at the same time was suitable for 
LC-GC analysis. Eluent based on nonpolar solvent such as n-pentane or n-hexane with 
small portion of ethyl acetate were found suitable. In LC-GC transfer, the important 
parameters were the flow rate of eluent, the GC oven temperature, the inlet pressure of the 
carrier gas and the timing of the SVE closure. The most convenient approach was to set 
default settings for the inlet pressure and eluent flow rate, and to find the best conditions by 
adjusting the GC oven temperature and SVE closure timing. 
 
The most abundant compounds in the atmospheric particles were nonpolar hydrocarbons. 
The total concentration of n-alkanes exceeded 100 ng/m3 at the urban site, but was less than 
10 ng/m3 at the forest site. The data agreed well with the literature. The daily concentrations 
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were mostly influenced by the path of the air mass before it reached the sampling site. The 
n-alkane distribution in the forest showed a moderate odd-to-even relationship due to the 
emission from wax.  
 
Total concentrations of PAHs in the urban Helsinki area varied from 1 to 6 ng/m3. The 
concentrations were lower in summer due to the enhanced gas-particle partition. The PAH 
level in Helsinki was similar to or lower than levels reported from other urban cities in 
Europe. The total PAH concentration at the forest site was at 0.5 ng/m3 level: however, it 
increased to 2 ng/m3 level when the air mass had passed over polluted region. The study of 
the gas-particle partition showed that PAHs as heavy as pyrene and fluoranthrene may be 
present in gas phase. Most of the less volatile PAHs were concentrated in fine particles, 
while the volatile PAHs were more evenly spread in larger particles mainly due to their 
continuous desorption from and adsorption on pre-existing particles.  
 
Other compounds identified in this study included hopanes and steranes, which are 
molecular fossils present in crude oil. Biogenically synthesised n-alkanals and n-alkan-2-
ones as well as some oxygen-containing PAHs were also identified. The latter are either 
emitted to the atmosphere as such or are formed in the atmosphere by oxidation of parent 
PAH compounds. Biogenic compounds, especially oxidation products of monoterpenes 
were successfully analysed by the group analysis method and the derivatisation method. 
They are believed to play important roles in new particle formation in forested areas. 
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