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Abstract

The work presented in this thesis concerns the development and 
evaluation of new methods for sampling and analysis of organic 
pollutants in the indoor and outdoor environment. 

In Paper I, the development of a new method was reported 
for the determination of the brominated fl ame retardant 
tetrabromobisphenol A (TBBPA) in air using sampling with glass 
fi ber fi lter and polyurethane foam (PUF), ultrasonic solvent extraction 
and liquid chromatography coupled to electrospray ionisation mass 
spectrometry (LC-ESI/MS). The MS fragmentation mechanism of 
TBBPA was thoroughly investigated and different acquisition modes 
were evaluated to achieve the most sensitive and selective detection. 

In Papers II and III, the potential use of Empore SPE 
membranes was evaluated for air sampling of volatile, semi-volatile and 
particle-associated organic compounds. Breakthrough studies conducted 
for 24h at air fl ows of 10- 20 L/min showed that the SPE membranes 
effi ciently retains volatile and semi-volatile organophosphate esters 
and particles >10 nm. Effort was invested in the development of fast 
and environmental friendly methods, with low cost, for sample clean 
up and analysis. 

In Paper II, the sample preparation technique was dynamic 
solvent extraction with methanol coupled to LC-ESI/MS. The total run 
time per sample, including both extraction and separation, was less than 
34 min, consuming only 1.6 mL methanol. In Paper III, the effi ciency 
of selective extraction of polycyclic aromatic hydrocarbons from 
particulate matter sampled with Empore SPE membranes, using dynamic 
subcritical water extraction (DSWE) was investigated. Acceptable 
recoveries of the investigated compounds from reference material 
(SRM 1649a) were achieved. Paper IV, the application of dynamic 
solid phase micro-extraction (SPME) air sampling was evaluated using, 
gas chromatography/positive ion chemical ionisation (GC/PICI) and 
tandem-MS detection for the determination of organophosphate esters 
in work environment. 
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Populärvetenskaplig 
sammanfattning

Den ökande föroreningen av både inomhus- och utomhusmiljö är ett 
av de största problemen i vårt samhälle, nya föroreningar tillkommer 
ständigt samtidigt som mängden av andra ökar. På senare tid har 
diskussionen om partiklar i luften debatterats. Många forsknings-
rapporter visar att de nanometerstora partiklarna är skadliga i sig och 
kan orsaka hjärt- och kärlsjukdommar. Inomhusmiljön påverkas också 
allt mer av hälsofarliga ämnen från ny elektronik, målarfärger och 
textilier. 

Ämnen i inandningsluften når lungorna och kan spridas med 
blodet ut i kroppen och orsaka skador på vävnader. Vissa ämnen gör 
kroppen sig av med, andra lagras i fettvävnaderna. Dessa kan senare 
utsöndras och bland annat orsaka skador på foster och spädbarn som 
ammas. 

För att komma tillrätta med miljöproblemen krävs metoder för att 
mäta halterna av de skadliga ämnena. Resultaten från undersökningarna 
kan sedan ligga till grund för bestämmelser om gränsvärden för hur 
mycket vi kan utsättas för. 
 Mätmetoder ska vara så pålitliga, lätthanterliga, snabba och 
billiga som möjligt. Inom analytisk kemi pratar man om den analytiska 
kedjan. Den består av provtagning, provupparbetning, separation, 
detektion och kvantifi ering och varje steg måste vara väl utvärderat och 
optimerat. 

I det här arbetet har vi utvecklat nya metoder för provtagning, 
upparbetning och bestämning av några vanliga miljöföroreningar. Stort 
fokus har legat på utvärderingen av ett fi lter/membran, som normalt 
används för vätskeanalys, för luftprovtagning. Provtagningskapaciteten 
har undersökts för såväl fl yktiga, som halvfl yktiga och partikelbundna 
föreningar (arbete II och III). Vi har också arbetat på att ta fram nya, 
mer lätthanterliga och mindre miljöskadliga upparbetningsmetoder, 
där förbrukningen av organiskt lösningsmedel minimeras eftersom 
många äldre metoder kräver stora volymer miljö- och hälsofarliga 
lösningsmedel.

I arbete III användes subkritiskt vatten som extraktionsmedel 
för bestämning av luftburna partikelbundna polycykliska aromatiska 
kolväten, PAH, i luftprover tagna i Rom i Italien. PAH tillhör 
de vanligast förekommande föroreningarna i stadsluft och har 
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kända cancerogena och mutagena effekter. När vatten hettas upp till 
100-374 °C och samtidigt hålls fl ytande med hjälp av högt tryck blir det 
mer opolärt och har möjlighet att lösa ut opolära föreningar som PAH.

I arbete IV användes inget lösningsmedel alls i den slutliga 
metoden. Här bestämdes halterna av organofosfatestrar i inomhusluft 
med hjälp av SPME provtagning. SPME är en miniatyriserad provtagare, 
med en tunn fi ber belagd med en opolär fi lm. När fi bern exponeras för 
luften, kommer  ämnen att adsorberas eller absorberas på/i fi bern som 
sedan kan analyseras direkt i mätinstrumentet. Här slipper man den 
ofta arbetskrävande upparbetningen av provet. Organofosfatestrar är 
fl amskyddsmedel och mjukgörare och en av de vanligast förekommande 
föroreningarna i inomhusluft och har bland annat en hormonstörande 
effekt.

Dessa ämnen var även målsubstanser i arbete II. Här gjordes 
provtagningen med ett fastfasmembran och extraktionen gjordes on-line 
med analysen. Ett on-line system är lätthanterligt och innebär snabba 
analyser med låga detektionsgränser eftersom hela provet analyseras. 

I arbete I utvecklades en ny detektionsmetod med 
vätskekromatografi  kopplat till masspektrometri, LC/MS, för 
bestämning av fl amskyddsmedlet tetrabrombisfenol A, TBBPA, 
en vanligt förekommande hormonstörande förening i inomhusluft. 
De redan tillgängliga metoderna baserade på gaskromatografi  och 
masspektrometri, GC/MS, är inte optimala för TBBPA, bland annat 
p g a ämnets kemiska struktur med två polära fenolgrupper. 
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Abbreviations

ABS  Acrylonitrile-butadiene-styrene
ACN  Acetonitrile
APCI  Atmospheric pressure chemical ionization
ASE  Accelerated solvent extraction
BTEX  Benzene, toluene, ethylbenzene, xylene
C8, C18 Octyl, octadecyl silica
CID  Collision-induced dissociation
CPC  Condensation particle counter
CRM  The charge residue model
DCM  Dichloromethane
DMA  Differential mobility analyzer
DMAE  Dynamic microwave-assisted extraction
DOP  Dioctyl phthalate
DSASE Dynamic sonication-assisted solvent extraction
DSWE  Dynamic subcritical water extraction
EPA  Environmental Protection Agency
ESI  Electrospray ionization
FID  Flame ionization detector
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HPLC  High performance liquid chromatography
Hz  Hertz, cycles per second
i.d.  Internal diameter
IEM  The ion evaporation model
IS  Internal standard
LC  Liquid chromatography
LLE  Liquid-liquid extraction
LOD  Limit of detection
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MAE  Microwave-assisted extraction 
MRM  Multiple reaction monitoring
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PAH  Polycyclic aromatic hydrocarbon
PCB  Polychlorinated biphenyl
PDMS  Polydimethylsiloxane
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PGC  Porous graphitized carbon
PICI  Positive ion chemical ionization
PLE  Pressurized liquid extraction
PM  Particulate matter
POP  Persistent organic pollutant
PTFE  Polytetrafl uoroethylene
PTV  Programmed temperature vaporiser
PUF  Polyurethane foam
RSD  Relative standard deviation
S/N  Signal-to-noise ratio
SDB  Polystyrene-divinylbenzene 
SFE  Supercritical fl uid extraction
SIM  Selected ion monitoring
SMPS  Scanning mobility particle sizer
SPE  Solid phase extraction
SPME  Solid phase microextraction
SRM  Selected reaction monitoring
SWE  Subcritical water extraction 
TBBPA Tetrabromobisphenol A 
TEP  Triethyl phosphate
TMP  Trimethyl phosphate
TPP  Triphenyl phosphate
TPrP  Tripropyl phosphate
TWA  Time weighted average
VOCs  Volatile organic compounds
XAD   AmberliteTM  XADTM  adsorbent resin
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Aim

The general aim of the work underlying this thesis was to develop and 
evaluate new methods for the sampling and determination of organic 
environmental pollutants in indoor and outdoor air. It is of great 
importance to consider and optimize all steps in the analytical procedure 
(sampling, storage, extraction, clean-up, analysis, detection and data 
evaluation) to achieve correct and reliable results for an air sample. 

A more specifi c aim was to assess the performance of solid phase 
extraction (SPE) membranes as air sampling devices. The aspiration 
was to evaluate their effi ciency for the general sampling of pollutants in 
air, and fi nally to develop a sensitive and simple multi-class method for 
the determination of air quality.
  In these projects, not only the sampling capacity was evaluated. 
Considerable effort was also invested in the development of new, 
simple, low-cost and less environmentally harmful methods for sample 
clean up and analysis. 
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Introduction

In modern society, with the enormous consumption of materials and 
production of industrial waste, new pollutants are added continuously 
to the environment. This creates a need for new analytical methods 
or the extension of existing methods to address new compounds.  
Investigations performed using these analytical methods fundamentally 
support the management of many toxic contaminants. The particulate 
matter in air is a mixture of solid particles and liquid droplets of varying 
size and shape. The particles contain non-volatile species, including 
salt, soot, metals, crystal oxides, and semi-volatile compounds. Organic 
contaminants are also present in the gas phase and their chemical and 
physical properties determine their distribution between the gaseous 
phase and the particulate phase in aerosols [1].

Toxic air pollutants are compounds that cause or may cause cancer 
or other serious health effects, such as reproductive disturbances or 
effects on the ecological system [2]. The sources of these hazardous 
compounds include emissions from vehicles, factories, power plants 
and building materials. Humans and animals are exposed to air 
pollutants by breathing, skin contact, eating and drinking. Many 
pollutants accumulate in body tissues, so that animal species at the top 
of the food chain can be exposed to higher concentrations than occur 
in air and water. Concerns about health effects are not only related 
to toxic organic pollutants, but also to particles in the atmosphere.
A strong correlation between the concentration of particulate matter in 
air and respiratory and cardiovascular problems has been found in 
several studies [2-5]. It is therefore necessary to further investigate 
the nature of such particles because their size and physical properties 
infl uence how far into the respiratory system they can penetrate and 
what damage they may cause [6, 7]. Particles larger than 10 μm do not 
easily pass the nose and are therefore not considered to cause health 
problems. Finer particles, on the other hand, are inhalable and may reach 
the lung region.  Recently, concern about health effects has focused on 
ultra-fi ne particles, which are those smaller than 0.1 μm. According to 
a report from a European commission project, the ultra fi ne particles 
account for up to 85% of total particulate in urban areas [8]. Their small 
size requires very effi cient sampling systems for analysis.
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Some contaminants in indoor air are ubiquitous and originate from 
building materials, furniture, textiles and electronic equipment [9]. 
Such compounds include volatile and semi-volatile fl ame retardants 
and plasticizers, but there is also growing concern about ozone and 
particulate matter emitted from printers, fax machines and photocopiers 
[10]. The health problems associated with some of these compounds are 
described below (Applications) and include disruption of the endocrine 
system, neurotoxicity and carcinogenic effects. 

Consequently, environmental analytical chemistry and the analysis of 
air are important research topics.

This work describes the development of new methods for the 
sampling, sample preparation and quantifi cation of selected, ubiquitous 
environmental pollutants both indoors and outdoors. The analytes 
were a brominated fl ame retardant, tetrabromobisphenol A (TBBPA), 
organophosphate triesters (OPEs) and polycyclic aromatic hydrocarbons 
(PAHs). These compounds are appropriate for the evaluation of new 
techniques because they are a challenge for the analytical chemist and 
have a wide range of physical and chemical properties (OPEs, PAHs). 
The methods might possibly be further developed and applied to other 
pollutants.
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Air sampling

One of the fi rst and most critical steps in the analytical chain is sampling, 
Figure 1. The quality of the sample is essential to the reliability of 
analysis. The samples should be representative and the sampling 
equipment should be appropriate for the compounds of interest. 

Analysis plan

Analysis

Clean-up

Extraction

Sampling

Data interpretation

Report

Figure 1. The analytical chain.
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The trapping mechanism in air sampling can be either adsorption or 
absorption.

In adsorption compounds from a vapor or liquid form a thin 
fi lm on the surface of a solid. Physical adsorption (physisorption) 
involves weak van der Waals interactions (a dispersion or a dipolar 
interaction). The boiling point and vapor pressure indicate how well a 
compound may be adsorbed, compounds with high boiling points and 
low vapor pressures are more readily adsorbed. Chemical adsorption 
(chemisorption) involves chemical binding to the surface, for example 
by covalent bonds. The enthalpy of chemisorption is ten times higher 
than for physisorption and thus a stronger interaction. 

In absorption, vapor molecules permeate into a liquid or solid. 
The extent of absorption is limited by factors such as solubility in the 
liquid or the capacity of the solid absorbent. The extent of absorption 
depends on factors such as the nature of the absorbent, the temperature 
and the partial pressure of the pollutant in the air. The collection 
effi ciency of absorption is often higher than for adsorption. 

Passive sampling 
Passive sampling in environmental analysis has recently been reviewed 
by Seethapathy et.al. [11]. Passive sampling is an inexpensive and easy 
way to monitor volatile and semi-volatile compounds in the atmosphere. 
Numerous different samplers are available and the type of sampler 
chosen will depend on, for example, the matrix, the physico-chemical 
properties of the analyte and the sampling duration.  

Nearly all passive samplers consist of a barrier and a sorbent. 
The sampling rate depends on the rate of analyte diffusion through the 
barrier, which is related to both the airfl ow and the sorption effi ciency 
of the sorbent. There are two types of passive samplers, the diffusion-
type where the barrier consists of the static layer of air surrounding the 
sorbent and the permeation-type with a polymer membrane. The most 
commonly used passive sampler for air sampling is the diffusion-type. 
An effi cient sorbent is chosen so that the target compound is absorbed 
in the sorbent and the concentration of the analyte at the surface is 
practically zero throughout the sampling period. Under such conditions 
it is possible to measure the time-weighted average concentration 
(TWA) because the sampling rate is nearly constant and the amount 
of analyte collected is proportional to its concentration in air and to 
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the sampling time. For long-term sampling, the required conditions can 
be achieved using either absorption- or chemisorption. For sorbents 
with adsorption, only low mass loadings should be allowed in order to 
avoid competitive adsorption. Besides low cost and simplicity, passive 
sampling has the advantages that a power supply is not required and 
matrix interferences are reduced.

Active sampling
Active sampling is performed by pumping air through a fi lter or adsorbent. 
During active sampling both the vapor phase and the particulate phase 
can be collected. The choice of sampling medium is normally based on 
the physical and chemical properties of the target analytes and also on 
the sample volume required. The pumps used can either be stationary, 
large-volume pumps (e.g. for high fl ows) or smaller, portable pumps for 
lower-volume applications, such as personal exposure measurements. 

Different sorbents are available for the collection of compounds 
with various properties [12]: 

The most widely used type of fi lters are fi brous,most widely used type of fi lters are fi brous,most widely used type of fi lters are  made of cellulose, 
glass, quartz or plastic. These have a wide range of applications, 
are inexpensive and generally have a high capacity for particles of 
micrometer size.

Porous membrane fi lters made of polymers, Tefl on, ceramics 
or metal have a high sampling capacity and since the particles become 
attached to the structure, particles that are smaller than the pore size 
can be trapped. However, high back-pressures may allow only a low 
sampling fl ow rate. 

Granular bed fi lters, such as Tenax, Florisil, XAD-2 and 
activated carbon, can be used for the collection of both particles and 
gaseous compounds.

The measurement of air quality may require collection of both 
the vapor and particulate phase, in order to obtain information on the 
phase distribution. Some samplers are designed to trap either the vapor 
phase or particulate, while other samplers collect both phases without 
differentiating between them. However, to be able to investigate the 
phase distribution, either a two-stage sampler or two methods, which 
run in parallel, are required.

Descriptions of the sampling methods used in this work, the 
associated advantages/disadvantages and results are presented below.
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Glass fi ber fi lters and PUFs
The use of glass fi ber fi lters with polyurethane foam plugs (PUFs) is 
common for air sampling [13-17]. The sampler used in the present 
study (Paper I) was designed by Östman et. al. [18] and consisted of 
an anodized aluminium holder containing a glass fi ber fi lter and two 
polyurethane foam plugs in series. Ideally, particles are collected on 
the fi lter and the semi-volatile compounds are trapped in the fi rst PUF. 
The glass fi ber fi lters have a collection effi ciency of 99.98 % for 0.3-μm 
particles, as determined by DOP [19].

The advantage of this type of sampler is that the particulate-gas 
phase distribution of the compounds can be readily assessed. However, 
the result may be inaccurate, since the compounds initially adsorbed on 
particles desorb and become trapped on the fi rst PUF. Another source 
of potential error is the sorption of gas phase compounds to particles 
already trapped on the fi lter [17,20-22]. There is also a potential risk of 
breakthrough for particles that are smaller than 0.3μm.

A fi lter/PUF sampling device was used for the sampling of 
TBBPA in Paper I. It had previously been reported that TBBPA was 
trapped on the fi lter, and that less than 1 % of TBBPA was present in the 
PUF [15]. In the present study, the effi ciency of adsorption of TBBPA 
on PUF was investigated to evaluate whether any TBBPA desorbed 
from the fi lter was trapped on the PUF or passed through. TBBPA was 
quantitatively retained in the fi rst PUF and none was detected in the 
second, back up. No TBBPA was detected in any of the PUFs when 
samples were collected at a recycling plant for electronic goods. This 
suggests that TBBPA exists entirely in the particulate phase. 

SPE sampling device
Solid phase extraction cartridges and disks have been used for many 
years to sample liquids [23]. In 1995, the fi rst successful application 
was reported of SPE cartridges for air sampling [24-28]. A few years 
later SPE membranes were used for air sampling [29,30]. SPE disks are 
supplied under the commercial name Empore disks and manufactured 
by 3M. The membranes consist of small silica particles, coated with 
a stationary phase and held closely together by an inert matrix of 
polytetrafl uoroethylene (PTFE) fi brils. These fi brils are thin, accounting 
for only 10% of the weight of the stationary phase, and they do not 
interfere with the chemical activity of the particles. There are two 
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different packing densities. Standard density membranes contain larger 
particles (47 μm) and are normally used for complex matrix samples. 
The high-density membranes contain smaller particles (12 μm) and are 
more closely packed to achieve maximum extraction effi ciency, shown 
in Figure 2. The average pore size of the membranes is 0.5 μm and a 
47-mm membrane disk consists of 500 mg packing material. 

When compared to conventional cartridges, one advantage of 
using SPE disks is a lower backpressure, which enables much higher 
sampling fl ow rates. In addition, since the particles in the membranes 
are smaller and more uniformly packed, a larger surface area and smaller 
dead volume are achieved. 

The retention mechanism of SPE disks can be considered to 
be absorption, for which the C8 phase is a liquid in which the target 
compounds become dissolved. Absorption of the analytes in a fi lter 
increases the trapping effi ciency in comparison to adsorption. A 
limitation of absorption samplers is that the gas phase/particulate phase 
distribution cannot be determined because both phases are combined.

The aim of the studies reported in Papers II and III was to evaluate the 
suitability of SPE disks for the sampling of volatile and semi-volatile 
compounds in air. 

In Paper II Empore C8 membranes were evaluated for air 
sampling of volatile and semi-volatile organophosphate triesters.  OPE 
have earlier been sampled with glass fi ber fi lter and PUF [14,17], SPE 
cartridges [27,28,31] and SPME [32-34]. 

Figure 2. Comparison of SPE membrane and SPE cartridges.

12 µm
40-80 µm
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The SPE membrane trapping effi ciency for different organophosphate 
triesters with varying chemical and physical properties was 
investigated. OPEs constitute a heterogeneous group with many 
different substituents as shown in Figure 3.  For example, the vapor 
pressure of the most volatile compound, trimethyl phosphate (TMP) 
is 0.85 mmHg at room temperature. This is to be compared with 
6.28x10-6 mmHg for triphenyl phosphate (TPP) as presented in Table 1. 
The wide range of polarities of different OPEs should also be considered 
for sampling and clean up. 

Compound Mw 
(g/mol)

Bp 
(°C)

Dg a)

(10-6m2/s) 
Vp b)

(mmHg)

Trimethyl phosphate 141 197 7.23 0.85

Triethyl phosphate 182 215-16 5.71 0.39

Triisopropyl phosphate 224 218-20 4.85

Tri-n-propyl phosphate 224 252 4.49 4.33x10-3

Triisobutyl phosphate 266 264 4.28

Tri-n-butyl phosphate 266 289 4.28 1.13x10-3

Tris(2-chloroethyl) phosphate 285 330 4.90

Tris(2-chloropropyl) phosphate 327 270c) 4.37 2.02x10-3

Triphenyl phosphate 326 370 4.29 6.28x10-3

a) The diffusion coeffi cients are estimated from the computer program CalcDiff [55].
b) Values obtained from the Physical Properties Database (PHYSPROP).
c) Possibly measured at a pressure <760 mmHg.

Table 1. Chemical and physical properties of investigated OPEs. 

The sampling effi ciency was evaluated by pumping the headspace above 
some of the more volatile phosphate triesters (trimethyl phosphate, 
TMP; triethyl phosphate, TEP; tripropyl phosphate, TPrP) for 24 h 
through two Empore membranes in separate holders in series. The 
holder used for the sampling was fi rst described and used by Sanchez 
et al. [35]. It consisted of an anodized aluminum holder containing a 
47-mm Empore membrane. The fl exible SPE membrane was held 
between two Tefl on rings and was supported by a stainless steel net, as 
shown in Figure 4. The pump provided fl ow rates as high as 20 L/min. 
The two membranes were analyzed separately and the breakthrough 
of analytes was determined by comparing the amount in the second 
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Figure 3. Chemical structures of the investiaged organophosphate 
esters: (1) Trimethyl phosphate; (2) Triethyl phosphate; (3) Tripro-
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(6) Tris(2-chloroethyl) phosphate; (7) Tris(2-chloroisopropyl) phos-
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membrane with the amount in the fi rst membrane. Less than 0.1 % 
of the TMP trapped in the fi rst membrane was detected in the second 
membrane after 24 h at a sampling rate of 10 L/min (yielding an air 
volume of 14.4 m3). This demonstrated the capacity of the membranes 
for long-term sampling of volatile compounds. It was also shown that 
the membranes could be safely stored at room temperature for at least 
fi ve days without any detectable losses of absorbed analytes. Field 
samples were collected in a playroom at a kindergarten that was recently 
renovated with new furniture and toys and in a computer lecture room. 

Teflon Rings

Empore disk
Steel net

Figure 4. Empore SPE membrane air sampler.

Paper III reported the evaluation of trapping effi ciency of Empore C8 
membranes for particulate matter and the development of a method for 
the determination of PAHs. PAHs can be determined as semi-volatile 
or particulate associated [36]. The conventional method for sampling 
PAHs in air is active sampling onto a fi lter connected to an adsorbent 
in series, which enables the collection of both phases [13,37-40]. Since 
there might be problems with losses during the sampling due to 
volatilization and reactions with ozone and nitrogen dioxide, the 
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sampling needs to be as short and effi cient as possible and the sample 
safely stored. By avoiding active surfaces such as glass fi bers, the 
degradation can be minimized [39]. 

In Paper III the trapping effi ciency for particulate matter was evaluated 
using a scanning mobility particle sizer (SMPS), which is a tool for 
the assessment of particle size distributions in atmospheric samples. 
Aerosol particles were introduced into a differential mobility analyzer 
(DMA), consisting of two concentric cylinders. The particles were 
classifi ed according to their electrical mobility, by varying the electrical 
fi eld between the cylinders, and were counted using a condensation 
particle counter (CPC), in which the smallest particles were grown by 
the condensation of vapors to a size that was detectable by the laser. 
An aerosol of normal tap water containing salt was pumped through 
the membrane and the particles were counted after they had passed the 
membrane. 
 These experiments demonstrated that an aerosol with a particle 
size distribution between 10 and 800 nm was trapped by Empore disk 
membranes. No particles were observed to pass through the membrane, 
even after 24h at a high airfl ow rate (20 L/min). 

Solid Phase Microextraction (SPME)
Solid-phase microextraction was introduced in 1990 by Arthur and 
Pawliszyn [41] and has since then become a popular technique for both 
liquid and headspace sampling. SPME combines sampling and pre-
concentration of the analytes and enables direct transfer of the analytes 
to the chromatographic system (usually a gas chromatograph).

An SPME fi ber normally consists of fused silica coated with a liquid 
or solid polymer. The fi ber is attached to a stainless steel plunger or 
needle, which is mounted in a special holder as shown in Figure 5.
During sampling the fi ber is exposed to the vapor or liquid and the 
analytes are absorbed/adsorbed by the coating. Extraction usually 
continues until equilibrium between the matrix and the fi ber is reached. 
After sampling, the fi ber is withdrawn into the needle and stored until 
analysis. There are many different coatings to choose from, with a 
variety of stationary phases, thicknesses and porosities. Fiber selection 
depends on the properties of the analytes and on the analytical method to 
be used. For sampling of OPEs at low air concentrations, an absorptive 
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coating of polydimethylsiloxane (PDMS) showed the highest uptake 
rate compared to other investigated commercial coatings, including 
those with adsorptive characteristics [32].

The second step of the SPME process is desorption and transfer of the 
analytes to the chromatographic system for separation and detection. 
During desorption, the analytes are quickly desorbed from the fi ber by 
heating in the GC injector. Conventional split/splitless injectors can be 
used if a narrow liner, typically with a diameter of 0.75 mm, is mounted 
in the injector. A narrow liner increases the carrier gas fl ow surrounding 
the fi ber and increases the effi ciency of desorption of analytes from the 
fi ber. During desorption the split valve is closed and the analytes are 
transferred by the carrier gas into the column. 

Non-equilibrium sampling
SPME has also been used for non-equilibrium, time weighted average 
(TWA) air sampling mostly for VOCs [42-52], but there is also work 
published on semivolatile compounds [53]. SPME in non-equlibrium 
mode is less common than the equilibrium approach and requires well-
calibrated SPME fi bers with known adsorption/absorption rates and 
that the equilibrium between analytes in the air and on the fi ber has 
not been reached. Volatile compounds at high concentrations can be 
sampled using the fi ber retracted in the needle to reduce the uptake rate 
[44]. Semivolatile compounds, such as OPEs, normally diffuse very 
slowly and the speed of the sampling process is increased if the fi ber is 
exposed. Parameters that affect the extraction process include the type 
of fi ber coating, coating thickness, air velocity, temperature, humidity 
and sampling time.

NeedleFiber

Figure 5.  SPME holder.
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When an SPME fi ber coating is exposed to air and the airfl ow surrounding 
the fi ber is laminar and not turbulent, a static boundary air layer develops 
between the bulk of air and the surface of the fi ber. The analytes are 
transported from the air to the fi ber surface via molecular diffusion 
across this layer. The rate of adsorption/absorption is proportional to 
the air velocity, which affects the thickness of the boundary layer. Mass 
transfer depends not only on the air velocity, but also on the air diffusion 
constant of the analyte. When applying non-equilibrium SPME, the air 
concentration, C0, can be determined from Eq. 1 [42,43]

Eq 1.

where m is the mass sorbed by the fi ber, b is the fi ber radius (including 
coating), δ is the static air (boundary) layer thickness, Dg is the analyte 
diffusion coeffi cient in air in m2/s, L is the length of the coating (typically 
0.01m) and t is the sampling period in s. The analyte diffusion coeffi cient 
was in this work calculated using a method presented by Fuller et al.
[54] and further developed by Colmsjö [55].
 The boundary layer, δ, can be calculated from Eq. 2 [41]

δ = 9.52 b/Reδ
0.62 Sc0.38 Eq 2.

where Reδ is the Reynolds number, a measure of the turbulence around 
the fi ber and Sc is the Schmidt number. The latter is defi ned as: 

Sc = ν/Dν/Dν g  Eq 3.

where ν is the kinematic viscosity of air. The kinematic viscosity is the 
relation between air viscosity (µ) and air density (ρ), µ/ρ [54,56]. Reδ is 
a dimensionless number, defi ned as:

Reδ = 2ub/ν Eq 4.

where u is the linear air fl ow velocity. 

C0 �
m ln b � �

b
��
��
��

��
��
��

2�Dg Lt
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Field sampling 
Isetun et al. investigated the TWA sampling of volatile and semi-volatile 
organophosphate triesters [32]. The maximum absorption of analytes 
was achieved using PDMS coated fi bers with a 100-μm stationary phase 
thickness. The boundary layer, δ, was shown to become constant above 
approximately 7 cm/s. An SPME fi ber holder was then constructed for 
fi eld air sampling, with a pump connected to the sampler to achieve a 
linear fl ow of approximately 30 cm/s over three SPME fi bers in series 
[33]. This sampler was a modifi ed version of a device previously 
described by Augusto et al. [43]. When constructing a fi eld sampler for 
SPME, the air fl ow characteristics have to be carefully considered. In 
order to enable TWA sampling a reproducible boundary layer must be 
ensured, and this requires a laminar air fl ow over the fi bers. The fl ow 
passing the fi eld sampler is considered laminar and not turbulent if the 
Reynolds number, Rex, is below 2000. This Reynolds number should 
not be confused with Reδ.

Rex= uxρ/µ Eq 5.

where x is the distance from the inlet of the fi eld sampler to the location 
of the fi ber. For the fi eld sampler used in that work Rex was calculated 
to 486, 1167 and 1847, respectively for the three different locations of 
the fi bers.

Paper IV reported the TWA sampling of organophosphate triesters 
in combination with a selective detection method, GC/PICI-SRM, 
developed by Björklund et al. [57]. The method was applied on samples 
collected in a number of indoor work environments. Preliminary studies 
indicated that triphenyl phosphate could be detected in air samples by 
using SPME. This was not expected, due to the low vapor pressure 
of this compound. These fi ndings initiated a thorough evaluation and 
calibration of SPME for sampling of triphenyl phosphate. The fi rst 
results indicated a higher uptake on the PDMS fi ber than expected 
compared to the previously investigated organophosphate esters.  Due to 
this, the fi eld sampler was slightly redesigned to ensure a more uniform 
fl ow over the fi bers and the walls were coated with Tefl on to prevent 
adsorption and memory effects. 
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The PDMS SPME fi bers were calibrated in the modifi ed fi eld sampler 
in a generation chamber with controlled concentrations at two different 
levels of the compound. The uptake of triphenyl phosphate on 100-µm 
PDMS fi bers was investigated for different linear air velocities in the 
range 2-44 cm/s. In Figure 6 the theoretical and empirical values of the 
boundary layer, δ, are compared for triphenyl phosphate. 

Figure 6. 6. 6 Magnitude of the boundary layer, δ, empirical for TPP, 
theoretical for TPP and empirical for TEP.

The empirical values for triethyl phosphate from previous work [32] 
are also plotted. The theoretical δ for triphenyl phosphate at each linear 
fl ow rate was calculated from Eq. 2. These values should be close 
for all investigated compounds, since the variation is due to only the 
molecular diffusion, Dg, included in the Sc term. The different Dg values 
are shown in Table 1. As the air velocity increases the concentration 
gradient gets steeper and δ decreases, which leads to a faster uptake. 
The experimentally determined boundary layer for triphenyl 
phosphate was thinner than both the theoretical for all OPEs and 
those experimentally found for triethyl, triisobutyl, tri-n-butyl and 
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the chloroalkylated phosphate esters. Furthermore, while the uptake 
of trialkylated and chloroalkylated phosphate esters was more or less 
unaffected by an increase in linear fl ow rate over 10 cm/s, the absorption 
of triphenyl phosphate slightly increased. The shape of the boundary 
layer curve for triphenyl phosphate followed the theoretical. Most 
likely, the observed difference in behaviour is due to the more lipophilic 
characteristic of triphenyl phosphate, which makes this compound 
absorb quicker into the PDMS phase. The lower mass transfer rate of 
the alkylated/chloroalkylated phosphate esters is most likely due to their 
polar properties. That is, the PDMS sorbent does not behave as a perfect 
“zero sink” for the absorption of the latter compounds. However, since 
the uptake rate is linear, this does not affect the performance of the 
method, except for an extraction slower than it would be with a more 
polar sorbent.
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Extraction and sample clean up

Air sampling using fi lters, membranes or other types of adsorbent is 
normally followed by sample preparation, in which the compounds of 
interest are isolated from the sample matrix, co-extracted interfering 
compounds are removed and the analytes are concentrated. 

The most popular methods include the use of an organic 
solvent for extraction. An effi cient extraction method should give high 
recoveries of the analytes with low consumption of organic solvents 
and time. The selectivity of the extraction is less frequently discussed, 
although selective extraction signifi cantly decreases chemical 
interference and minimizes the clean up required, saving both time and 
money. Environmental surveys can require a large number of samples 
and signifi cant volumes of solvent. It is thus important to optimize the 
extraction and cleanup procedure.

The extraction effi ciency depends upon the molecular diffusivity, 
the matrix properties, analyte interactions with the matrix and solvent, 
temperature, pressure and whether the extraction is static or dynamic 
[58,59].

One of the most commonly used extraction techniques, Soxhlet 
extraction, gives high yields but is slow (8-48 hours) and uses large 
volumes of solvents. The sample is placed in a Soxhlet extractor 
connected to a round fl ask and a condenser. The solvent in the fl ask 
is heated and evaporates, condenses onto the sample in the Soxhlet 
extractor and fl ows back to the fl ask. Fresh solvent is added continuously 
to the sample to create a dynamic extraction process with high yields. 
Soxhlet extraction is robust and is often used as a reference method. 
A potential disadvantage, besides time and solvent consumption, is that 
labile analytes may decompose during heating of the extract.

New extraction techniques have been developed to reduce the time, 
sample handling and solvent consumption associated with analysis. 
Some examples are pressurized liquid extraction (PLE), microwave-
assisted extraction (MAE), dynamic sonication-assisted solvent 
extraction (DSASE), supercritical fl uid extraction (SFE) and subcritical 
water extraction (SWE). These new techniques use heat, pressure and 
fl ow to improve recovery.

The extraction methods used in the projects reported in this 
thesis are discussed in the following section. 
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Ultrasonic solvent extraction
For ultrasonic extraction, the sample is placed in a glass tube or similar 
container, with a small volume of solvent. The solvent is matched to the 
target analytes in order to maximize extraction effi ciency. The tube is 
subsequently sonicated, typically for 20 minutes. A second extraction 
step may be necessary to achieve suffi cient recovery because this is 
a static type of extraction. Sonication disrupts the sample matrix and 
improves the mass transfer of analytes to the solvent by a mechanism 
called cavitation. Vibrations with frequencies above 20 kHz produce 
high and low pressure waves in the liquid, giving rise to bubbles/
cavities. During the low-pressure phase the cavities are large and reach 
their maximum critical diameter. During the high-pressure phase the 
bubbles are suddenly compressed and implode, resulting in extremely 
high temperatures and pressures at points in the liquid. Because the 
cavities are extremely small, the temperature and pressure changes 
are localized and the temperature of the sample is only slightly 
affected [60].

Due to its simplicity and effi ciency ultrasonication is a widely  
used technique. Several parallel extractions are possible, which gives 
high sample throughput. The extraction is generally fast, but the risk of 
degradation of labile analytes increases with the extraction time.

Ultrasonication has been used for many classes of compounds, 
including PAHs [38], brominated fl ame retardants (e.g. TBBPA) [15] 
and organophosphate triesters [14].

Ultrasonic extraction was used in the study reported in 
Paper I for the desorption of TBBPA from glass fi ber fi lters and PUFs. 
The glass fi ber fi lters were sonicated twice in acetonitrile (5 mL) for 
20 min and the concentrated extract was syringe fi ltered prior to injection. 
Samples were sonicated twice to ensure exhaustive extraction even in 
the presence of other air contaminants. The recoveries were 75-107%.

Dynamic liquid extraction
In dynamic liquid extraction the solvent is pumped through the 
sample vessel and fresh solvent is added continuously. The extraction 
effi ciency depends on the partitioning of analytes between the sample 
medium and the solvent, and is enhanced by using fresh solvent due to 
the accelerated mass transfer. This leads to shorter extraction times and 
reduced solvent consumption. Dynamic extraction can be performed 
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using heated solvents, high pressures and may be combined with 
ultrasonication [61].

At higher temperatures the surface tension and viscosity of 
the solvent decrease and penetration of the solvent into the matrix 
is enhanced, resulting in improved contact between the solvent and 
analytes. Elevated temperature also increases diffusion rates and the 
solubility of the analytes [58]. Pressure forces the solvent into the sample 
matrix and keeps the solvent in a liquid state at high temperatures.

One other advantage is that dynamic extraction can be coupled 
on-line to further cleanup or chromatographic separation systems 
[29,35,61-64].

Single channel on-line desorption 
Paper II reports the use of dynamic solvent extraction coupled on-line 
with LC/MS for the determination of OPEs in indoor air. 

Empore SPE membranes were used for air sampling as described 
earlier. After sampling, the membranes were cut and gently packed 
into an extraction cell. The cell was mounted in an on-line extraction/
LC/MS system, Figure 7. During sampling the analytes were trapped 
randomly over the membrane and consequently the target analytes were 
distributed throughout the extraction cell. Effi cient peak focussing was 
required at the top of the analytical column to avoid peak broadening 
or splitting. This was achieved using single channel on-line desorption. 
The analytes were effi ciently desorbed from the membrane with a small 
amount of methanol and were refocused on the analytical column by 
the addition of water. 

Before the extraction, methanol and water were passed through 
the analytical column and the extraction cell was fi lled with water. A 
valve was switched and methanol was passed through the extraction 
cell and the analytical column. Water was added prior to the analytical 
column and the analytes became focussed. When all analytes were 
eluted, the valve was switched back and the chromatographic separation 
commenced used gradient elution with methanol and water. 

The sample was extracted, separated and measured within 
33 min. Only 1.6 mL of methanol was used for the extraction and the 
recoveries were 95-107%. The recoveries of OPEs from membranes 
spiked with urban dust particulate matter (PM) were also investigated 
because the presence of PM in a sample could affect desorption. 
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The recoveries for samples of PM-spiked membranes were 95-108% 
for all the investigated OPEs except for TMP, for which the recovery 
was 72 %.

Figure 7. 7. 7  Schematic diagram showing the single channel on-line 
desorption system.

Sanchez et al. developed an on-line SPE/LC/MS method for explosives 
in air using Empore SPE membranes [29]. A fl at extraction cell was 
used for the membrane and peak focussing was achieved using a porous 
graphitic carbon (PGC) HPLC column. 

The analysis could be simplifi ed by using a conventional HPLC 
column with C8 or C18 stationary phase and the addition of water. 
The addition of water makes it possible to use a more polar column and 
still achieve narrow peaks. This would enable elution of very lipophilic 
compounds. Figure 8.
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Figure 8. 8. 8 GC/MS chromatograms (EIC) obtained from the extraction 
of a C8 SPE membrane spiked with 100 ng of a standard solution of 
organophosphate esters using single-channel on-line desorption. (A) 
Apollo C18 RP 4.6 mm x 250mm analytical column, and (B) Phenomenex 
C8 RP 4.6 mm x 150 mm analytical column. The peaks correspond to 
(1) trimethyl phosphate, (2) triethyl phosphate, (3) tripropyl phosphate, 
(4) triphenyl phosphate, (5) tributyl phosphate, (6) tritolyl phosphate.



38

Subcritical water extraction (SWE)
Water is non-toxic and inexpensive, and is thus an attractive alternative 
to many other solvents as an extraction fl uid. Subcritical water 
extraction, also called pressurized hot water extraction, hot water 
extraction, high-temperature water extraction, superheated water 
extraction or hot liquid water extraction, is a technique in which water 
at a temperature between 100°C and 374°C is used as an extraction 
medium. The water is liquefi ed by applying high pressure. When water 
is heated the dielectric constant, and thus the polarity, is decreased. If the 
temperature and pressure exceed 374°C and 221 bars, water becomes 
supercritical. Supercritical water has a dielectric constant, ε, of 1 and is 
an excellent extraction medium for lipophilic compounds, but it is also 
very corrosive and therefore unsuitable for applications in analytical 
chemistry. Under subcritical conditions at a temperature of 250°C the 
dielectric constant of water is comparable to that of methanol at 25°C 
(ε = 27) [65]. This makes it possible to extract even non-polar organic 
compounds, such as PAHs, from environmental matrices [66]. Since 
environmental samples contain interferences and only trace amounts 
of PAH, concentration and clean-up are usually required after solvent 
extraction, prior to analysis on GC/MS. This fractionation can been done 
with for example open column liquid chromatography and solid phase 
extraction [40]. For further isolation of PAH these can be combined 
with separation on normal phase liquid chromatography (NP-HPLC) 
[18,38]. Whit a selective extraction, time consuming clean up can be 
reduced or avoided.

Since the polarity of water changes with temperature, selective extraction 
can be achieved by using different temperatures. Water-soluble 
compounds and metals are extracted with water at room temperature. At 
temperatures between 50°C and 150°C phenols and BTEX are extracted. 
PAHs are extracted at 250-275°C and high molecular mass alkanes that 
remain can be extracted using steam or organic solvent [67]. 
 Hawthorne et al. compared conventional Soxhlet extraction 
using 150 mL dichloromethane (DCM) and acetone, pressurized liquid 
extraction (PLE) using 15 mL of the same solvent, supercritical fl uid 
extraction (SFE) using CO2, and subcritical water extraction (SWE) 
for environmental solids. Recovery, selectivity and matrix effects were 
assessed. The organic solvent extractions achieved the highest recoveries 
for high molecular mass PAHs but also gave the most complex extracts 
with no selection between alkanes and PAHs. SFE gave clean extracts 
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but poor selectivity between alkanes and PAHs, whereas SWE gave 
clean extracts and selectively extracted the PAHs from the matrix [68].

Paper III reports the use of dynamic SWE to extract PAHs from 
Empore membranes spiked with reference material (SRM 1649a). The 
effect of different parameters on recovery, the selectivity and risk of 
membrane degradation were assessed. According to other researchers, 
the C8 phase can be sensitive to degradation at high temperatures [69-
71]. The fi nal extraction procedure was as described below.

Extraction procedure
After sampling, the membrane was carefully folded, cut and packed 
into an extraction cell. The cell was placed in a GC oven and connected 
to the extraction system according to Figure 9. 

A

B

C

D
E

F
G

H

I
L

Figure 9. 9. 9 DSWE setup: (A) water degasser, (B) HPLC pump module 
for water, (C) GC owen, (D) stainless steel preheating coil, (E) extrac-
tion cell, (F) solvent selector, (G) ice- water bath, (H) pressure trans-
ducer of pump delivering water, (I) back pressure regulator, (L) vial for 
extract collection, (M) purging gas (nitrogen) and (N) washing phase 
(hexane) pump.
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The water fl ow was set to 2 mL/min and the pressure was adjusted to 
5.5 MPa. After the air was removed and the system was checked for 
leaks, the temperature was increased and the extraction procedure was 
conducted according to Table 2. The aqueous eluate was collected in 
vials containing 1 mL of hexane. After extraction, the tubing was fl ushed 
with nitrogen and rinsed with hexane. The PAHs were extracted from 
the water using a total of 4 mL of hexane in two consecutive liquid-liquid 
extractions. The selective extraction of PAH from alkanes is demon-
strated in Figure 10.

Time
(min)

Description Water 
temp
(°C)

Pressure
(Mpa)

Pump (B)
Flow rate 
(mL/min)

Pump 
(N)  

N2 Solvent 
selector

0 System is fi lled 
and pressurized

25 ≈1 Off Off Water

2 DSWE washing 
(step one)

80 55 2 Off Off Water

12 DSWE washing 
(step two)

130 55 2 Off Off Water

22 DSWE 
extraction 

250 55 2 Off Off Water

40 Water removal Off On N2

41 Tubing rinsing On Off Hexane

Table 2. Dynamic subcritical water extraction procedure 

The upper temperature limit was determined to be 250°C because higher 
temperatures caused degradation of the membrane. This was detected 
visually as a white precipitate after extraction with hexane. The extent of 
membrane degradation depended on the extraction time. Since fl ow did 
not infl uence recovery, a high fl ow of 2 mL/min and a short extraction 
time were considered to provide optimal conditions. 
 The method was evaluated by extraction of reference material 
SRM 1649a (urban dust). Deuturated PAHs was used as internal 
standards. Chromatograms are shown in Figure 11 and the chemical 
structures of target PAHs in Figure 12.
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Figure 10.Figure 10.Figure 10 GC-FID chromatograms showing the selective extrac-
tion obtained by applying DSWE at different temperatures to C8 SPE 
membrane spiked with a mixture of 16 PAH (numbered peaks) and 26 
alkanes (C8-C33, smaller, approximately equidistant peaks).
Chromatogram A shows the standard mixture, B is the PAH frac-
tion collected at 250°C and C is the alkane containing fraction col-
lected at 275°C. The peaks correspond to: (1) Phenanthrene; 
(2) Anthracene; (3) N-methyl-carbazol; (4) Fluoranthene; 
(5) Pyrene; (6) Benzo[a]anthracene; (7) Chrysene; (8) 2,2’-
binaphtyl; (9) Benzo[b]fl uoranthene; (10) Benzo[k]fl uoranthene; 
(11) Benzo[e]pyrene; (12) Benzo[a]pyrene; (13) Perylene; 
(14) Indeno[1,2,3-cd]pyrene; (15) Picene; (16) Benzo[ghi]perylene.
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Figure 11. GC-MS (SIM) chromatograms of urban dust (A) and 
deuturated internal standards (B). The peaks correspond to: 
(1) Phenanthrene; (2) Anthracene; (3) Fluoranthene; (4) Pyrene; 
(5) Benzo[a]anthracene; (6) Chrysene; (7) Benzo[b]fl uoranthene; 
(8) Benzo[k]fl uoranthene; (9) Benzo[a]pyrene; (10) Indeno-
[1,2,3-cd]pyrene; (11) Benzo[ghi]perylene.
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Figure 12. Structures of target PAHs: (1) Phenanthrene; (2) Anthracene; 
(3) Fluoranthene; (4) Pyrene; (5) Benzo[a]anthracene; (6) Chrysene; (7) 
Benzo[b]fl uoranthene; (8) Benzo[k]fl uoranthene; (9) Benzo[a]pyrene; 
(10) Indeno[1,2,3-cd]pyrene; (11) Benzo[ghi]perylene.
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Because the stability of the C8 membrane was such a critical factor, 
polystyrene divinylbenzene (SDB) membranes were also evaluated. 
However, the recoveries of the high molecular mass PAHs were 
extremely low when compared to their recoveries from C8 membranes. 
This was because water disrupts the van der Waals interactions between 
PAHs and the C8 chains more effectively than it disrupts the π –electron 
interactions between PAHs and SDB [72].

A large volume of water is used in SWE and there is thus a need for a pre-
concentration step prior to further clean-up or separation. Hawthorne 
et al. used a SDB Empore membrane for the collection of extracted 
PAHs from soil, sediment and air particulate matter [69]. Hyötyläinen 
et al. extracted PAHs from sediment using steam and the extraction 
system was coupled on-line to a Tenax TA trap, which acted as an LC 
column for the separation of PAHs from other contaminants. The trap 
was eluted with 780 μl solvent, some of which was injected into a GC/
FID system with partially concurrent solvent evaporation [73]. Li et al. 
developed a pre-concentration method based on immobilisation of the 
analytes, in this case, chlorophenols and PCBs, on a C18 pre-column 
placed in an ice-bath with good results [74].

In the study reported in Paper III, the aqueous sample was collected 
in a small volume of hexane, liquid/liquid extracted and the hexane 
extract was concentrated. Attempts were made to isolate the PAHs on 
a SPE cartridge with a polymeric polystyrene divinylbenzene phase, 
elute them with a small volume of solvent and inject them onto the 
GC using large volume injection, according to the method of Ericsson 
et al. [75, 76]. Problems were experienced during the attempted trapping 
on the SPE cartridge when breakthrough of the high molecular weight 
PAHs was observed. A second SPE cartridge was coupled to the fi rst 
and resolved the problem. However, although this approach worked 
well for small samples of urban dust, 10 mg samples were observed 
to overload two SPE cartridges. Adding more SPE cartridges or larger 
cartridges required too much solvent for elution and led to diffi culties 
in large volume injection on the GC. 
 Using warm water or methanol could perhaps prevent the 
PAHs from agglomerating and consequently passing through the SPE 
cartridge, but attempts to improve trapping by increasing the water 
temperature and adding small amounts of methanol to the aqueous 
extract were unsuccessful.
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Separation and Detection 

Extraction and cleanup of environmental samples are usually 
complemented by chromatographic separation. Although detectors 
such as mass spectrometers are highly selective and can identify many 
compounds, environmental samples contain many components, which 
require separation using a chromatographic system before specifi c 
compounds can be detected and quantifi ed. 
 Chromatographic methods used in the studies that are reported 
in this thesis are discussed in the next section.

Gas chromatography (GC)
Capillary gas chromatography is commonly used to separate the 
volatile and semi-volatile compounds isolated from environmental air 
samples. The inner surface of the column is coated with a thin fi lm 
of stationary phase. A mobile phase, the carrier gas, is passed through 
the column from the injector to the detector. The separation of the 
analytes depends on their partition between the stationary phase and the 
mobile phase. When using non-polar GC columns (for example, 100% 
polydimethylsiloxane or (5% phenyl)-methylpolysiloxane), separation 
of the compounds almost exclusively depends on their vapor pressures 
and boiling points. More polar chemical functions can be added to the 
stationary phase to provide enhanced separation.

The ideal chemical detector for environmental analysis is sensitive, 
selective, robust and easy to operate with a wide range of linearity. 
Several detection techniques that possess these qualities to varying 
extents have been developed for GC. Selection of the most appropriate 
detector depends on the compounds of interest, characteristics of the 
sample, and the analytical information required.
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Gas chromatography/Mass spectrometry 
If chemical identifi cation or structural information is required, mass 
spectrometric detection is currently the only available technique. As 
many of the chromatographic detectors, MS is based on the detection 
of ions formed from the analytes, but in this case the ions are separated 
according to their mass and charge before detection. The GC/MS system 
consists of an ion source where ions are produced, the analyzer where 
they are separated and the detector. 

Electron ionization (EI)
One of the most versatile ionization techniques in organic mass 
spectrometry is electron ionization (or electron impact ionization, EI). 
In an EI source molecules are ionized in the gas phase by collision 
with electrons emitted from a heated fi lament. To ensure a unimolecular 
process, a low pressure is maintained at around 10-6 Torr, which leads to 
relatively low ionization effi ciency such that around 1% of the molecules 
in the ion volume are ionized. The energy of electrons emitted from the 
fi lament is typically 70 eV but only 10-20 eV of energy is transferred to 
the molecule. However, for most inorganic and organic compounds, this 
energy is enough to cause the expulsion of an electron and thus produce 
a positive radical ion, or molecular ion [M]+•, represented below as 
[AB]+ •. 

[AB]+e- → [AB]+ • + 2e-

In many cases the energy transferred to the ion is suffi cient to generate 
a high proportion of electronically excited molecular ions. The excited 
ions transform their excess of energy to vibrational energy in the 
electronic ground state, leading to the cleavage of chemical bonds as 
indicated below. 

[AB]+•  → [A]+ + [B]•

[AB]+• → [A]• + [B]+

[AB]+• → [A]+• + [B] 

The EI technique can be considered to be universal and is applicable 
to many types of compound. However, the energy transfer may induce 
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extensive fragmentation so that the molecular ion is not always 
observed. The main advantages of EI are that the ionization process 
has been extensively studied for many compounds, is reproducible 
and robust. These properties have enabled structural interpretation and 
identifi cation through the establishment of mass spectral libraries.

In Paper III GC/EI-MS was applied to the determination of PAHs in 
urban dust samples. Aromatic compounds often exhibit stable ground-
state molecular ions and PAHs do not fragment extensively under 
EI conditions. Consequently low detection limits can be achieved 
for PAHs when using MS in selected ion monitoring (SIM) mode to 
monitor the intense molecular ion of each target compound. As well as 
low-abundance fragment peaks and the molecular ion M+⋅, the doubly 
charged ion M2+ is also present in the spectrum. The abundance of the 
M2+ peak depends on the number of aromatic rings in the compound 
because a second charge is stabilized by π-electrons.

Positive ion chemical ionization (PICI)
PICI also produces positive ions but using lower energies than for EI. 
The ion volume, in which PICI ionization takes place, is more enclosed 
than an EI source, with only a small aperture for GC column entry and 
a narrow exit slit. Due to the closed design a relatively high pressure of 
a reagent gas can be maintained in the ion source. Electrons from the 
fi lament ionize the reagent gas, forming secondary products that are 
stable enough to react with the analytes. The most frequent reactions 
between the analyte and the reagent gas ions in PICI are described by 
the following reactions:

Proton transfer   M  +  BH+ →  MH+   +  B

Electrophilic addition  M  +  X+ →  MX+     

Anion abstraction  AB +  X+  →  B+   +  AX

The most common reagent gas used in PICI is methane, which has a 
very low proton affi nity (5.7 eV) and is capable of protonating most 
organic compounds (excluding alkanes). If less fragmentation is desired, 
isobutane, ammonia or solvent vapors (with higher proton affi nities) 
can be used. 
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The study presented in Paper IV demonstrated the use of 
GC/PICI-MS in the determination of organophosphate triesters. 
Under PICI conditions some OPEs undergo consecutive hydrogen 
rearrangements and cleavages, similar to the mechanism in EI 
(“McLafferty+1”), to form a characteristic and very stable fragment 
of m/z 99. This fragmentation only occurs for alkylated phosphate 
tri-esters with hydrogen attached to the β-carbon on the alkyl chain. 
The same fragmentation pathway, leading to m/z 99, is observed also 
in ESI and APCI. 

The choice of reagent gas for the study reported in Paper IV
was methanol vapor. Considering ease and safety, it is a big advantage 
to use a solvent compared to cylinders with corrosive or explosive 
gas. The ionization was performed internally in an ion trap analyzer. 
External PICI is generally not suitable with solvent reagents, since the 
achieved pressure during ionization become too low. Methanol has a 
higher proton affi nity (7.9 eV) than methane and yields soft ionization 
conditions in which mainly protonated molecules are formed, [M+H]+

from the organophosphate esters. The reagent ion from methanol is 
primarily CH3OH2

+ (m/z 33), but also some (CH3)2OH+ (m/z 47) is 
formed depending on the source/analyzer pressure.
 GC/PICI-MS/MS provided LODs similar or higher to those 
achieved by NPD but with superior selectivity. On the other hand, NPD 
is a less expensive equipment and also possibly more robust [77]. The 
detection limits (with S/N ratio set to 3) for the MS method were in the 
range 10-30 pg injected for the individual phosphate esters. 

Liquid chromatography (LC)
Liquid chromatography (LC) has some advantages in comparison to 
GC. Less sample cleanup is generally required and thermally labile 
compounds are more compatible with LC since they are not exposed 
to excessive heat, chemical derivatization is usually not necessary and 
high molecular weight compounds can be determined because volatility 
is not a requirement of the technique. The chromatographic effi ciency 
of capillary GC is generally much higher than for conventional LC and 
co-elution is therefore a more common issue in LC than in GC. The 
selectivity of LC can be increased by optimising the composition of 
the stationary and mobile phases to compensate at least partially for the 
lower separation effi ciency, but mass selective detection is often needed 
as complement.
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Liquid chromatography/Mass spectrometry 
Although LC is an older chromatographic technique than GC, the 
coupling of MS with LC has not been as straight forward as with 
GC. The problem to overcome has been the introduction of liquids 
to the high vacuum system. The fi rst successful attempts were made 
in the 1970s, almost 20 years after the introduction of GC coupled to 
MS [78-80].

Many different interfaces have been developed during the years 
but in the early 1990s there was a breakthrough for the API-based 
techniques: Atmospheric pressure chemical ionization (APCI) and 
electrospray ionization (ESI). ESI is now the most commonly used 
technique for the ionization of compounds in LC/MS. The major reason 
for the popularity of ESI is the possibility of using this technique for 
large and thermo-labile biomolecules and in the recent year bioanalysis 
has grown to be an important fi eld of analytical chemistry.

LC/MS methods were developed for both TBBPA in Paper I, and 
for the organophosphate triesters in Paper II. Both TBBPA and the 
OPEs in air samples are traditionally determined with GC [14,15,81]. 
The GC methods used for TBBPA are not optimal for this highly polar 
compound and there are problems with insuffi cient separation and co-
eluting compounds. Since the monitored ions in GC/MS are 79/81, the 
detection is not very specifi c and it is diffi cult to fi nd an appropriate 
internal surrogate standard. LC/MS detection enables the use of isotopic 
dilution with 13C-labeled TBBPA.

The phosphate triesters are well separated in GC/MS and the 
detection is both selective and sensitive. However, on-line SPE/GC/MS 
including the most volatile phosphate esters (TMP and TEP) is diffi cult 
due to evaporation of the analytes during the injection. This on-line 
coupling can be done with SPE/LC/MS.

Here follows a description of the two ionization techniques 
and some things that need to be considered during the MS method 
development.
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Atmospheric Pressure Chemical Ionization (APCI)
In APCI the liquid from the LC is converted to small droplets and 
vapor when leaving the heated spray-tip and entering the ion-source. 
The solvent is further evaporated with a hot nebulizer gas. The analytes 
in gas phase are chemically ionized at atmospheric pressure using 
nitrogen and water vapor as reagent gas and electrons from the corona 
discharge needle. The analytes are either capturing or releasing protons 
and generally only mono-charged ions are formed. If the proton affi nity 
(i.e. gas phase basicity) of the analyte is higher than that of the reagent 
gas, analyte protonation occur. The ions are transported into the mass 
spectrometer partly by the gas fl ow from atmospheric pressure to nearly 
vacuum and partly by the electric fi eld between the spray-tip and the 
sampling orifi ce and further into the analyzer. 

Since the ionization occurs in gas phase, APCI is suitable for 
rather small molecules that are relatively thermo-stable. The sensitivity 
of this technique is not depending on the LC fl ow and can be used 
with high LC fl ows. Amini et al. developed an APCI method for the 
determination of OPEs in human blood. In this case APCI was chosen 
prior to ESI for the reduction of matrix effects [82]. 

APCI was investigated as an alternative to ESI for the LC/MS 
analysis of tetrabromobisphenol A, TBBPA in Paper I, but showed less 
sensitivity. Since analysis of air samples seldom provides diffi culties 
with matrix effects, ESI was considered as a more suitable method.

Electrospray Ionization (ESI)
Pure ESI, as it was developed from the beginning, could only cope with 
low LC fl ow rates no higher than a few μL/min. Later the pneumatically 
assisted spray formation was developed, named as the ion spray interface. 
Nowadays the term ESI is commonly used even for pneumatically 
assisted spray formation. These ion sources utilize a nebulizing gas that 
is sometimes heated. This gas fl ow enables LC fl ows up to 1 mL/min, 
depending on the instrumental design. 

The liquid is leaving the capillary as a spray of fi ne droplets, 
usually in the nm-µm range, due to the electrical fi elds created between 
the capillary tip and the inlet orifi ce. The process requires that there are 
ions in the mobile phase, which is usually accomplished by addition of 
acid or base, depending on the compound to be ionized. The analyte 
is either ionized immediately in the mobile phase during the LC run, 
or later during the ESI process (see below). The smaller the droplets 
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are, the higher the ionization/desorption effi ciency and sensitivity. The 
applied voltage, the surface tension of the mobile phase, the distance 
between capillary and inlet orifi ce, the capillary diameter and the LC 
fl ow rate are parameters that greatly affect the formation of a fi ne and 
stable spray. To help solvent evaporation a fl ow of an inert gas, most 
often nitrogen, is applied. When the solvent evaporates, the droplets 
shrink and cleave in several consecutive steps due to the strong repelling 
columbic forces between the ions at the droplet surface. The fi nal result 
is free gas phase ions or ions solvated by solvent clusters. To describe 
the fi nal desorption process from the droplet to the gas phase, there 
are two different mechanisms, which are still under some debate. For 
larger molecules like protein ions or other biomolecular ions, the charge 
residue model, CRM, is usually preferred. Here, the gas phase ions are residue model, CRM, is usually preferred. Here, the gas phase ions are residue model, CRM
simply the ions left after the total evaporation of the solvent. According 
to the ion evaporation model, IEM, the ions from small molecules 
are emitted from the droplets when they reach a certain size due to 
fi eld desorption [83]. Field desorption is believed to occur when the 
coloumbic repulsion overcomes the surface tension of the droplet. 

As described above, the ions in LC/ESI-MS are mainly formed in 
the liquid. Ionization occurs by protonation or deprotonation of the 
molecules. Besides the quasi-molecular ions [M+H]+ or [M-H]- also 
adducts with mobile phase additives and/or sodium and potassium 
ions can be formed. Initially, the formed ions are highly solvated 
and desolvation to naked ions before entering the MS analyzer is 
accomplished by applying a combination of heat, nitrogen gas and 
acceleration voltages. The protonation or deprotonation depends only to 
a little extent on the acid-base equilibrium in solution, and adjustment of 
the mobile phase pH is important mainly for the LC-column separation 
and for the fact that there should be ions to enable spray formation. The 
formation of positive or negative ions depends more on the polarity of 
the applied fi eld and the gas phase acidity and basicity of the analytes, 
and the ESI source can be regarded as a powerful electrochemical cell.  

A parameter that affects the sensitivity in ESI-MS, besides the 
characteristics of the analytes, is the solvent. Polarity, pH, viscosity, 
volatility, surface tension and conductivity for example should 
be considered while choosing the most suitable solvent. Aqueous 
reversed-phase mobile phases are generally suitable for ESI. At least 
a small amount of organic solvent is benefi cial, since it decreases the 
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surface tension and improves the ionization/desorption effi ciency. The 
solvent choice is sometimes a compromise between what gives high 
chromatographic and ionization performance. There is also a possibility 
to use post-column addition of modifi ers to enhance the ionization.

In Paper I, ESI was proved to be the best ionization technique for the 
analysis of tetrabromobisphenol-A and in Paper II ESI was used for the 
ionization of organophosphate triesters.

Column size and fl ow rates
LC/ESI-MS is generally considered to be a concentration dependent 
technique. This means that the detector response is independent of 
the fl ow rate and the response is not adversely affected if the fl ow 
is reduced, for example by fl ow-splitting. This can be explained by 
considering that, even at a high fl ow rate, only a small proportion of 
the spray can enter the sampling orifi ce. If the fl ow from the LC is too 
high, solvent evaporation in the ion source will be incomplete, and the 
sensitivity will thus decrease. A higher fl ow rate increases the droplet 
size, which decreases the charge/volume ratio and thus the sensitivity 
of measurement. Modern interfaces are designed so that the LC stream 
is introduced into the MS in an off-axis orientation (e.g. Z-spray, turbo-
ionspray or orthogonal spray designs). These instruments can cope with 
higher fl ow rates but lower fl ow rates result in a more effi cient ESI 
process, and help to avoid contamination of the MS system [84].

In Paper I, a micro-LC column (1 mm i.d.) using a low fl ow 
rate of 45 μL/min and a wider column (2.1 mm i.d.) with a fl ow rate of 
200 μL/min were evaluated for the determination of TBBPA. The 
experiments indicated that, for the direct introduction of liquid to 
the ion source, the lower fl ow rate gave increased sensitivity when 
compared to the wider column at higher fl ow rate. However, when 
Z-spray introduction was used, the higher fl ow rate was not a problem. 
In the latter case the wider column was preferred because a larger 
volume could be injected with effi cient peak focusing to decrease the 
limit of detection. Effi cient peak focusing is easier to achieve with 
wide columns than with micro-LC because the latter is more sensitive 
to extra-column effects such as band broadening from dead volumes in 
fi ttings and tubing. 
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In Paper II an analytical column with 4.6 mm i.d. was used because 
it was compatible with the volume of methanol needed to desorb the 
analytes from the extraction cell completely. Using a narrower column 
and a lower fl ow rate would have signifi cantly increased the time needed 
for exhaustive extraction and thus band broadening of early eluting 
compounds. With the addition of water the fl ow rate could be increased 
to 1 mL/min but the fl ow was split to give 0.150 mL/min entering the 
ion source. 

Separation and Ionization 
Since electrospray ionization occurs partially in the mobile phase, it is 
important to optimize the solvent and modifi er to enhance ion formation. 
For a standard solution of TBBPA (Paper I) the highest signal/noise 
ratio and a satisfactory retention factor of 2 were achieved using 
methanol/water (80:20) without modifi er. However, when samples were 
analyzed, shifts were observed in the retention time. This effect has also 
been reported by Reiss et al. when using a non-buffered solvent system 
[85].

The problem was solved by the addition of ammonium acetate at 
pH 8.0, and an acceptable compromise was achieved between sensitivity 
and chromatographic separation. TBBPA formed only singly charged 
ions [M-H]- in each case. 

For compounds like OPEs, adduct formation can be problematic 
because the molecules readily form stable complexes with sodium and/
or potassium. This is typical of compounds that do not exhibit a high 
gas phase basicity. Adduct formation can increase the detection limit 
and sodium and potassium complexes are often stable, which makes 
MS/MS diffi cult. This was a problem for the OPE analyses discussed 
in Paper II. Other researchers have experienced the same issue and 
have resolved it by the addition of formic acid to the mobile phase [82]. 
However, in our case formic acid was not effective and trifl uoroacetic 
acid (TFA) had to be used. TFA is generally considered to suppress 
the signal in LC/MS, but in this case the sensitivity of the method was 
increased and the chromatographic resolution was unaffected. 
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Fragmentation, acquisition and quantifi cation
Both APCI and ESI are considered soft ionization techniques and 
very little or moderate fragmentation occurs in the ion source. In the 
analyzer both the quasi-molecular and fragment ions are separated 
according to their mass-to-charge ratio (m/z). There are a number of 
different analyzers, suitable for different applications. In Paper I and 
II, both a triple quadrupole and an ion trap were used. Depending on the 
instrument, different acquisition modes are available. 

When operated in full scan mode, a large span of ions passes 
through the mass analyzer. The total ion chromatogram, TIC, presents 
the sum of all ions reaching the detector. In selected ion monitoring 
(SIM) mode, one or more specifi c ions are selected by the mass analyzer. 
Since ions of all other m/z values are removed, the noise level is reduced 
and consequently the detection limit decreases. This acquisition mode 
is relatively selective, in particular for molecules with high masses.

Multiple mass analyzers can be operated in more selective 
acquisition modes, including selected and multiple reaction monitoring 
(SRM and MRM). The m/z of interest, the precursor ion, is isolated and  
accelerated, causing energetic collisions with an inert gas in the collision 
cell (for a triple quadrupole) or in the trap. The formed product ions can 
then be scanned resulting in a fullscan MS/MS spectrum or one or a 
few specifi c ions can be monitored, as in SRM or MRM. However, as 
mentioned above some quasi-molecular ions, such as [M+Na]+, are not 
easily fragmented. This may lead to a compromise between selectivity 
and sensitivity for the method. 

During the development of an analytical method for the determination 
of TBBPA by LC/MS (Paper I) APCI and ESI were evaluated under 
different conditions. The lowest detection limit was achieved using 
ESI and SIM, acquiring the two most abundant peaks in the molecular 
isotope cluster. Monitoring of the isotopic ratio for negative ions of 
high m/z results in highly selective detection. The fragmentation 
pattern of TBBPA was investigated to achieve the lowest possible limit 
of detection. The most abundant mass fragment is m/z 79/81 even at 
very low collision energies. If the collision energy is increased, more 
fragment ions appear in the mass spectrum. The characteristic patterns 
of bromine isotopic clusters facilitate calculation of the number of 
bromine atoms in each fragment. Figure 13 illustrates the daughter scan 



55

80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540
m/z0

100

%

79 81

418

291
289 293

448

543

420

446

OH

CH3

CH3

OH

Br

rBrB

Br

Figure 13. CID spectrum showing the daughter ions of m/z 542.7 when 
the collision energy was set to 40eV. 

spectrum of TBBPA. The 1:3:1 cluster at m/z 289-293 is the deprotonated 
2,6-dibromo-4- isopropenylphenol produced by central cleavage of the 
molecule. The fragments at m/z 446-448 is generated by the loss of one 
bromine and one oxygen atom. The cluster at m/z 418-420 is generated 
by the loss of CO (28) from m/z 446-448.

ESI was also applied to the analysis of OPEs reported in Paper II. 
MS/MS detection using SRM was considered to be the best approach 
for the determination of these compounds.

The collision-induced dissociation (CID) of all alkylated 
phosphate triesters with a hydrogen atom attached to the β-carbon of 
their alkyl chains is dominated by three consecutive McLafferty+1 
rearrangements with neutral loss of the alkenes corresponding 
to the aliphatic chains, until only the protonated phosphoric acid 
(giving m/z 99) remains, see Figure 14. The chlorinated phosphate 
esters, tris(2-chloroethyl) phosphate and tris(2-chloropropyl) 
phosphate follow this dissociation pattern and also generate an ion 
of m/z 99.
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Since trimethyl phosphate does not have any β-carbon, this compound 
does not form an ion of m/z 99. Instead the protonated molecule loses 
methanol via inductive cleavage to leave an ion with m/z 109. For the 
arylated phosphate esters the fragmentation pattern is more complex. 
For triphenyl phosphate, the three main product m/z peaks obtained 
using MRM were an expected fragment at m/z 251 formed after the 
loss of an aryl group, loss of two H2O from this generates m/z 215. 
The m/z 153 fragment corresponds to the biphenyl cation [77]. In the 
GC/PICI-MS/MS method developed by Björklund et al [57], the et al [57], the et al
arylated phosphate triesters underwent cleavage to a small extent. SRM 
acquisition, rather than SIM, was used to monitor the stable quasi-
molecular ions and lower the noise level.  

Figure 14. The m/z 99 fragment, common for alkylated OPEs with R-
groups larger than methyl. 
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Applications

All compounds investigated in the studies reported in this thesis are 
environmental pollutants that are commonly detected in indoor and 
outdoor air. In the studies reported in Papers II-IV, organophosphate 
triesters (OPEs) and polycyclic aromatic hydrocarbons (PAHs) were 
the target analytes and were also used as model substances for volatile 
and semi-volatile compounds, since both groups are well characterized. 
In each class of compounds there are large variations in chemical 
and physical properties that make them suitable for the evaluation of 
sampling media so that analytical methods developed using these 
compounds should also be applicable to other environmental 
contaminants.

The following paragraphs are a brief summary of the use, 
occurrence and toxicity of TBBPA, PAHs and OPEs.

Tetrabromobisphenol A (TBBPA)
With a global consumption of 120000 tons/year, TBBPA is one 
of the most commercially important and commonly used fl ame 
retardants [86]. TBBPA is mainly used as a reactive fl ame-retarding 
agent and is covalently bound to polymers in, for example, epoxy and 
polycarbonate resins in printed circuit boards. About 10% of the total 
use of TBBPA is as an additive in polymers, e.g. high impact polystyrene 
and acrylonitrile-butadiene-styrene (ABS) resins. If TBBPA is added 
and not reacted to the polymer, or if there is an excess remaining after 
reaction, it can easily migrate from the material and enter the surrounding 
environment [87].

TBBPA is a phenolic, weakly acidic, hydrophobic compound. 
It resembles the human hormones 17β-estradiol and thyroxine and is 
therefore considered to be an endocrine disrupting compound. The 
defi nition of an endocrine disruptor is “an exogenous agent which 
interferes with the synthesis, secretion, transport, binding, action, or 
elimination of natural hormones in the body which are responsible 
for the maintenance of homeostasis, reproduction, development or 
behavior” [88].

The effects of TBBPA and other brominated fl ame retardants 
have been reviewed by Darnerud [89] and Legler [90] but currently not 
all effects are fully understood. The most signifi cant effect appears to be 
on thyroid hormone metabolism.
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Thyroid hormone metabolism includes sulfation, deiodination and 
glucuronidation [91]. One effect of TBBPA identifi ed in vitro is the 
inhibition of thyroid hormone sulfation, which is a major regulation 
pathway for free hormone levels in the fetus [92]. Another effect of 
organohalogenated compounds is the inhibition of deiodinase activity, 
which prevents the formation of the active thyroid hormone, T3. It has 
also been shown that TBBPA can inhibit the binding of T3 to thyroid 
hormone receptors. Organohalogenated compounds also show a higher 
affi nity for the thyroid hormone transport protein transthyretin, TTR, 
than the endogenous hormone T4 [93]. In vivo this may result in 
increased transport across the placenta and decreased thyroid levels in 
the fetus, which could adversely affect brain development. 

More recently, studies have demonstrated effects on the 
endocrine and reproductive systems of fi sh and rats [94-96].

Ogunbayo et al. showed that TBBPA distributes throughout 
phospholipid bilayers, binds to the membrane and alters the biophysical 
properties of membranes. This could reduce the permeability of 
membranes to ions and add to toxicological effects [97].

Organophosphate triesters (OPEs)
Organophosphate triesters are ubiquitous indoor environmental 
pollutants, which originate from furnishings, fabrics, plastics and 
electronic goods to which they are added as fl ame retardants and/or 
plasticizers. These compounds are classifi ed as additives and are not 
covalently bound to the materials. They can migrate to the surrounding 
air depending on their vapor pressure and concentration in the 
material.

OPEs are derivatives of phosphoric acid and may be alkylated, 
arylated and/or halogenated. Such structural differences result in large 
variations in their chemical and physical properties, including vapor 
pressure and polarity. The chemical diversity of OPEs makes them 
suitable as fl ame retardants in a variety of plastics and polymers with 
various chemical and physical characteristics.

OPEs have been detected in air in recycling plants, homes, offi ces, 
computer suites, a kindergarten playroom, a shop, cars and other indoor 
environments [14,15,28,34,98]. Their potential biological effects are 
diverse. Numerous arylated phosphate esters have shown reproductive 
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toxic effects [99,100]. Tris(2-chloroethyl) phosphate has carcinogenic 
and neurotoxic effects on rats [101]. All phosphate esters might cause 
decomposition of red blood cells [102] and contact dermatitis is also a 
reported effect of skin exposure to these compounds [103].

Polycyclic aromatic hydrocarbons (PAHs)
Polycyclic aromatic hydrocarbons (PAHs) are hydrocarbons with two 
or more fused aromatic rings. 

PAHs are formed in any incomplete combustion process and 
can be emitted to the atmosphere from many sources, including road 
traffi c exhaust, industrial emissions, home heating and tobacco smoke. 
More than 100 different PAHs have been identifi ed but the numbers 
of possible isomers are countless. The US Environmental Protection 
Agency, EPA, has identifi ed 16 PAHs as priority pollutants. These 16 
PAHs are also included among the priority persistant organic pollutants 
(POPs), designated in the “Convention on Long-range Transboundary 
Air Pollution” adopted by the United Nations Economic Commission 
for Europe. The aim of this convention is that parties shall endeavor to 
limit and, as far as possible, gradually reduce and prevent, air pollution 
including long-range transboundary air pollution. 

PAHs have relatively low vapor pressures, decreasing with the number 
of rings. Depending on the molecular size they may be present in the 
gas phase or associated with particles. Partitioning between the phases 
depends on parameters such as the temperature, humidity, concentration 
and the composition and concentration of the particles. In ambient air 
samples, PAHs containing 2-3 rings are normally detected in the gas 
phase, while those with 5-6 rings are mainly associated with particulate 
material. PAHs with 4 rings will partition between the two phases.

The chemical and physical properties of PAHs, including their stable 
molecular structure and slow degradation rate in the environment, lead to 
persistence and they can be found almost everywhere in the environment 
including air, water, sediment, soil, and food. The most severe health 
effects of the PAHs are their mutagenicity and carcinogenicity, and the 
immunological and reproductive effects observed in animal exposure 
studies. [5,38,104-106].



60

Air samples
The focus of this thesis is the development of new methods for the 
determination of environmental pollutants in air. The methods have 
been applied to the investigation of selected environments as below.

Paper I
The pumps used for the sampling were small and easy to carry for 
personal exposure studies, but in this project they were placed side by 
side at the sampling site. The samples were collected during the workday 
in the dismantling hall at a recycling pant for electronic equipment 
where discarded electronic goods were manually separated. The total 
sample volume was approximately 3 m3. The average air concentration 
of TBBPA was determined to13.8 ng/m3. 

Degradation studies showed that TBBPA standards kept on the 
bench in the laboratory was degraded to triBBPA. The samples were thus 
also analyzed with respect to this compound, but could not be detected. 
Others have previously reported that photodegradation of TBBPA did 
not produce triTBBPA as fi nal product, but that it probably occurs as an 
intermediate in one of the degradation pathways [107].

Paper II 
Air samples were collected using C8 Empore membranes at a 
kindergarten in a newly renovated playroom with new toys and furniture, 
and in a computer lecture room with 24 fl at-screen video display units, 
tables and chairs. The samples were collected for 90 and 150 min at fl ow 
rates of 15.5 and 15 L/min, respectively. After sampling the membranes 
were spiked with deuterated triphenyl phosphate, folded, cut, packed 
into the extraction cell and analyzed using on-line desorption and 
LC/ESI-MS/MS.

The concentrations of analytes detected are presented 
in Table 3.
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Paper IV
Air sampling with SPME was conducted in two different working 
environments, a lecture hall and a mass spectrometry laboratory. The 
mass spectrometry laboratory was heavily equipped with several 
MS instruments of different ages and computers with fl at-screen 
TFT monitors. The sampling periods were 140 min and the volumetric 
fl ow 3.7 L/min (linear fl ow 34 cm/s). The samples were analyzed 
using GC/PICI-MS/MS with methanol as reagent gas as described 
earlier. The results of analysis are presented in Table 4.

Compound Daycare center 
(ng/m3)

Computer room
(ng/m3)

Triethyl phosphate 0.8 0.6

Tris(2-chloro)ethyl phosphate 2.9 9.1

Tripropyl phosphate 0.1 0.3

Tris(chloro)propyl phosphate 77 1006

Triphenyl phosphate 0.3 1.6

Triisobutyl phosphate 9.1 15

Compound Laboratory
(ng/m3)

Lecture hall
(ng/m3)

Tris(2-chloroethyl) phosphate 367 (21) 2037 (33)

Tris(chloropropyl) phosphate a) 2836 (19)     1118 (21)

Triphenyl phosphate 8 (30) 7 (30)

Table 3. Concentrations of OPEs determined with SPE Empore disk 
sampler.

Table 4.4.4 Concentrations of OPEs determined with SPME.

a) Three isomers, with tris(2-chloropropyl) phosphate occurring at the highest concentration.
Values within brackets are coeffi cients of variation in %.
Two consecutive samplings, each with three fi bres, were performed in both environments.

a) Three isomers, with tris(2-chloropropyl) phosphate occurring at the highest concentration.
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One prominent phosphate triester in most of the environmental 
samples investigated was tris(chloropropyl) phosphate, which 
comprises three isomers that are quantifi ed as one. This compound is 
mainly used in polyurethane foam, rubber and textile [108] and the high 
concentrations detected in these environments probably originate from 
upholstered furniture.

Paper III
The effi ciency of the method developed in Paper III, DSWE GC/MS 
and sampling with Empore disk membranes was evaluated using air 
samples from a site at roof level close to heavy traffi c in Rome (Italy). 
After sampling the membranes were stored wrapped in aluminum foil 
in a refrigerator. Prior to analysis, the membranes were spiked with 
deuterated PAHs, folded, cut, packed into the extraction cell and 
analyzed using DSWE GC/MS as described previously.

The concentrations of analytes measured are presented in 
Table 5 and the high levels that were found demonstrate the need to 
reduce emissions of these compounds from sources such as vehicles, 
engines and heating systems.

Compound Concentration 
(ng/m3)

Phenanthrene 467

Anthracene 22.0

Fluoranthene 125

Pyrene 139

Benz[a]anthracene 16.6

Chrysene 31.7

Benzo[b]fl uoranthene 24.7

Benzo[k]fl uoranthenek]fl uoranthenek 10.4

Benzo[a]pyrene 29.5

Table 5.5.5 Concentrations of PAHs in outdoor air, Rome (Italy).
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Conclusions  

The aim of the studies reported in this thesis was to develop and 
evaluate new methods for the sampling and determination of organic 
environmental pollutants in air. It was important to consider and 
optimize as many parts of the analytical procedure as possible, 
including sampling, clean up and analysis, to achieve acceptable 
detection limits, robustness, practicality, cost-effectiveness and mini-
mal consumption of time and hazardous solvents. 

For the development of environmentally acceptable analytical methods 
a principal aim must always be to avoid or strictly reduce the use of 
harmful chemicals. 

In Paper III this was achieved by using subcritical water as 
the extraction solvent to recover PAHs from particulate matter sampled 
with Empore SPE membranes. With further development an on-line 
coupling to GC/MS should be possible.

In Paper IV the use of solvent was avoided by SPME sampling 
for organophosphate esters. Since the analytes were desorbed directly 
from the fi ber to the GC/MS no extraction or further clean up was 
necessary. 

Success in method development requires an open-minded 
approach and the commitment to try unconventional methods. The use 
of on-line coupled and automated methods signifi cantly reduced the 
risk of contamination and lowered the analytical detection limits. It 
should be considered that, even if the method development process 
takes some time and effort, the total time consumption for large-scale 
surveys with numerous samples can be reduced.

In Paper I LC/MS determination was demonstrated to be a 
superior alternative to the established GC/MS approach for deter-
mination of the fl ame retardant tetrabromobisphenol A, TBBPA. 
Low detection limits were achieved without chemical derivatization 
or problems with co-eluting interferences and the potential use of a 
13C-labelled surrogate standard for quantifi cation were distinct 
advantages of this method.
 In Paper II Empore membranes were demonstrated to provide 
high effi ciency in combination with on-line extraction to achieve high 
detectability of organophosphate triesters. The total analysis time was 
only 33 min and required only 1.6 mL of methanol for the extraction. 
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The Empore SPE membrane was found to be an excellent sampling 
medium for air. The trapping effi ciency was high for semi-volatile 
compounds and even the most volatile phosphate ester, trimethyl 
phosphate, could be sampled for more than 24 hours without 
breakthrough. The membranes are capable of retaining nanoparticles 
as small as 10 nm, thus work satisfactory even for sampling of fi ne 
particulate matter. Some further investigations of the performance 
of these membranes for other compounds and studying the trapping 
mechanisms involved would be of great interest. If they could be used 
for general sampling of various pollutants in air it would in the end be 
possible to develop a both sensitive and simple multi-class tool for the 
determination of air quality. 
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