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Abstract

In the work underlying this thesis solid-phase microextraction (SPME) was

evaluated as a passive sampling technique for organophosphate triesters in

indoor air. These compounds are used on a large scale as flame-retarding

and plastizicing additives in a variety of materials and products, and have

proven to be common pollutants in indoor air. The main objective of this

work was to develop an accurate method for measuring the volatile fraction.

Such a method can be used in combination with active sampling to obtain

information regarding the vapour/particulate distribution in different indoor

environments. SPME was investigated under both equilibrium and non-

equilibrium conditions and parameters associated with these different

conditions were estimated.

In Paper I, time-weighted average (TWA) SPME under dynamic conditions

was investigated in order to obtain a fast air sampling method for

organophosphate triesters. Among the investigated SPME coatings, the

absorptive PDMS polymer had the highest affinity for the organophosphate

triesters and was consequently used in all further work. Since the sampling

rate is dependent on the agitation conditions, the linear airflow rates had to

be carefully considered. Sampling periods as short as 1 hour were shown to

be sufficient for measurements in the ng-µg m-3 range when using a PDMS

100-µm fibre and a linear flow rate above 7 cm s-1 over the fibre.

SPME under equilibrium conditions is rather time-consuming, even under

dynamic conditions, for slowly partitioning compounds such as

organophosphate triesters. Nevertheless, this method has some significant

advantages. For instance, the limit of detection is much lower compared to

1 h TWA sampling. Furthermore, the sampling time can be ignored as long

as equilibrium has been attained. In Paper II, SPME under equilibrium

conditions was investigated and evaluated for organophosphate triester

vapours. Since temperature and humidity are closely associated with the
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distribution constant a simple study of the effect of these parameters was

performed. The obtained distribution constants were used to determine the

air levels in a common indoor environment. SPME and parallel active

sampling on filters yielded similar results, indicating that the detected

compounds were almost entirely associated with the vapour phase.

To apply dynamic SPME method in the field a sampler device, which enables

controlled linear airflow rates to be applied, was constructed and evaluated

(Paper III). This device was developed for application of SPME and active

sampling in parallel.

A GC/PICI-MS/MS method was developed and used in combination with

active sampling of organophosphate triesters in indoor air (Paper IV). The

combination of MS/MS and the soft ionization achieved with methanol as

reagent gas yielded high selectivity and detection limits comparable to those

provided by GC with nitrogen-phosphorus detection (NPD). The method

limit of detection, when sampling 1.5 m3 of air, was in the range

0.1-1.4 ng m 3. In Paper V, the developed MS method was used in

combination with SPME for indoor air measurements.

The levels detected in the investigated indoor environments range from a

few ng to µg m-3. Tris(chloropropyl) phosphate was detected at a

concentration as high as 7 µg m-3 in a newly rebuilt lecture room.
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Aims

The main aim of the work underlying this thesis was to develop an accurate

sampling method for organophosphate triester vapour in indoor air. Solid-

phase microextraction (SPME) was chosen as the technique to be evaluated,

due to its obvious advantages. This technique is simple to use, it is cost-

efficient and requires no solvents or sample clean-up for this particular

application. When used as a complement to active sampling on adsorbents,

information about the vapour/particulate phase distribution can be obtained.

Such information is highly desirable, since the physical state of the compounds

may be crucial for the health effects on humans.
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1. Introduction

The compounds studied throughout this work were organophosphate

triesters. A general structure is shown in Figure 1, where R1, R2 and R3

represent alkyl, aryl or halogenated alkyl substituents. Organophosphate

triesters are widely used as additive flame-retardants and plasticizers in

numerous common commercial products, for instance electronic equipment,

furniture, textiles and building materials. The worldwide consumption in

1998 was estimated to be approximately 30 000 tonnes,1 and these

compounds  have been found in air samples  from indoor environments.

The extent to which the compounds leak from the host materials into the

air, and consequently their air concentrations, depends on the vapour pressure

of the additive and the temperature.

In the work underlying this thesis, SPME was evaluated for quantitative

determination of organophosphate triester vapour. SPME is a non-exhaustive

sampling method based on the analytes’ diffusion to the surface of the fibre

coating. This passive sampling method can be expected to collect almost

exclusively the gaseous fraction, since particles diffuse too slowly to be

trapped during the sampling times normally applied. A particle of a few nm

in aerodynamic diameter diffuses approximately a hundred fold more slowly

than organophosphate vapour.

Figure 1. The general structure of organophosphate triesters
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Use of SPME for sampling eliminates the

work-up procedure since sampling and

analyte enrichment is performed in one

step (Figure 2), whereupon the device is

directly inserted into the analytical

instrumentation. In many cases the

choice of detector for the

organophosphate triesters has been the

nitrogen-phosphorus detector (NPD),

due to its sensitivity and selectivity

towards phosphorus compounds.

However, to enable positive

identification of the organophosphate

triesters in complex air samples a mass

spectrometric method was developed in

this work.

1.1. Flame-retardants
The total global consumption of flame-retardants is very large and it was

estimated to be 600 000 tonnes in 1992.2 The action of flame-retardants is

to break the self-sustaining cycle of fire formation in the gas- and/or

condensed phase. This cycle can be interrupted in a number of ways by

affecting either the chemical or physical processes involved. A number of

mechanisms have been described for flame-retarding actions. The flame-

retarding agents are principally divided into four groups:2

– Inorganic flame-retardants, such as metal hydroxides, antimony

compounds, boron compounds and other metal and phosphorus

compounds.

– Halogenated organic flame-retardants, containing bromine and/or

chlorine.

Figure 2. The work-up

procedure is usually eliminated

when using SPME

Introduction
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– Nitrogen-based flame-retardants.

– Organophosphorus flame-retardants, both halogenated and non-

halogenated.

Most of the flame-retardants can be used as both additive and reactive agents

in the host materials, while the organophosphate triesters are solely used as

additives.

1.1.1. Organophosphate triesters
Organophosphate triesters (Figure 1) constitute the predominant group of

phosphorus flame-retardants utilized in industry. An advantage of these

compounds is their ability to function as both flame-retardants and

plasticizers. On the other hand, a disadvantage is their tendency to leak into

the environment, since they are not covalently bonded to the host materials.

Organophosphate triester flame-retardants may be used as a liquid or solid

coating on the material to be protected, for instance on textiles. This coating

insulates the material in case of fire and prevents volatile decomposition

products from reaching the flame. It also protects the material from  flame-

induced heat. The compounds may also be added to interact chemically in

case of fire, by trapping the high-energetic radicals produced in the flame.

This radical scavenging property is due to the phosphate moiety of the

molecule. Some substituents may also contribute to this process. Halogens,

such as chlorine and bromine, are reactive in radical reactions. For that

reason, tris(2-chloroethyl) and tris(chloropropyl) phosphate are efficient

flame-retarding agents.3

Organophosphate triesters cannot be considered a homogeneous group of

compounds, since their physical properties strongly vary with different

substituents. This makes the compounds suitable as additives for a wide

range of polymers with varying chemical and physical characteristics. The

organophosphate triesters investigated in this study, and some of their physical

properties, are listed in Table 1.
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Table 1. Properties of organophosphate triesters

Compound Mw Bp
aDg

bVp log Kow

(g/mole) (ºC) (10-6 m2/s) (mmHg)

Trimethyl phosphate 141 197 7,23 0,85 b0.65

Triethyl phosphate 182 215-16 5,71 0,39 b0,80

Triisopropyl phosphate 224 218-20 4,85

Tri-n-propyl phosphate 224 252 4,49 4,33 x10-3 b1,87

Triisobutyl phosphate 266 264 4,28

Tri-n-butyl phosphate 266 289 4,28 1,13 x10-3 b4,00

Tris(2-chloroethyl) phosphate 285 192 4,90 c1,70

Tris(2-chloropropyl) phosphate 327 270 4,37 2,02 x10-5 b2,59

Diphenyl methyl phosphate (IS) 264 5,38 1,16 x10-5 b2,93

Triphenyl phosphate 326 d245 4,29 6,.28 x10-6 b4,59

Tritolyl phosphatee 368 410 3,87 b6.34

aThe diffusion coefficients are estimated from the computer program CalcDiff4

bValues obtained from Phys.Prop.5

cValues obtained from WHO, 19986

dMeasured at 11 mm Hg
eThe tri-ortho isomer

1.1.1.1. Occurrence, usage and health effects
Levels in the ng- µg m-3 range of a number of organophosphate triesters

have been detected in indoor environments, such as offices, school buildings

and day-care centres.7-9 Reported outdoor concentrations have been in the

sub- or low ng m-3 range. The impact of exposure on human health is so far

not well studied, but there are indications of some serious health effects.11-13

In air samples from the indoor environments investigated in this work,

triisobutyl, tri-n-butyl, tris(2-chloroethyl), three isomers of tris(chloropropyl)

phosphate and triphenyl phosphate were detected. Triethyl and tri-n-propyl

phosphate were both detected at low ng m-3 levels in a computerized lecture

room. Triethyl phosphate was  detected, at levels higher than 3 µg m-3, in air

Introduction
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samples from the cabins of brand-new cars (unpublished results). Among

the investigated compounds, tris(chloropropyl) phosphate was detected at

the highest level. In a newly rebuilt and furnished lecture room the air

concentration of tris(chloropropyl) phosphate was found to be as high as

7 µg m-3. The origin of the compounds has not been investigated in this

study. However, the latter compound is most likely emitted from the building

material, furniture or upholstery. Triphenyl phosphate was detected at rather

low levels compared to previous studies, where brand-new cathode ray tube

(CRT) video display units (VDUs) were shown to be the source of

emission.7, 14 In those studies, the air concentrations of triphenyl phosphate

ranged up to approximately 200 ng m-3, while the level detected in this

work, in a computerized lecture room, was approximately ten times lower.

This difference can be explained by that the environments contained different

types of electronic equipment. In this work, environments with either 5-

year old CRT or 2-year old TFT flatscreen VDUs were investigated. The

latter were shown to contain high levels of triphenyl phosphate (unpublished

results) in the monitor cover, but its low surface temperature and less plastic

material used in the covers may be the reasons for the low emission.

Alkylated organophosphate triesters

Besides being used as a plasticizer and flame-retardant, triethyl phosphate is

also utilized as a viscosity modifier in the manufacture of polymers15. This

compound has been investigated regarding its toxicity in Drosophila and

proved to have mutagenic activity.16 Further, in a study of rats the liver

weight was increased in individuals who were fed with triethyl phosphate17,

and after in vivo injections in rats, induction of anaesthesia was observed.18

Tri-n-butyl phosphate is used mainly as a plasticizer in plastics and vinyl

resins and as a flame-retardant in hydraulic fluids for aircraft. Furthermore,

it is used as a solvent for cellulose esters, lacquers and natural gums.19

Similarily to triethyl phosphate, increases in the weight of the liver in rats

following treatment with the compound have been observed17, and
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anaesthesia  has been induced after in vivo injections18. Furthermore, tri-n-

butyl phosphate can cause skin irritation19 and a prolonged blood coagulation

time in serum20, and it has proven to be an inhibitor of cholinesterase,

although the observed effects were weak21.

Halogenated organophosphate triesters

Tris(2-chloroetyl) phosphate is used in lacquers, paint and glue as a flame

retardant.6  It has been shown to have toxic reproductive effects in mice.22

Further, toxic effects on the brain in rats were reported after chronic

exposure.23 This compound has also been shown to be a weak inhibitor of

cholinesterase.21 Increased sister chromatid exchanges in V79 cells in in

vitro tests and action as a promoter in the incidence of lung adenomas in

mice24 have also been reported, as well as carcinogenic potential in both

rats and mice.25 Further, damage to the hippocampus and impairment of

learning in rats following exposure to it have been found.26-29 In the last

decade tris(2-chloroethyl) phosphate has been replaced in many cases by

tris(chloropropyl) phosphate.

The use of tris(chloropropyl) phosphate has continued to grow since the

mid-1960s, mainly due to an increased use in flexible and rigid polyurethane

foam, rubber and textile coatings.6 Flexible foam is mainly used in

upholstered furniture, while rigid foam is used for thermal isolation. The

main isomer used is tris(2-chloropropyl) phosphate. This compound has

also been shown to decrease fertility in male rats.31

Triphenyl phosphate

Triphenyl phosphate is used in electric cables made of PVC32, artificial leather,

lacquers and varnishes10, and as early as 1966 the possibility of contact

dermatitis originating from plastics containing triphenyl phosphate was

reported.11 Later, more reports of similar effects were published.12, 13 This

compound also exhibits strong haemolytic effects33 and is a potent inhibitor

of human blood monocyte carboxylesterase.34

Introduction
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2. Air sampling

Air sampling is generally classified as either active or passive sampling. In

active sampling a mechanical flow is applied, normally by a pump connected

to the sorbent device. Passive sampling is based on diffusion of the analyte

onto an exposed sorbent, for instance a flat surface coated with a polymer

film or, as in this case, an SPME fibre coating. While passive sampling can

be assumed to collect only the gaseous fraction, active sampling can be used

to collect both particulates and vapour by using suitable adsorbents, or by a

combination of filter and adsorbent to collect the two phases separately.

2.1. Generation of vapour
Irrespective of the air sampling method applied, the chosen technique has to

be carefully evaluated for the analytes to be measured. This can be

accomplished by sampling test atmospheres with controlled analyte

concentrations. The simplest way to prepare an atmosphere of an analyte

vapour with known concentration is to introduce a certain amount into a

vessel with a defined volume. With this simple setup air sampling can be

performed under static conditions. Uncertainty regarding the concentration

is a problem if analyte adsorption or condensation occurs on the vessel inner

surface, although deactivating the glassware before use can prevent this to

some extent. Generating a stable reproducible atmosphere at the low

concentration levels normally required can also be problematic.

In the laboratory air samplings reported in Papers I-III and V the evaluation

was performed using an emission chamber constructed and modified to allow

both active sampling and SPME. In this case, a permeation tube containing

the most volatile of the organophosphate triesters investigated, triethyl

phosphate, provided the analyte vapour. The permeation tube was

gravimetrically calibrated by the supplier and was estimated to emit 65 ng

min-1 at 80 ºC.  Volumetric flows of air diluted the vapour and known

concentration of the analyte could easily be adjusted in the chamber. The

emission chamber is described and illustrated in Figure 1 in Paper I, and it
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was utilized for estimating several important parameters, for instance;

– determination of the magnitude of the boundary layer surrounding

the SPME fibre at different airflows in Paper I.

– the analytes’ uptake rate when different SPME fibres were evaluated

in Paper I.

– determination of the analytes partition coefficients in SPME in Paper II.

– storage stability for the SPME fibres in Paper III.

– for evaluation of the field sampler device constructed in Paper III and

further modified in Paper V.

Due to low vapour pressure, tri-n-propyl, triisobutyl, tri-n-butyl, tris(2-

chloroethyl), tris(chloropropyl) and triphenyl phosphate vapour was not as

easy to generate with a permeation tube as triethyl phosphate. Instead,

vapours of  these compounds were obtained from a stirred standard mixture.

The mixture was diluted with distilled water and placed in the chamber at

room temperature. The air concentrations of these compounds in the chamber

were determined by active sampling on glass fibre borosilicate filters or

XAD-2.

2.2. Active sampling
Active air sampling is a straightforward method that is widely used due to

its simplicity. Direct interception sampling collect both the particulate and

gaseous fraction on one or several adsorbents located in series in a holder,

provided that an appropriate sorbent is chosen for the target analyte. A

variety of sorbents are available on the market such as filters, Teenax, XAD

and polyurethane foam plugs (PUFs), inter alia. The air concentration can

be derived from the following simple formula:

m = R t C (Eq.1)

The mass, m, collected on the sorbent is proportional to the concentration,

C, in the sample matrix and dependent solely on the sampling time, t, and

Air sampling
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Figure 3. The sampler used for active sampling throughout this work

F = filters, S= sorbent (PUF), B= back-up sorbent (PUF).

sampling rate, R, according to Eq. 1, assuming that the concentration is

constant throughout the sampling duration.

2.2.1. Active sampling of organophosphate triesters
Air sampling of organophosphate triesters on glass fibre filters and cellulose

back-up filters followed by polyurethane foam (PUF) plug adsorbents for vapour

has been evaluated by Carlsson et. al.8, with respect to the effects of varying the

volumetric flow applied and the analyte distribution between the different

adsorbents used during sampling in different environments. It was found that

the compounds were almost entirely associated with the filters, irrespective of

the sampling flow rate applied. This indicates that the compounds were either

entirely associated with particulates or the vapour fraction was collected on the

filters together with particles due to strong polar interactions. These possibilities

were not further investigated in the cited study, but they constitute one of the

main issues in this thesis. The recoveries from the individual organophosphate

triesters were also estimated after the work-up procedure listed in the Appendix.

According to the cited authors the recoveries were higher than 95% for all

compounds investigated using sonication for extraction. Active air sampling

using this method has been applied in a number of indoor environments8, 14, 35,

such as a recycling plant, school, a day-care center and office rooms, inter alia.
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Active sampling on glass fibre filters and back-up cellulose filters was

performed in parallel with SPME for comparative purposes throughout the

work described in Papers I-III. The anodized aluminium holder, shown in

Figure 336, supplied with glass fibre filters and back-up cellulose filters, was

connected to a battery-operated pump. No organophosphate triesters could

be detected in the PUF adsorbents. Sampling periods were typically 2-8 hours

and the volumetric flow was set to 1-3 L min-1. For active sampling of

triphenyl phosphate in paper V, XAD-2 adsorbents instead of glass fibre/

cellulose filters was used due to a higher repeatability.

2.3. Solid-phase microextraction
The solid-phase microextraction (SPME) technique was introduced 1989

by Belardi and Pawliszyn37, and the first design for a SPME device was

presented 1990.38 In the last decade this technique has been further developed

and become widely utilized as a sampling method for volatile organic

compounds (VOCs).

Among the main advantages of SPME

are the straightforward handling and the

lack of solvents. In most cases there is

no need for pre-treatment, although in

some cases a derivatization step may be

required. The analyte is pre-concentrated

on a polymer-coated fibre, and

consequently no work-up procedure is

needed. Furthermore, analyte losses are

minor or non-existent. A typical SPME

holder equipped with a coated fibre is

illustrated in Figure 4.

Figure 4. The SPME holder with needle

and coated fibre.

Air sampling
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A fused silica fibre is attached to a stainless steel plunger and the end of the

fibre, typically 1 cm, is coated with either a liquid or a solid polymer. The

extraction procedure is to expose the coated fibre directly in the sample matrix.

After the sampling period the fibre is withdrawn into the needle housing for

protection and storage until introduction to the analytical instrument. The latter

is in most cases a GC or HPLC system.

Initially the SPME technique was developed for measurements under

equilibrium conditions, i.e. the sampling duration was prolonged to include

the time needed to reach analyte sample/fibre equilibrium.

Since many analytes require several hours to obtain equilibrium, SPME under

non-equilibrium conditions may be an alternative for those compounds.

Several studies on non-equilibrium SPME have been performed during the

last few years.43, 45, 54-61 Under such circumstances the sampling is interrupted

before saturation, when the analyte uptake per unit time is still

reproducible.39-48 This is illustrated in Figure 5.

Figure 5. Non-equilibrium and equilibrium SPME are performed

in different parts of the sorption process.
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2.3.1. Coatings
The stationary phase on the fused silica fibre can be of various materials and

thicknesses. The ideal coating is selected with respect to its affinity towards

the analyte of interest. The most common commercially available fibres

(Supelco, 2004) are listed in Table 2.

Table 2. Polymer coatings for solid-phase microextraction.

Stationary phase Film thickness Instrumental

application

Polydimethylsiloxane (PDMS) 100 µm GC or HPLC

30 µm GC or HPLC

7 µm GC or HPLC

Polydimethylsiloxane/ 65 µm GC

Divinylbenzene (PDMS/DVB) 60 µm HPLC

Polyacrylate 85 µm GC or HPLC

Carboxen/

Polydimethylsiloxane (CAR/PDMS) 75 µm GC

Carbowax/Divinylbenzene (CW/DVB) 65 µm GC

Carbowax/Templated Resin (CW/TPR) 50 µm HPLC

Divinylbenzene/Carboxen/

Polydimethylsiloxane (DVB/CAR/PDMS) 30/50 µm GC

The polymer coating may be of either adsorptive (solid) or absorptive (liquid)

character and in some cases the stationary phase is a mixture of two or three

coating materials. Among the coating substances listed in Table 2,

polydimethylsiloxane is a liquid, while polyacrylate is a crystalline solid at

room temperature, but turns into a liquid at the temperatures typically used

for desorption in the GC injector. Carboxen and divinylbenzene are porous

solids, whose physical properties are listed in Table 3.

Air sampling
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Figure 6. Structure of poly-

dimethylsiloxane (PDMS)

Table 3. Physical Properties of Divinylbenzene and Carboxen.

Material Surface Area Porosity (mL g-1)*

(m2 g-1) macro meso micro total

Divinylbenzene 750 0,58 0,85 0,11 1,54

Carboxen-1006 950 0,23 0,26 0,29 0,78

*Macropore = >500 Å, mesopore = 20-500 Å, micropore = 2-20 Å

(Information obtained from Supelco.)

The pore sizes are equally distributed for the Carboxen polymer, and this

coating is appropriate for small molecules (Mw = 40-275). Divinylbenzene

has mainly meso-pores, but also macro- and micro-pores, and this polymer

is suitable for slightly larger molecules (Mw = 50-300).

Carbowax is used as a mixture with divinylbenzene or as a template resin,

and the extraction occurs via adsorption.

Some of the fibre polymers available were evaluated in Paper I with respect

to their capacity as adsorbents for airborne organophosphate triesters.

Polydimethylsiloxane (PDMS), polyacrylate, PDMS/divinylbenzene (DVB)

and Carbowax/DVB, were all suitable for volatile and polar compounds

according to the supplier, and were therefore

chosen for further investigation.

For the most widely used coating, the liquid

polymer PDMS (Figure 6), the analyte molecules

diffuse into the bulk of the coating, and are

absorbed during extraction. The analyte diffusion

coefficients in the polymer are similar to their

coefficients in organic solvents49 and therefore the

absorption is a relatively fast process.
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Polyacrylate also extracts the analyte via absorption, although the diffusion

coefficient in this polymer is lower, by about one order of magnitude,

compared to PDMS due to its higher viscosity.49

2.3.2. Desorption
For GC desorption an insert liner with a narrow inner diameter should be

used in the injector in order to optimize the desorption conditions. For a

regular liquid sample injection in a split/splitless injector the insert has to

have a large volume (3-5 mm i.d.) because of the solvent expansion. However,

the rate of the linear flow around the SPME fibre obtained with such a large

volume is too low, and thus the mass transfer is slow. Since little or no

solvent is present in the case of SPME, a much narrower liner can be used.

With a smaller liner diameter, such as 0.75-0.8 mm i.d., the desorption

becomes sufficiently rapid for most analytes (Figure 7). The split should be

Figure 7. GC liners. The right liner is suitable for SPME desorption.

Air sampling
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closed during the entire desorption process, in order to ensure efficient

introduction of the analytes onto the GC column and to minimize the risk

for discrimination of analytes with high-boiling points.50

The location of the fibre in the injector liner also affects the desorption

efficiency. The temperature at the beginning and end of the insert liner is

lower than in the middle, and for maximum efficiency the fibre should

therefore be located in the centre of the insert as illustrated in Figure 7.

2.3.3. Dynamic vs static air sampling
Air sampling using SPME can be performed in either static or dynamic mode.

In dynamic mode, when the sample is agitated, a new bulk mass of analyte

is continuously brought into contact with the SPME fibre and a higher uptake

rate is obtained.38, 51-55 Dynamic sampling results in shorter equilibrium

times, which is advantageous for analytes with long equilibrium times.

However, according to studies by Koziel et al.39 and Tudori et al.40, 56,

adsorptive SPME in dynamic mode can discriminate analytes with lower

affinity for the fibre polymer, so static air sampling may sometimes be

preferable because it minimises competitive adsorption. In these cases,

higher amounts of the analytes are extracted when short sampling times

are applied.

In the SPME methods presented in Papers I-III, and V, sampling in dynamic

mode was chosen for the following reasons:

1) For analytes with high distribution constants, such as organophosphate

triesters, several hours are required to reach equilibrium. Compared

to static sampling, dynamic sampling reduces the time required to

reach equilibrium since a steeper concentration gradient is maintained.

2) As the airflow around the SPME fibre is increased the boundary layer

that developes around the fibre is decreased. Minimizing the thickness
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of this layer, wherein the analyte diffusion occurs, facilitates faster

uptake since the diffusive path length is shortened.

3) SPME under non-equilibrium conditions, i.e. TWA sampling, requires

a defined value of the boundary layer to enable the concentration of

the analyte to be determined using Eq. 11. Only dynamic sampling

can provide such a value.

When evaluating SPME for organophosphate triesters  in Papers I and II,

dynamic sampling conditions were achieved by letting a volumetric airflow

pass through the emission chamber described in Paper I, and a controlled

linear flow over the fibres was obtained. The linear flow could be adjusted in

the range of 3.5-38 cm s-1. In Papers III and V when the field sampler device

adapted for SPME usage was evaluated and applied, the flow was adjusted by

a connected pump to give a linear flow, typically 30 cm s-1 over the fibres.

2.3.4. SPME under equilibrium conditions
The theoretical background presented by Pawliszyn50 is based on the non-

competitive process of absorptive SPME using the PDMS coating. SPME is

a multiphase equilibrium process where the total mass of analyte in the

system is unchanged. In a considered three-phase system, consisting the

sample, the fibre and a headspace volume, the initial amount of analyte in

the sample is equivalent to the distributed amount in the three phases during

the extraction procedure, giving

(Eq.2)

where C0 is the initial concentration in the sample and Cf, Ch and Cs are the

equilibrium concentrations in the fibre coating, the headspace volume and

the sample, respectively. Vf, Vh and Vs are the corresponding volumes. When

equilibrium is achieved the partitioning of the analyte in the system can be

expressed by the distribution coefficients of the phases; Khs = Ch/Cs and

Air sampling



22

SPME and Detection of Organophosphate Triesters in Indoor Air

Kfh = Cf/Ch, where Khs and Kfh are the distribution coefficients for

headspace/sample  and fibre/headspace, respectively. The amount extracted

is governed by the equation

(Eq.3)

If the concentration in the sample is much higher than in the headspace

volume, Eq. 3 can be simplified to

(Eq.4)

Considering SPME as a non-exhaustive sampling method, extraction from a

sample that has a much larger volume than the volume of the fibre will not

affect the initial concentration in the sample. Thus, Eq. 4 can in practice be

further simplified to

 (Eq.5)

The main parameters affecting the time required to reach analyte equilibrium

between the sample and a certain type of SPME fibre are (together with the

character of the analyte) the agitation conditions and the thickness of the

fibre coating. The equilibrium time can consequently be reduced by increasing

the agitation51, 52 and/or by selecting a thinner coating.58, 58

The extraction mechanism in adsorptive SPME differs from the absorptive

mechanism since the fundamentals of the processes involved are different.

In adsorptive SPME the polymer coating of the fibre is a porous solid in

which the analyte molecules are trapped at the sites of the surface. As the

extraction proceeds the sites will be occupied, and eventually leading to
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saturation, so that no more analyte molecules can be extracted. In the

competitive process of adsorptive SPME, molecules with a higher affinity

for the sorbent can replace an analyte with lower affinity.49

The amount extracted is generally not as large for adsorptive SPME as for

absorptive. The uptake by the adsorptive polymers is only considered to be

linear in a small range at the beginning of the extraction. Further, in the

presence of an interfering compound both the amount extracted and the

linear range can be affected49. In fact, short sampling times are required

using adsorptive polymers in order to avoid analyte exchange by competing

compounds in the sample.49, 39

Equilibrium theory for the adsorptive porous polymers is based on the

Langmuir adsorption isotherm. The equilibrium model, involving the fibre/

coating distribution coefficient, has been developed for the absorptive PDMS

coating, and must be modified in order to be utilized for the adsorptive

polymers.49

2.3.4.1. Distribution constant
In the literature, distribution constants have been determined from physio-

chemical data and also from chromatographic parameters using linear

temperature programmed retention indexes50(LTPRI). The indexes are given

by the analytes’ retention times relative to the retention times of n-alkanes.

For PDMS the value of such coefficient is given by

(Eq.6)

The LTPRI number is calculated by

(Eq.7)

Air sampling



24

SPME and Detection of Organophosphate Triesters in Indoor Air

The retention times for the analyte on a PDMS GC column, and the n-

alkane eluting directly before the analyte and directly after the analyte is

expressed as tR(A), tR(N) and tR(N+1), respectively, where N is the number of

carbon atoms for the corresponding n-alkane. The distribution constants

have been estimated for a number of VOCs using LTPRI or the similar Kovats

retention index.58-60 Unfortunately, experimental studies have shown that

this method cannot be applied for the organophosphate triesters (see Section

2.3.4.3).

2.3.4.2. Temperature and humidity
A number of parameters affect the distribution constant in a given system

such as temperature, humidity, salt concentration, pH and the solvent

mixture.50, 51, 61-63 However, when air sampling is applied only the

temperature and humidity are significant variables.

If the analyte has lower potential energy in the fibre coating than in the

sample, the distribution constant will be larger than 1 and the process is

considered to be exothermic. This means that the change in enthalpy, ∆H,

will be larger than zero and as the temperature in the sample increases, the

analytes’ partitioning will be shifted and the analytes distribution constant

in the fibre will be decreased. The influence of temperature on the distribution

constant can be predicted by Eq.8 when the temperature in the sample changes

from T0 to T1.

(Eq.8)

During the desorption process in the GC injector the temperature is typically

held at 250-280 ºC. When the SPME fibre is introduced into the liner the

distribution constant decreases rapidly because of the sharp change in
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temperature. The analyte distribution is then totally shifted from the fibre

coating to the atmosphere surrounding the fibre inside the injection liner.

Several studies regarding the effects of temperature and humidity have been

performed using SPME sampling in air.50, 51, 61-63 It appears that the

temperature is a more significant parameter than the humidity for the analyte

uptake, provided that the analyte itself is not affected by humidity. In a

study of VOCs in air51 the value of the distribution constant increased by

20% as the temperature was decreased by 10 ºC. In the same study the

uptake was reduced by less than 10% when the humidity was increased

from 0 up to 75% at room temperature.

2.3.4.3. Equilibrium SPME of organophosphate triesters
Initially, when Pawliszyn and co-workers developed the SPME technique it

was exclusively applied under equilibrium conditions. Some important

advantages are gained by equilibrium measurements:

– The sampling time becomes unimportant since the amount of extracted

analyte is constant under equilibrium.

– The limits of detection (LODs) are lower since larger amounts of

analyte are extracted from the sample.

– The higher amount of sample extracted improves the reproducibility.

For SPME of airborne organophosphate triesters the initial step was to select

an appropriate fibre. Among the fibres evaluated for this group of compounds

(see Section 2.3.1.) the analyte uptake rate obtained with the absorptive

PDMS was superior (Paper I). At an air concentration of 2 µg m-3 of triethyl

phosphate the uptake rate for the PDMS was estimated to be 76 pg min-1,

while it was 17 pg min-1 for the polyacrylate coating. The uptake rate on the

Carbowax and PDMS/DVB coatings were less than 0.5 pg min-1 and,

Air sampling
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consequently, the PDMS fibre was chosen for further studies. The adsorptive

coatings would have given much higher LODs than the absorptive coatings,

and were therefore not included in further studies. Furthermore, interfering

compounds with higher affinity for the polymer could cause sampling

artefacts by competitive processes if adsorptive coatings had been used.

With the PDMS 100-µm fibre the LOD was below 10 pg m-3 for equilibrium

sampling of organophosphate triesters. In comparison, non-equilibrium

sampling yielded an LOD approximately 200 times higher (Papers I and II).

For quantitative air measurements under equilibrium conditions the analyte

distribution constant must first be determined, and as the analyte affinity is

high the value of the constant is high. Generally, the constant increases as

the boiling point of the analyte rises, and the time required to reach

equilibrium is prolonged.

Initially, an attempt was made to determine the distribution constants for

the organophosphate triesters using the LTPRI method described in Section

2.3.1.1. For example, with this method, the estimated value of the constant

for triethyl phosphate was 2.2 × 104. However, this constant was proved to

be incorrect: there were discrepancies of several orders of magnitude between

the determined air concentrations using the constant and the true air

concentration generated in the emission chamber.

It has been stressed that other parameters such as the octanol/water constant,

Kow, and the activity coefficient in the polymer affect the magnitude of Kfs.
64

This could be one reason why the LTPRI method did not work satisfactorily

for these compounds. Instead of using the LTPRI method, the distribution

constants for the organophosphate triesters were determined using Eq. 5

and known concentrations of analyte vapour generated in the emission

chamber. This could be done after equilibrium profiles had been established

for the individual organophosphate triesters.
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Initially, in the work described in Paper II, sorption profiles for the

organophosphate triesters were established in order to determine the duration

of the sampling periods required and the distribution constants for this group

of compounds. In Figure 8 the sorption profiles for triethyl, and

tris(chloropropyl) phosphate obtained using a 30 µm PDMS fibres are

compared.

Triethyl phosphate was the most volatile of the organophosphate triesters

investigated, requiring sampling periods of 6 and 8 hours to reach equilibrium

using the 30-µm and the 100-µm PDMS fibres, respectively.

Tris(chloropropyl) phosphate needed approximately 18-24 hours depending

on the fibre thickness. These are considerable longer equilibrium times

compared to many of those compounds defined as VOCs, and consequently

the distribution constants should be much higher for the organophosphate

triesters. For compounds having longer equilibrium times than 24 h, sampling

under equilibrium conditions was considered to be unpractical. For that

reason analytes less volatile than tris(chloropropyl) phosphate, such as

triphenyl phosphate, were not evaluated for equilibrium measurements.

Figure 8. Extraction profiles for triethyl and tris(2-chloropropyl)

phosphate using PDMS 30 µm.

Air sampling
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Table 4 lists the distribution constants obtained for the individual

organophosphate triesters. Compared to other VOCs50, with typical

distribution constants of 150 - 1 × 105, the values for the organophosphate

triesters are some orders of magnitude higher.

Table 4. Values of Kfs (at 22-23 ºC) for the organophosphate triesters

calculated from generated concentrations.

Kfs (106)

Triethyl phosphate 1) 5.8

Tri-n propyl phosphate 2) 6.7

* Tri(isobutyl) phosphate 2) 16

* Tri-n-butyl phosphate 3) 11

* Tris(2-chloroethyl) phosphate 3) 41

* Tris(2-chloroisoproyl) phosphate 3) 53

1) The value is an average of 15 measurements, RSD =15%
2) Each value is an average of three measurements, RSD <12%
3) Each value is an average of at least six measurements, RSD <16%.

* Average from extractions using both 100-µm and 30-µm fibres.

Paper II reports a simplified study of the influence of the temperature and

humidity on the SPME of the most volatile of the organophosphate triesters,

triethyl phosphate. In agreement with previous results obtained by Pawliszyn

and others, the temperature appears to affect the analyte distribution constant

to a greater extent than the humidity. The difference in the absorbed amount

of triethyl phosphate was investigated as the humidity was increased from

0 to 15 % in the emission chamber. No significant change in analyte uptake

was observed across this interval, although further investigations regarding

this parameter over a larger range should be considered.
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The change in the distribution constant for triethyl phosphate associated

with raising the temperature in the chamber from 22 to 27 ºC was also

studied. The constant was shown to decrease from 5.8×106 to 2.5×106 in

the temperature range investigated. This indicates that the temperature is a

highly significant parameter for this group of compounds and it should be

noted that a small change could affect the uptake considerably. It is therefore

important to evaluate the SPME method in the same temperature interval as

for the field measurements.

Field sampling under equilibrium conditions was performed in a

computerized lecture room utilizing the estimated distribution constants

(Paper II). The temperature was 21.5-22.0 ºC during the sampling occasion,

so accurate measurements could be performed using the Kfs values in Table 4.

No additional flow was applied over the fibres during the sampling and for

that reason an extended sampling time (65 hours) was applied. The only

movement of air was supplied by the ventilation system and rather low

amounts of particles were present, ~900 particles cm-3, during the sampling.

The results from SPME yielded results similar to those obtained by active

sampling.

2.3.5. SPME under non-equilibrium conditions
It has been shown that the mass uptake by the fibre is proportional to the

sample concentration as long as the sample time and agitation is held

constant41, 42, and that SPME can be performed quantitatively in a non-

steady-state.39, 40, 43-48

Under some circumstances, time-weighted average (TWA) SPME under non-

equilibrium conditions may be a better choice than sampling under

equilibrium conditions, for instance:

– When compounds having long equilibration times are to be measured,

non-equilibrium SPME is less time-consuming. For the

Air sampling
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organophosphate triesters this enables air sampling to be completed

within one working day.

– When analytes with relatively low affinity for the fibre short sampling

times help avoid competitive adsorption in adsorptive SPME.

2.3.5.1. TWA sampling
The mass transfer of an analyte is measured by monitoring its flux from a

high-concentration to a low-concentration region. If the process takes place

in a gaseous fraction with no mechanical flow, the migration results solely from

molecular diffusion. The rate of diffusion is determined by Fick’s first law,

NA = -DA (dCA/dy) (Eq.9)

where NA is the molar flux of the analyte, DA is the diffusion coefficient for

the analyte and CA is its concentration. Since the analyte flow occurs down

a concentration gradient, the flux expression must be negative (dCA/dy < 0).

The mass loaded on the diffusive sampler sorbent is given by

(Eq.10)

where A is the area of the sorbent, l is the path length of the analyte, or the

so-called concentration gradient, and t is the sampling time.

The SPME device can serve as an ordinary diffusive sampler by keeping the

coated fibre retracted within the needle housing. The known distance from

the needle opening to the tip of the fibre forms the concentration gradient

where the analyte diffuses into the sorbent surface. This method has been

evaluated for several VOCs such as formaldehyde44, 45, toluene, benzene,

chloroform, p-xylene40, 46 and reactive isocyanates.48
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TWA sampling can also be applied using the exposed SPME fibre. Here, the

concentration gradient corresponds to the layer formed between the sample

matrix and the fibre surface, i.e. the boundary layer. The thickness of this

layer is defined as δ. Parameters such as flow velocity, fluid density and fluid

viscosity affect the magnitude of δ. By increasing the flow velocity around

the fibre the size of δ can be reduced. When TWA is applied with the SPME

fibre exposed, Eq. 10 has to be modified to account for the cylindrical shape

of the fibre, giving Eq. 11.39, 47

(Eq.11)

Here, b is the thickness of the fibre coating. The magnitude of the boundary

layer can be calculated by

(Eq.12)

where Re corresponds to the Reynolds number and Sc to the Schmidt number.

2.3.5.2. Coefficient of Diffusion
The diffusivity, D (in m2 s-1), of a gaseous analyte in a gasous matrix, such

as air, may be difficult to determine experimentally. A commonly used

expression to predict the diffusion coefficient, following is:65

(Eq.13)

Air sampling
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where T is the absolute temperature, MA and MB are the molecular masses

of compounds A and B, respectively, P is the total pressure (in N m-1) and

VA and VB are the molecular volumes of A and B, respectively

The diffusion coefficients for the investigated organophosphate triesters were

calculated in this work using a method presented by Fuller et al66 and further

developed by Colmsjö.4 As an example the diffusion coefficient for triethyl

phosphate at 25 °C and 1 atm was determined to be 5.71×10-6 m2 s-1, while

the corresponding value for tritolyl phosphate was 3.89 × 10-6 m2 s-1. The

individual coefficients used in Papers I, III and V are listed in Table 1.

2.3.5.3. Boundary layer reduction
When an airflow is applied over a surface strong retardation will occur near

the surface. At the leading edge the flux velocity is presumed to be zero near

the surface (x = 0). A velocity gradient is then created in a region perpendicular

to the surface and increases asymptotically to some proportion (0.99, 0.999)

of the original stream. Theoretically, there is no outer boundary line where

the gradient reaches zero. Instead, for simplification, the flux can be divided

into two parts;67

1. A boundary layer adjacent to the surface where the velocity increases

from zero to a near constant flow at the outer boundary.

2. A region outside the boundary layer where the velocity gradient is

zero or negligible and is considered to be equal to the stream velocity.

The boundary layer can be expressed as a function of x, the direction parallel

to the surface (Figure 9). The stability of this layer requires the flow to be

kept laminar, and thus the airflow to be kept within a certain range. When

the flow is increased and exceeds a critical value the streamline will no

longer be stable and turbulence will occur. The critical value of the flow in a

given system can be calculated from the Reynolds number (see Section

2.3.5.4.).67, 68
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2.3.5.4. Reynolds number
The value of the Reynolds number, Re, can be calculated in order to get an

indication of whether the flow is of laminar or turbulent character in a

given system. Usually, this parameter is associated with airflows in pipes,

although it can also be applied to surfaces. The Reynolds number is derived

from the dimensionless expression

 Red = udr/µ (Eq.14)

where u is the flow velocity, ρ the fluid density, µ the fluid viscosity and d

the diameter of a tube. The opening of a tube generally corresponds to a

circle and d to the diameter of the circle. However, when the tube is of a

geometric shape other then circular, as for the field sampler device described

in Paper III, the hydrodynamic diameter has to be considered before the

Reynolds number can be determined. When the Reynolds number is

determined for a surface, d in the equation is replaced by x, the distance

from the leading edge of the surface, giving

Rex = uxr/µ (Eq. 15)

Figure 9.  The boundary layer formed when an airflow is applied over a surface.

Air sampling
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When the value of Re is less than 2000 the flow is considered to be laminar

and if the value is above 4000 it is usually turbulent. At a certain point,

representing the critical velocity, transition from laminar to turbulent flow

occurs and the transition occurs gradually as the flow velocity increases in a

given system.67, 68

2.3.5.5. Schmidt number
The Schmidt number, Sc, the ratio of the kinematic viscosity to the

diffusivities, is frequently used in mass transfer equations and calculations

of diffusion in flowing systems. It is normally defined as

Sc =  v/Dg (Eq. 16)

where v is the kinematic viscosity and Dg is the diffusion constant of the

analyte, describing the momentum diffusivity relative to the mass diffusivity.

The kinematic viscosity is the viscosity of the fluid (η) divided by its density

(ρ), i.e. η/ρ.65, 66

2.3.5.6. SPME of organophosphate triesters using TWA sampling
In TWA sampling the extraction is interrupted before the fibre is saturated,

implying that use of a sensitive fibre coating is essential. PDMS proved to be

the most appropriate coating for the organophosphate triesters, and this

polymer is available in three different thicknesses: 7, 30 and 100 µm. For

TWA sampling the 100-µm fibres were used to maximise analyte absorption

during the extractions.

Quantitative calculations using TWA can be performed provided that the

magnitude of the boundary layer, δ, is known. A known value of δ can be

obtained by keeping the flow over the fibres unchanged or by increasing the

flow to exceed a critical value where δ is stable. For BTEX39, 47 the critical

value has been estimated to be approximately 10 cm s-1, and in an other

study of VOCs69 this value was estimated to be approximately 5 cm s-1.
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In this work, the size of δ was estimated with Eq.11, by utilizing known

concentrations of triethyl phosphate, the determined amount of extracted

analyte and a defined sampling time. The linear airflows over the fibres

were increased from 3.5-38 cm s-1 and the critical flow, where the thickness

of δ became constant, was estimated to approximately 7 cm s-1, as illustrated

in Figure 3 in Paper I.

Utilizing the estimated value of δ, quantitative determination of generated

organophosphate triester vapour was performed with a PDMS 100-µm fibre.

The results were compared with those obtained with active sampling.

Virtually no particles (< 1 particle cm-3) were present in the emission chamber

and, consequently, air sampling on filters (active sampling) and SPME (passive

sampling) should theoretically have yielded similar concentrations. Results

in Paper I showed that concentrations obtained using SPME with the PDMS

fibre agreed with the results of the active sampling method.

For air sampling in the field, a sampler device, suited for the SPME holders,

was constructed and evaluated, as reported in Paper III. The principle of the

sampler setup is similar to the design of a device evaluated in an earlier

work by Pawliszyn and co-workers.47 Since TWA SPME requires a flow to

be applied over the fibres to obtain a constant value of δ, the sampler device

was connected to a pump. The field sampler was then further modified in

Paper V, partly in order to obtain a more uniform flow over the fibres, and

partly to allow triplicates of the adsorbents to be connected to the sampler.

The flow over the fibres was adjusted to ensure that turbulence was avoided

within the device. Some of the advantages of passive sampling (i.e. the lack

of a need for pumps) may be lost with this set-up, but by connecting

adsorbents to the device, active sampling could be performed simultaneously.

Applying active and passive air sampling of the same fraction may give

valuable information regarding the analytes’ partitioning between the gaseous

and particulate phases.

Air sampling
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TWA SPME of organophosphate triesters was applied in several indoor

environments (Papers III and IV). In Paper V TWA air sampling was

performed including triphenyl phosphate. The equilibrium profile for

triphenyl phosphate was not estimated, but the fibre showed linear analyte

uptake up to 19 hours and, have probably longer equilibrium time than

tris(chloropropyl) phosphate ( i.e. longer than 24 hours). Due to its low

vapour pressure (see Table 1), this compound was expected to be almost

entirely particle-associated. However, the results in this study indicated that

triphenyl phosphate was partly associated to the gaseous phase.

For field measurements, the storage stability of the analytes sorbed by the

SPME fibre becomes important for reproducible results. Thus, the storage

stability of triethyl phosphate was studied in this investigation, using capped

and uncapped PDMS 100-µm fibres. The amounts of analyte after

0 to 15 hours of storage were compared and the results are shown in

Paper III. As expected, the capped fibres showed higher capacity to store

the analyte. However, the uncapped fibre showed no significant losses

after 3 h of storage at room temperature. Considerable losses have been

reported for some VOCs62 after much shorter periods. The storage stability

is dependent on the analyte vapour pressure, its chemical stability and its

affinity for the coating.
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3. Analytical methods

The SPME device is principally designed for analysis using liquid

chromatography (LC), or gas chromatography (GC) systems, although

it has been applied to other separation systems such as capillary

electrophoresis70 (CE) and flow injection analysis71 (FIA). In this work,

GC coupled to either a nitrogen-phosphorus detector (NPD) or a mass

spectrometer (MS) was used for determination of the organophosphate

triesters.

3.1.  Organophosphate triesters and gas chromatography
In GC using common non-polar stationary phases, such as

DB-1 (100% polydimethylsiloxane) or the slightly more polar

DB-5 ((5%-phenyl)-methylpolysiloxane), the analyte partition coefficient

K = Cs/Cm (Cs is the concentration in the stationary phase, and Cm in the

mobile phase, respectively) is mainly dependent on the boiling point of the

compound and to a smaller extent on chemical interactions with the

stationary phase. However, when a more polar stationary phase is used,

analyte-stationary phase interactions become more pronounced, especially

when the analyte has a polar character.

For organophosphate triesters, use of a GC column of relatively high

polarity, such as DB-35 ((35%-phenyl)-methylpolysiloxane) yields

sharper analyte bands compared to, for instance, DB-5. This is due to

their higher solubility in the DB-35 coating. The most volatile and polar

compound of the organophosphate triesters investigated, triethyl

phosphate, exhibited a rather large tailing factor using the latter type of

column. In the initial step in Paper I, DB-35MS and DB-5MS (J&W

Scientific, Folsom, CA) were compared for separation of the investigated

analytes. Despite its larger tailing factor, the DB-5 column was chosen,

due to its ability to separate all compounds investigated. On the DB-35

column tris(2-chloroethyl) phosphate co-eluted with one of the isomers of

Analytical methods
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tris(chloropropyl) phosphate (result not published). A GC separation on a

DB-5 column is shown in Figure 10.

Other GC columns have been tested for separation of their ability to separate

organophosphate triesters72, e.g. DB-17MS (50 % phenyl), DB-200

(35 % trifluoropropyl) and DB-210 (50 % trifluoropropyl). These columns

provide sharp analyte peaks, but the DB-17MS and the DB-200 are also

affected by co-elution problems and the use of the DB-210 does not allow

temperatures above 260 ºC to be applied.

When the analyte concentration in the stationary phase, Cs, is proportional

to the analyte concentration in the mobile phase, Cm, in the GC column the

chromatographic peak will be symmetrical and Gaussian. In this ideal case

the partition coefficient, K, will remain unchanged regardless of the amount

of analyte introduced to the column. However, when the interactions between

the analyte and the stationary phase are concentration dependent a non-

linear isotherm is observed. A common example of such interaction is that

between analytes and silanol groups in the stationary phase. One fraction of

the analyte amount occupies the silanol sites, being more strongly retarded

than the other fraction. The latter migrates faster than the retained fraction,

resulting in a tailing peak in the chromatogram. Under this conditions K

decreases with reductions in the amount of analyte injected, giving a non-

Figure 10. Separation of organophosphate triesters on a DB-5 GC column.
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linear relationship for K = Cs/ Cm. Consequently, the retention time is also

dependent on the amount of analyte introduced to the column.73 This

phenomenon is illustrated in the chromatograms in Figure 11. Here, different

amounts of triethyl phosphate were introduced to a DB-5MS column under

the same conditions.

Various types of injectors for GC are available, for instance on-column,

programmable-temperature vaporizer (PTV) or split/splitless injectors. GC

desorption of the SPME fibre is most easily performed in a split/splitless

injector, therefore this type was used throughout this work. Efficient analyte

desorption could be performed at a constant temperature of 250 ºC in 2 min.

3.2. Nitrogen-phosphorus detector
The NPD was chosen for the detection of organophosphate triesters in the

investigations reported in Paper I-III, due to its high selectivity and sensitivity

towards phosphorus compounds. This type of detector is based on a so-

called thermo-ionization, whereby negative ions are formed from the analyte

Figure 11. Different amounts injected of triethyl phosphate on the DB-5 column.

Analytical methods
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molecules, by trapping electrons emitted from a hot bead surface in the

detector. The NPD is considered to be mass flow sensitive and the response

is mainly dependent on the number of phosphorus or nitrogen atoms in the

analyte molecule. The response is approximately 10 times stronger for

phosphorus compounds compared to nitrogen-containing analytes and is

linear over a wide range, often several orders of magnitude. For the

organophosphate triesters, the instrumental LOD was found to be lower

than 5 pg of injected analyte.

In the detector, an applied voltage electrically heats a rubidium (Rb) silicate

bead located above the column exit. The heated bead forms a plasma with a

temperature of 600-800 ºC. The analyte compounds in the sample entering

the detector are decomposed into electronegative products in the gaseous

boundary layer surrounding the bead. Rb atoms supplied by the bead then

ionize the decomposition products. The true mechanism for the sample

ionization is not entirely understood, but the two main theories proposed

are the gas-phase ionization theory and the surface ionization theory.74, 75

The gas-phase ionization theory suggests that a recycling mechanism is

involved, in which the ionization of the sample occurs in the gaseous region

surrounding the bead. This theory proposes that the Rb atoms present in

the bead become vaporized and then ionized in the boundary region by

interactions with hydrogen atom radicals (from the detector gas), yielding

Rb+ ions. The surface of the bead is negatively polarized and will attract the

positively charged Rb ions, so that they become excited neutral atoms. The

nitrogen or phosphorus radicals from the sample then receive electrons from

the excited Rb atoms (Rb*), forming negatively charged ions. A possible

reaction mechanism for a phosphorus compound is illustrated below.76, 77

Rb* + .PO2  ⇒ Rb+  + PO2
-

The negative analyte ions then reach a collector in the detector housing,
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eliciting a detector response, while the Rb+ ions are drawn back to the

negatively polarized bead.

The surface ionization theory also assumes that the sample is decomposed

in the region around the bead, but proposes that the Rb atoms are not

vaporized. Instead, this theory suggests that the electronegative decomposition

products extract negative charges from the thermionic surface of the bead,
78, 79 as follows:

.PO2  +  e-  ⇒ PO2
-

3.3. Mass spectrometry
In this work, gas chromatography coupled to mass spectrometry (GC/MS)

was not only used for positive identification of organophosphate triesters in

indoor air samples, but also as a selective method for quantification. The

most commonly used ionization methods for GC/MS are electron ionization

(EI), positive-ion chemical ionization (PICI) and electron capture negative

ionization (ECNI).

The amount of energy involved during the ionization of gas-phase analytes

entering the ion-source from the GC column, can vary widely depending on

the method employed and directly influences the character of the obtained

mass spectrum. The most energetic method is EI, which often yields extensive

fragmentation of the molecular ions. The ionization process and

fragmentation in EI are well studied, making this technique a powerful tool

for structure identification. However, sometimes it fails to verify the molecular

weights of the compounds, due to the absence of molecular ions in the spectra.

PICI and ECNI are milder techniques, the former often being used for

molecular-weight determination and the latter for high-sensitivity

quantification of electronegative analytes. In this work, EI and PICI were

utilized (Paper IV and V). These techniques are more thoroughly described

in the following paragraphs.

Analytical methods
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After gas-phase ions have been created in the ion-source, they are transmitted

through lenses into a mass analyzer, wherein they are separated according

to their m/z values (Th) before entering the detector, normally an electron

multiplier or photomultiplier. Several forms of mass analyzers with different

operational mechanisms have been developed for MS, such as magnetic sector

(single- or double-focusing), quadrupole, time-of-flight, Fourier transform

ion-cyclotrone resonance and the quadrupole-ion trap analyzer. Higher

certainty in the structure verification can be obtained for a specific analyte if

tandem mass spectrometry (MS/MS) is performed. In this case, the analyte

fragments (precursor ions) are subjected to further dissociation, whereupon

the new product ions are detected. MS/MS can be performed for instance in

a quadrupole-ion trap. In this analyzer small “samples” of the ion stream

are trapped and fragmented, after which the new product ions are isolated

and scanned, all moments occurring in the same analyzer in very short periods

of time (ms). The quadrupole-ion trap-MS, which has been used in this

work, is more thoroughly described in section 3.3.3. Another common

tandem mass spectrometer is the triple quadrupole (QQQ). Here, the first

analyzer typically isolates the precursor ion, the second analyzer serves as a

collision cell and the third are scanning the product ions.

3.3.1. Electron ionization
Electron ionization (EI) was used for the first time in 1921 by Dempster and

was further developed in 1947 by Nier.80, 81 In the EI process the analyte

molecules (M) are directly ionized to positive ions by electron bombardments.

M + e-  ⇒ M.+ + 2e-

The electrons used are emitted from a heated (Rhenium) filament and then

accelerated by a voltage towards the anode in the ion source in order to

collide with vaporized analyte molecules in a definite part of the source, the

ion volume. The electron energy is mostly set to 70 eV and the ion source

pressure in the range 10-6 to 10-5 torr. At this low pressure the ionization
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and fragmentation can be expected to be unimolecular, the mean ion free

path being about 1 m. Because so few important parameters are involved

(electron energy and ion source pressure) EI is a very robust method, yielding

highly reproducible ionization efficiencies and fragmentation.

During EI, small fractions of the analyte molecules are ionized, while the

remaining neutrals are pumped out of the system. The energy involved is

very high, considering that most organic compounds are ionized below 15 eV.

The electron loss transforms the molecule to a radical cation (molecular

ion) that will undergo fragmentation if the internal rotational and vibrational

energy is sufficiently high. The fragmentation of ions depends on the structure

of the analytes, the thermal energy gained by the molecules prior to ionization,

the amount of kinetic energy transferred from the electron to the analyte

during ionization, and finally the environment of the formed ion. The energy

distribution among the formed ions may thus be very wide. Some of the

molecular ions from a certain analyte may have gained sufficient energy

during ionization to become both electronically and rovibrationally excited,

while others are stable ground-state ions, with little to no rovibrational energy

to promote fragmentation. The fraction of stable molecular ions is generally

high for aromatic compounds, while it is barely observable in the spectra of

long-chain aliphatic compounds. Changing the applied electron energy will

change the fragmentation pattern. When lowering the electron energy from

70 eV to, for instance, 20 eV, the fraction of molecular ions will rise steeply.

However, since the ionization efficiency also falls, this greatly reduces

sensitivity (defined as ions s-1). A drop in the sensitivity can also be observed

if the potential exceeds a critical value, approximately 100 eV. This can be

explained by the target analyte becoming “transparent” to the electrons of

such a short “wavelength”.82, 89

EI has previously8, and also in this work, been utilized for structure

verification of some of the organophosphate triesters detected in indoor air

Analytical methods
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samples. In EI some of the organophosphate triesters undergo hydrogen

rearrangements, (“McLafferty+1”), and following cleavages, thereby forming

a typical m/z 99 fragment, as illustrated in Figure 1285. However, for this to

occur a hydrogen in a γ-position to the initial radical site is required. For

example, trimethyl phosphate does not form this fragment. A compound

such as triphenyl phosphate, cannot undergo this type of fragmentation either.

Stable molecular ions are generally formed from these types of compounds.

3.3.2. Chemical ionization
Chemical ionization (CI) was described as a new ionization technique in

1966 by Munson and Field.86 This technique is commonly used as a

complement to EI for structure verification. Due to its milder character, the

molecular weight can often be determined from high-intensity quasi-

Figure 12. Formation of the typical m/z-99 fragment in EI
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molecular ions. Under CI, the ions are produced by reactant ion-analyte

reactions in the presence of a reactant gas in the ion source. Reactant ions

are formed by EI of the reactant gas. The ion-source pressure is much

higher than in EI, typically 1 torr, yielding a mean ion free path of around

1 mm. A large variety of reactant gases (R) can be used in CI. For the

formation of positive ions (PICI), the most commonly used is methane.

This is a universal reactant gas for organic compounds. Due to its low

proton affinity (5.7 eV), the main reactant ion formed, CH5
+, is capable

of protonating most organic substances except other alkanes. A drawback

in many cases is the rather extensive fragmentation pattern typical for

methane CI. A reactant gas with higher proton affinity, ammonia or

isobutane, is commonly used when less fragmentation is needed.

In Paper IV and V another mild reagent, methanol (proton affinity 7.9

eV), was used for CI of organophosphate triesters.

The most common reactions between the reactant ions and the analyte

molecules in PICI are:

1. Proton transfer M + RH+  ⇒ MH+ + R

2. Electrophilic addition M + X+  ⇒ MX+

3. Anion abstraction AB + X+  ⇒ B+ + AX

M and AB is the analyte molecule, while RH+ and X+ are the reactant ions.

Proton transfer (1) occurs with compounds that have a higher proton affinity

than the reactant gas. If the analyte compound has sites with high electron

density, such as π-bonds, electrophilic addition may also occur. For example,

addition of C2H5
+ and C3H5

+ may occur to aromatic or carbonyl compounds,

or to unsaturated hydrocarbons, when methane is used as reactant gas. Quasi-

molecular ions from both reactions can often be observed in the same

spectrum, that is the ions [M+H]+, [M+C2H5]
+ and [M+C3H5]

+.82-84 When

using methanol, [M+H]+ ions were mainly formed from the organophosphate

triesters (Papers IV and V).

Analytical methods
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3.3.3. Tandem MS in the ion trap
The mass analyzer used in the studies described in Papers IV and V was a

quadrupole-ion trap applicable for tandem mass spectrometry. In the ion trap

the ions are trapped in a three-dimensional quadrupole field in a defined region

and stored in the cell using a radiofrequency (RF) of low amplitude. By scanning

the amplitude (V potential) the ions are ejected from the trap in ascending

order of their masses. In Figure 13 a cross-section of a typical ion trap is

illustrated.

The two end caps, which serve as electrodes, are either earthed or biased with

direct current (DC) or alternating current (AC) potentials. Together with the

end caps the ring electrode, applied with radiofrequency (RF), is forming a

three-electrode device. The ions are trapped in the oscillating electric field created

in the trap, where the stability of the ions is determined by the amplitudes of the

applied potentials. By scanning the V potential the ions remain stable along the

r-direction, but the trajectories along the z-direction become unstable and

fragments with the selected m/z are ejected from the trap in the z-direction.

Tandem mass spectrometry, MS/MS, in the ion trap can be performed using

selected reaction monitoring (SRM) in order to enhance the selectivity, or in

fullscan mode in several steps (MSn mode) for structural elucidation. By

Figure 13. A schematic drawing of a quadrupole-ion trap analyzer.
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adjusting the DC potential, U, and the AC potential, V, ions with a specific

m/z ratio are trapped and will, in time, undergo fragmentation within the

trap. The fragmentation is caused by collision with an inert gas at elevated

pressure (helium was used in this case). The process is usually called collision-

induced dissociation (CID). A final scan using the RF voltage, V, will eject

the fragment ions from the trap, mass by mass. Using an ion trap these ions

are analyzed by time-dependent, rather than space-dependent (as with

quadrupoles) expulsion, giving the fragment ion spectrum.82-84

3.3.4. Acquisition
Various acquisition modes can be chosen in MS, such as fullscan (which

provide complete spectra), selected ion monitoring (SIM) or selected reaction

monitoring (SRM). The highest sensitivity in terms of ions s-1 transmitted to

the detector is achieved in fullscan mode. However, the selectivity, measured

as the S/N ratio, will be lower compared to the other modes.

When the masses of the target ions are known, SIM can be applied in order

to enhance the selectivity and lower the detection limit, although when

more than one peak is monitored the time allocated to each m/z must be

carefully considered in order to maintain the low detection limit. The S/N

ratio can be improved a hundred-fold by limiting the number of peaks

monitored compared to full scan monitoring. The high S/N ratio is a

consequence of the increased number of data points gathered at the m/z

values of interest, reducing the noise level.82-84

Of the acquisition techniques mentioned above, the SRM mode yields the

highest selectivity, since the noise level from interfering compounds is often

extremely low using this method. In this work SRM was used for quantifying

organophosphate triesters in indoor air. Although the ion trap provides the

possibility to perform MS/MS in several steps (up to 10), only one-step

SRM was used. The limit of detection is not generally improved by performing

multiple-reaction monitoring (MRM) compared to SRM, due to the

associated loss of sensitivity.

Analytical methods
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3.3.5. GC/MS/MS methodology for the organophosphate triesters
Paper IV reports the development and evaluation of a GC/PICI-MS/MS

method for analysing organophosphate triesters. The objective was to obtain

an MS-method with sufficiently low detection limits to enable detection of

the compounds in indoor air. With EI in fullscan mode it was not possible to

identify and quantify most of the organophosphate triesters, due to the

complex sample matrix. Examples of interfering compounds in indoor air

are phthalates, which occur at much higher concentrations than the

phosphates. Use of EI and SIM of m/z 99 ions (see Figure 12) improves the

selectivity, but not sufficiently for use as a quantitative method for the non-

aromatic phosphates, because of the extensive background of interfering

ions in the low mass region. PICI-MS/MS was shown to provide very high

selectivity with detection limits comparable to the NPD. PICI was used as

an ionization method to avoid too extensive fragmentation. Mainly [M+H]+

ions were formed as quasi-molecular ions, due to the low proton affinity of

the reactant gas, in this case methanol. The ions were then subjected to

collision induced fragmentation (CID) and selected ion windows for the

fragments were monitored in the second step (SRM). The design of the GC/

MS instrument (a Varian Saturn 2300) allowed liquid methanol to be fed

into the ion source from a small glass vessel housed outside the instrument.

This makes CI easier and safe to handle compared with the use of gas

cylinders.

Below is a reaction scheme suggested for formation of reactant ions; from

methanol to CH3OH2
+.83 First, methanol vapour is subjected to EI:

C H3OH  +  e-   ⇒ C H3OH.+  +  2e-

Collision with other methanol molecules yields:

C H3OH.+ +  C H3OH  ⇒ CH3OH2
+  +  CH2OH.
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The positive reagent ion reacts with the analyte molecule through proton

transfer. A reaction for one of the analytes, tributyl phosphate (Mw = 266),

is exemplified below:

CH3OH2
+  +  (C4H9O)3PO   ⇒ CH3OH   +  (C4H9O)3POH+

The applied energies for CID were individually adjusted for each quasi-

molecular ion because of their different stability, as shown in Table 5. For

instance, for tributyl phosphate the excitation voltage required for

fragmentation of the precursor ion was 25 V. Protonated trimethyl phosphate

needed much higher energy, 40 V, for fragmentation. As can be seen, the ion

m/z 99 was chosen as the precursor ion for tris(chloropropyl) phosphate

and for all of the trialkylated phosphates, except  trimethyl phosphate. The

m/z 99 ion is formed, as in the case of EI, by consecutive hydrogen

rearrangements and cleavages. However, in PICI-MS/MS of the

organophosphates, only ions with even number of electrons are formed and

no radicals are involved in the fragmentation. The fragmentation mechanisms

for some organophosphates and phosphonates in EI85 and under CID

conditions in CI87, 88 and API89 have been previously reported. The same

fragmentation pathway was found for all alkylated and chloroalkylated

phosphates investigated in this study. For tris(2-chloroethyl) phosphate, the

fragment m/z 223 was found to have the highest intensity and was therefore

chosen as the product ion for SRM. This ion is formed after a single

rearrangement and a neutral loss of chloroethene.

Trimethyl phosphate does not yield an m/z 99 ion due to its inability to

undergo hydrogen rearrangements. Instead, an inductive cleavage of the

protonated analyte leads to the loss of methanol to yield the product ion m/

z 109. The aromatic phosphates investigated did not undergo cleavage of

the aromatic side-chains either. In this case, the quasi-molecular ions were

stable and were monitored in SRM mode. Despite the absence of product

ions, use of CID and the SRM mode enhanced the selectivity and reduced

the noise levels compared to SIM.

Analytical methods
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Table 5. Instrumental parameter settings and LOD for individual

organophosphate triesters.

Compound  Precursor Product Excitation Instrum. LOD

ion ion amplitude

(m/z) (m/z) (V) (pg)

Trimethyl phosphate 141 109 40 10

Triethyl phosphate 183 99 35 2

Triisopropyl phosphate 225 99 30               25

Tri-n-propyl phosphate 225  99 30 4

Triisobutyl phosphate 267 99 25 7

Tri-n-butyl phosphate 267 99 25 7

Tris(2-chloroethyl) phosphate 285 223 25 34

Tris(2-chloropropyl) phosphate 328 99 25 10

Triphenyl methyl phosphate (IS) 265 265 20 2

Triphenyl phosphate 327 327 15 3

Tritolyl phosphate 369 369 15 31

The PICI-MS/MS method in SRM mode yielded instrumental detection limits

comparable to NPD and 50-fold lower than EI-MS in SIM mode. The

chromatograms in Figure 14 show the differences in S/N levels, when

analyzing an indoor air sample. As shown in the chomatograms,

tris(2-chloroethyl) phosphate forms only very little of the m/z-99 ion

compared to the other alkylated phosphates.  Triphenyl phosphate does not

form this  ion at all and can thus not be observed in EI-SIM. An unknown

compound was eluting in the vicinity of  triphenyl phosphate.  The interfering

compound was  not observed in the PICI-MS/MS chromatogram.
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Figure 14. A) GC/EI-SIM and B) GC/PICI-MS/MS chromatograms, respectively, of an indoor

air sample, showing 1) triethyl phosphate, 2) tripropyl phosphate, 3) triisobutyl phosphate,

4) tributyl phosphate, 5) tris(2-chloroethyl) phosphate, 6) tris(chloropropyl) phosphate giving

three isomers, 7) unknown compound, 8) diphenylmethyl phosphate (IS) and 9) triphenyl

phosphate.

A

B
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4. Conclusions and future perspectives

In this thesis a methodology, sensitive and simple to use, has been developed

for measurement of organophosphate triester vapour in air. The use of SPME

and selective detection techniques reduce the manual handling, since no

additional clean-up and enrichment of the analyte is needed. Since the fibres

are reusable and no solvents are needed, the method can be considered as

cost-efficient compared to many other procedures. The field sampler

developed in this work allows three SPME fibres to be used simultaneously.

A controlled airflow is applied over the fibres, which makes the uptake rate

faster for the organophosphate triesters and is advantageous when SPME is

performed both under equilibrium and non-equilibrium conditions. As long

as the flow rate used is higher than the critical linear flow (7 cm s-1), the

actual flow rate becomes unimportant for the uptake rate on the SPME

fibres. This means that flow-calibration of the SPME method is unnecessary,

which is a great advantage when used in the field. SPME in non-equilibrium

mode (or so-called TWA sampling) enables sampling of compounds having

high partition coefficients, Kfs, within reasonable periods of time. As an

example triphenyl phosphate, can be measured within a working day, still

yielding detection limits of a few ng m-3.

The results when using both active sampling and SPME (Papers II and III)

indicated that the measured organophosphates occurred solely as vapour in

the investigated environments. SPME of triphenyl phosphate (Paper V)

showed that also this compound, despite its low vapour pressure, occurred

partly as vapour. Of course, this is dependent not only on the vapour pressure

of the compounds, but also on the concentration of particles,  humidity and

room temperature. Further investigations should be performed on the vapour/

particle distribution and its dependence on such parameters, since the physical

state may be crucial for the health effects arising from exposure. The field

sampler is convenient for such a study, since it allows active sampling on

filter, XAD or another adsorbent at the same time as SPME of the vapour
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phase. A more extensive study of the analyte uptake on the SPME fibres

should be considered in a generation chamber, with varying and controlled

analyte and particle concentrations, temperature and humidity.

The field sampler developed in this work was evaluated and utilized solely

for organophosphate triesters. However, the methodology should also have

great potential for other indoor pollutants, such as polybrominated diphenyl

ethers (PBDEs) or phthalates. Most often, active sampling on filters and a

following adsorbent for the vapour phase is used for this type of compounds.

Active sampling, may however be associated with an important artefact.

Compounds, initially associated to the particle fraction, may evaporate from

the filter to the following adsorbent during the sampling process. This can

be observed when the sampling period is long, or the flow rate is high. Since

most sampling methods involve risks for sampling artefacts, it is important

to have alternative techniques at hand for comparison purposes.

Mass spectrometry has nowadays become standard instrumentation in most

laboratories dealing with organic analyses. The high selectivity that can be

obtained with MS enables positive identification also in very complex

samples. In this work, a GC/MS/MS method was therefore developed as an

alternative to the GC/NPD method. The idea of using PICI, rather than EI,

prior to MS/MS can be applied to many types of compounds to obtain a

more controlled fragmentation. Many compounds exhibit extensive

fragmentation in EI, yielding a large number of low-mass ions. Fewer

fragments, preferably of higher mass, enable lower detection limits when

utilizing a selective monitoring technique, such as SRM .

Conclusions and future perspectives
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Appendix

Filter work-up procedure

1. The filter was placed in a 10 ml vial equipped with a cap.

2. 100 ng of the internal standard, diphenyl methyl phosphate (DPMP),

was added to the filter.

3. Approximately 5 ml of dichloromethane was added as extraction solvent.

4. The filter was sonicated for 20 min whereupon the solvent was removed

to another vial and replaced new solvent.

5. The sonication was repeated and the solvent was removed.

6. The solvent extract was filtered through a plug of glass wool for

purification.

7. The extract was evaporated under a stream of nitrogen until approximately

200 µl sample extract remained in the vial.

8. ~1 µl of the extract was introduced on the GC for analysis.
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