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Abstract

This paper reviews the practical applications of solid-phase microextraction (SPME) in the analysis of organic vapours
which are pollutants of atmospheric air, indoor air and workplace air. Applications to headspace of solids and liquids such as
different waters, soils, food, etc., are also included. Problems related to calibration in SPME analysis of gaseous matrices are
also dealt with. Calibration procedures and apparatus for generation of standard gaseous mixtures are described. Advantages
and limitations of SPME based gas chromatographic methods of air organic pollutants are discussed.  2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

A vision of progress, and the pleasure of discov-
eries and inventions, obscure the accompanying
negative effects. Chemicalisation of all areas of
human activity, so characteristic for the present
world, results in the omnipresence of unwanted
chemical substances in air, water, soil and food.
Nearly a million of the ca. 12 million known
chemical compounds are present in the direct en-
vironment of man at concentration levels of above

21010 % (v/v) [1]. The majority are organic com-
pounds, many of which occur in the atmosphere,
indoor and workplace air. Problems related to or-
ganic air pollutants concern first of all: (1) human
health, (2) ozone and other oxidants formation, (3)
unpleasant odours of human nuisance [2].

Fig. 1. Steps in the analytical process.Many organic air pollutants are thought to cause
genetic changes in living organisms; some are
proved to be carcinogenic, mutagenic and
teratogenic. These and other detrimental effects sample containing benzene at a maximum allowable
make it necessary to monitor air for their content. concentration (maximum allowable concentration

3Harmful concentration is compound-dependent according to Polish regulation is 10 mg/m ) into a
and is one of main factors determining the con- capillary gas chromatograph one generally introduces
centration range within which a given pollutant two-orders of magnitude less benzene than the
should be monitored. The second important factor is detection limit of a very sensitive flame ionisation
the detection limit, which can be achieved at the detection (FID) system. Therefore, an analyte enrich-
current state of the art. Progress in technology in the ment step must be included in the analytical pro-
last 70 years led to development of analytical cedure [5,6].
methods enabling simultaneous determination of Methods of organic air pollutant enrichment are
many sample components at increasingly lower classified into three basic groups (Fig. 2) [7–9]:
concentrations [3,4]. (1) Dynamic methods. These are based on passing

Determination of chemical substances in environ- a sample through a system tube in which components
mental samples is generally a laborious multistep of interest are trapped by freezing out, adsorption, or
process (Fig. 1). Analytical methods for volatile chemical reaction. The sampling set generally con-
organic air pollutants should cope with the three sists of a tube with an enriching medium, a pump
basic problems: (1) necessity of analysing very low equipped with a power supply and volume measuring
concentrations; (2) need for analytical standards (to devices.
calibrate instruments and test applicability of meth- (2) Denudation methods. The sample is passed
ods) containing analytes of interest on the level through a tube whose walls are covered with trap-
comparable to concentrations in real samples; (3) ping medium, reached by components due to diffu-
sample preparation for the final analysis should not sion. These methods are applied when vapour enrich-
add to environmental pollution. ments is to be accompanied by particulate separation.

Many methods of air quality control have been (3) Passive methods. In passive methods analytes
developed but, mainly due to insufficient sensitivity, from the closest surroundings of a sampler reach the
only a few can cope with increasingly difficult trapping medium due to diffusion or permeation
analytical tasks. For example, injecting a 1-ml air processes. Movement of analyte molecules is free
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Fig. 2. Enrichment and isolation methods of organic contamination in air.

and no additional devices such as aspirators, rotame- 2. Calibration – a crucial step of an analytical
ters, etc., are needed. procedure

Among the passive methods solid-phase microex-
traction (SPME) can be included. It is a relatively 2.1. General remarks
new sampling preparation technique invented in the
years 1987–1989 [10,11]. An increasing number of SPME–gas chromatography (GC)-based analytical
papers deal with routine use of the technique [12– procedures (sorption of analytes on a fibre, their
20] as well as with new designs and applications. desorption in a GC injection port, separation in a

The technique incorporates sampling, isolation and chromatographic column, detection and quantitation)
enrichment into one step; the analytes are trapped on [21,22] require careful calibration. Qualitative and
a thin fused-silica fibre coated with a liquid polymer quantitative calibration can be distinguished; in the
or solid sorbent and then are desorbed into a former a compound is related to a given instrument
chromatographic mobile phase directly in an in- signal, in the latter analyte content (concentration,
jection port of a liquid or gas chromatograph. An amount) is related to an instrument response value
important characteristic of the technique is that it is [23]. If the calibration step is not properly made then
solvent-free (Fig. 3). Excluding a few special situa- results can be correct only accidentally; most often,
tions, SPME does not assure quantitative analyte they could be a source of serious misinformation.
extraction; generally at equilibrium analyte concen- The calibration step generally consists of: (1)
tration in a sample is not negligible. SPME is an preparation of proper standard mixtures; (2) the
equilibrium method and calibration, a crucial step of calibration proper, i.e., conducting a given analytical
analysis, requires special care. process for standard mixtures; (3) establishing the
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Fig. 3. Solvent-free sample preparation methods.

relationship between final instrument response and understanding. A gaseous mixture must satisfy some
analyte content (concentration, amount) in a sample. requirements to be a standard mixture. The basic are

the following [24,25]: (1) concentration of analytes
2.2. Gaseous standard mixtures of interest should be known with sufficient accuracy

(2–5-times better than that of a calibrated instrument
The term ‘‘standard gaseous mixture’’, though or method); (2) analyte concentration should be

seems quite unambiguous, can be a source of mis- constant for a long time (stability should be specified
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in a certificate). The stability requirement is difficult 2.3. Calibration of solid-phase microextraction–
to fulfil for components which are unstable, reactive gas chromatographic analytical methods for
and considerably differing in volatility (possible volatile organic air pollutants
stratification); (3) availability of the same mixture
throughout all planned experiments; (4) possibility SPME is an equilibrium process and, in most
of calculating concentration from such basic quan- experiments, total amount of an analyte originally
tities as mass, temperature and pressure. present in a gaseous sample is not introduced into a

Usually standard mixture preparation is not an GC system for analysis. Calibration of an SPME–
easy task, especially if trace (ppm, ppb) and ultrat- GC–MS system, a necessary step in such a situation,
race (ppt, ppq, and lower) components are of inter- can be performed in two ways generally used in
est. In environmental analysis and monitoring this is SPME–GC measurements of organic vapours in
very often the case [26]. gases.

Though static and dynamic methods can be used (1) In one, GC response is first related to absolute
for gaseous standard mixture generation, the latter mass of a given analyte introduced into the GC
are decidedly more common for low concentrations system by injection of standard liquid solutions. To
[24,27–30]. Many dynamic methods are known and calculate the analyte concentration in real sample the
new methods being developed. Very promising is the relation between the amount adsorbed by the fibre
approach based on thermal decomposition of surface and concentration of an analyte in the gaseous
compounds obtained by chemical modification of mixture must be known. This dependence can be
silica gel [31–34]. found if the stationary phase volume coated on the

Nowadays commonly used are dynamic methods fibre and partition coefficients K (a ratio of analytefg

based on permeation of analytes through semiperme- concentration in stationary phase coated on fibre and
able membranes, most often made of PTFE, poly- in gaseous sample at equilibrium) are known or can
ethylene and silicone rubber [35]. Membrane materi- be calculated from some other available quantities.
al should be characterised by high permeation coeffi- In field experiments sampling is generally performed
cient, selectivity and homogeneity. Transport of at ambient temperature which can differ from site to
analytes from a container with a substance to a site and from experiment to experiment and there-
diluting gas through the membrane generally de- fore, the dependence of K on temperature shouldfg

pends on the three phenomena: (1) dissolution and/ also be known.
or sorption on inner surface of the membrane; (2) The problem of predicting K values and theirfg

permeation through the membrane (dissolution and temperature variability on the basis of some other
diffusion); (3) desorption or evaporation from outer thermodynamic quantities was thoroughly studied by
surface of the membrane to the diluting gas. Matros and Pawliszyn [28]. Use was also made of

The final concentration of analytes in the gaseous isothermal retention times [36,37] and linear pro-
mixture is a function of material, thickness and grammed retention indices [38,39] to calibrate poly-
surface area of the membrane and of permeation dimethylsiloxane (PDMS) for air sampling. Using
temperature and flow-rate of diluting gas. this approach, GC should be first calibrated with

Permeation techniques are used for analytes which respect to analyte mass by injecting known volumes
are gases, liquids and, in some cases, even solids of the standard solution of analytes in a convenient
under standard conditions. They are very convenient organic solvent.
to prepare gaseous standard mixtures for calibration The above approach can give reliable results
of SPME–GC-based methods of analysis of volatile provided that the influence of any other parameters
organic components in gaseous environmental sam- of the sampled air is negligible or known with good
ples. accuracy. Thermodynamic considerations and experi-

In studies on SPME sampling static and dynamic ments show that logarithm of K changes linearlyfg

methods of standard mixtures generation were used. with a reverse of absolute temperature. Though the
They are presented in Table 1. effect of sampled air humidity in the air analysed on
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Table 1
Generation of gaseous standard mixtures for SPME–GC analytical procedures calibration

Analyte Matrix Method of standard mixture generation Ref.

Volatile chlorinated Atmospheric air Static

hydrocarbons To flasks of 1 l and 0.5 l containing methanol gaseous standards were added. [40]

Equilibration time: 5 min. Temperature effect on extraction studied in the range of 08C–258C.

Conditioning time: 10 min. Humidity effect studied at 258C. Each water portion (50 ml) increased

humidity by 25%

BTEX, chloromethane, Air Static

chloroethanes To a 1-l flask a standard solution was injected through semipermeable membrane. [27]

The flask was kept at a temperature of 1008C for 10 min., then cooled to room temperature

for analysis. Calibration was made starting from the lowest concentration. Gaseous standards

were prepared just before analysis

Ethanol, acetone Human breath Static

To a 1-l flask required amounts of analytes (ethanol and acetone) and 39.7 ml water were [41]

added – mixture became saturated with water vapour. Mixture kept at 3560.28C

(water bath) for 30 min

BTEX, mesitylene, Environmental Dynamic

a-pinene, samples Methods based on dilution of volatile compounds vapours diffusing from vial [28]

d-limonene, of 1.8 ml volume. Gaseous mixture generation set comprises air compressing system,

n-pentane, 20 l mixing chamber and flow-rate meter, temperature and pressure controllers.

n-hexane, Diffusers were used to give required humidity to the mixture

n-undecane

Formaldehyde Indoor air, Dynamic

workplace air Kin–Tek gaseous standard mixture generator applied. Nitrogen was a diluting gas; [42]

Kin–Tek permeation tubes supplied formaldehyde to the diluting gas at a constant rate.

The system was equipped with diluting gas flow-rate meter and temperature controller.

HCHO permeation tubes were NIST certified

Benzene, toluene, Indoor air, Dynamic

chlorobenzene, xylenes, laboratory air Permeation based generation of gaseous standard mixtures. Assumed humidity was [29,43]

carbon tetrachloride, given to the mixture by passing it through two thermostated gas washers filled

n-decane with saturated aqueous salt solutions (CH COOK, KNO NaNO at 208C, 458C,3 3, 3

668C; respectively). For dry air measurements, humidifying washers were removed

and drier packed with 5A molecular sieve was installed at a diluting gas inlet.

Facility to regulate gas mixture temperature was regulated

the K values has been dealt with in a few papers the Calibration based on identical interchangeablefg

situation in this respect is not fully clear. analysis of real samples and a gaseous standard
(2) In another calibration approach, gaseous stan- mixture could be very convenient provided that the

dard mixtures containing analytes of interest at the gaseous standard mixture of accurately known and
appropriate concentration are used. The sample and constant concentration is available, the mixture
standard gaseous mixture are subjected to the same generating apparatus makes it possible to sample
analytical operations; calibration becomes an integral analytes in an easy manner, and parameters of the
part of an analytical procedure. The result obtained mixture such as temperature, humidity and analyte
when using this calibration approach are expected to concentration can be controlled in a simple way. If
satisfy quality assurance (QA) requirements. When this is the case calibration SPME–GC can be nearly
operating in a linear range of the SPME–GC system as easy as finding a relation between GC response
the final result can be calculated from ratios of the and analyte mass by injecting liquid standard solu-
instrument response to an analyte in a real sample tions. When using the same fibre for calibration and
and in standard samples. for analysis of real samples many errors related to
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fibre characteristics are eliminated. This approach carbons [46]. Polar acetone, ethanol, isoprene and
was described in a number of papers dealing with terpenes are very effectively sorbed on a PDMS–
analysis of various organic vapours in gaseous divinylbenzene (DVB) coating [41,47]; recovery is
samples. even better than with use of very polar polyacrylate

(PA). Table 2 presents applications of various SPME
fibre coatings to analysis of different organic air

3. Practical applications of a solid-phase pollutants.
microextraction technique Extraction can be improved by internal fibre

cooling, salting out and derivatization.
Depending on matrix and analyte of interest two Fibre internal cooling [22,55,59,81] is useful in

ways of sampling can be distinguished: direct and extraction from headspace (HS) when sample tem-
indirect. Analytes can be directly sampled from perature must be increased to improve analytes
gases and from relatively clean aqueous matrices. In transfer from a liquid or solid sample to the head
the case of solid matrices and aqueous samples space. To maintain high fibre coating /HS coeffi-
containing some solids, oils and some other fibre cients fibre temperature must be kept low. This
coating unfriendly components, volatile analytes can approach ensures increased sensitivity due to in-
be sampled from headspace (Fig. 3). Technically crease in partition coefficients of HS/sample (in-
sampling from gaseous matrices and from head space crease temperature) and fibre /HS (decrease tempera-
are very similar. However, an equilibrium between a ture) and hence increased ratio of analyte concen-
condensed phase (solid or liquid) and head space tration in the fibre coating and the sample.
must be taken into account to derive analyte con- Salting out [52,62,78,82,83] is used to decrease
centration in a sample from the amount trapped on solubility of analytes of interest (including polar
the SPME fibre [44]. An important step in the ones) in liquid samples. This results in better HS
process is analyte transport from the sample to the extraction and the increased overall SPME/sample
head space [45]. partition coefficient.

Transfer of analytes from the medium studied to Derivatization is based on analyte conversion to
the GC column with use of SPME consists of two another compound by reaction with a specially
steps: extraction of analytes from a sample and their selected reagent. An analyte derivative should be
desorption in an instrument for final analysis. characterised by better and/or more selective SPME

extraction and by polarity, volatility and thermal
3.1. Extraction stability which make its thermal desorption from a

fibre and gas chromatographic analysis possible.
For analyte extraction, the fibre is withdrawn form Generally reactions which are quantitative and give

a needle of an SPME sampling device and immersed only one product are used for derivatization. Typical
in a sample. Analytes undergo distribution between a analytes analysed in this way are carboxylic acids,
matrix and fibre coating. Both type of coating and alcohols, phenols, amines and some pesticides. In
film thickness influence the extraction. An increase SPME sampling from gases usually two derivatiza-
in film thickness improves sensitivity (for a given tion approaches are used.
equilibrium concentration in a sample, amount ex- (1) In-matrix derivatization is based on addition of
tracted is proportional to coating volume) but a derivatizing reagent to a container with a sample
lengthens sampling time (equilibration time is in- and extraction of a derivative from HS [82]. This
creased). Extraction is strongly influenced by fibre approach was used to analyse chloroacetic acids in
coating; volatile organics from air matrices are water as methyl derivatives [72] and C –C fatty1 2

commonly extracted with use of PDMS, Carboxen acids in air by derivatizing them with solutions of
and Carbopak B. BTEX (benzene, toluene, ethyl- perenyldiazomethane and (pentafluoro-
benzene, xylenes) are most effectively extracted by phenyl)diazoethane. Other applications include de-
PDMS [27] but a mixture of PDMS and Carboxen is termination of lead ions in water by converting them
more selective with respect to these aromatic hydro- to tetraethyllead in reaction with sodium tetra-
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ethylborate and extracting it from HS [67,84] and tin and Pawliszyn [41] obtained a convenient design for
[85]. breath analysis.

(2) On-fibre derivatization: Derivatization is con- In field sampling it is very important to preserve
ducted directly in SPME fibre coating [86]; the fibre extracted analytes on a fibre for a longer time and to
is immersed in reagent solution and then exposed to protect the coating from contamination. As Chai and
an analysed gaseous medium. Examples of this Pawliszyn [27] showed capping a needle with a
approach is determination of formaldehyde [42,53] polymeric septum prevents even light analytes from
and low-molecular-mass organic acids in air [87]. losses but only for short time. Cooling to (270)8C

extends the storage time considerably. Organic ana-
3.2. Introduction of analytes into a gas lytes can dissolve in polymeric material and more
chromatographic column appropriate approach is based on metal to metal

sealing [97].
After exposition to a sample, the fibre is with-

drawn into a needle of on SPME device and intro-
3.5. Coupling of solid-phase microextraction with

duced into an injection port of a gas chromatograph
other preconcentration methods

by piercing the needle through a septum. The fibre is
extended from the needle in a hot GC injector,

Many present day analytical tasks consist in
analytes thermally desorbed and transferred with

simultaneous determination of trace components of
carrier gas into the column. The injector temperature

different polarity and volatility in complex matrices.
should be high enough to ensure quantitative and fast

Generally no single sample preparation technique
desorption (analyte band is then narrow). The upper

can be satisfactory in such situation and combined
desorption temperature is limited by thermal stability

systems are used. For simultaneous determination of
of coating and analytes. To speed up desorption and

volatile and semivolatile analytes supercritical fluid
obtain narrower bands special SPME devices with

extraction (SFE), solid-phase extraction (SPE) and
internal fibre heating are sometimes used [88]. For

HS-SPME were combined [97].
desorption band focusing special tubes placed be-

The authors propose combination of passive
tween the injector and the column can also be

dosimeters and HS-SPME to determine trace BTEX
applied [70,88]. 3(below 1 mg/m ) in air [17]. Temperature and

humidity of the studied air have then a smaller effect
3.3. Final analysis

on results. Generally analytes are stable after passive
sampling and can be stored for a relatively long time

To identify and quantitate analytes isolated and
before they are subjected to HS-SPME analysis.

enriched by SPME and then separated in the chro-
matographic column different detectors were used.
Detector selection depends on required sensitivity 3.6. Comparison of solid-phase microextraction
and selectivity to perform a given analytical task. For with other sample preparation methods
analysis of many typical volatile organic pollutants
in air on a level of mg/ l SPME was combined with SPME is an alternative method for the isolation
GC equipped with FID [11,89–93]. In some special and enrichment of volatile and semivolatile analytes
cases a level of ng/ l was achieved with ion-trap MS directly in liquid and gaseous matrices and in liquids
detection [59,67–69,87,94–96]. and solids by sampling headspace. In many situa-

tions HS-SPME gives comparable or lower detection
3.4. Special designs limits than static HS or PT [71]. Generally it is

simpler and faster than PT technique and more
Typical SPME devices have been designed for sensitive than static HS.

laboratory operations. Pawliszyn [97] proposed some In the case of original gaseous matrices such as air
modification for remote monitoring. By adding a SPME has obvious advantages over passive sampling
tube with a small opening to cover a needle, Groth and dynamic sorption on activated charcoal, what
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Table 3
Advantages and drawbacks of SPME

Advantages Drawbacks

(1) Long lifetime of SPME fibre as compared with sorbent packings used (1) A fibre is quite fragile
in SPE cartridges (ca. 100 operations) – this decreases analysis costs

(2) Solvent-free sampling and analyte introduction into a GC column (2) If partition coefficient is high and/or a sample
is small it can be analysed only once

(3) Wide linearity range and relatively good precision of analysis (3) In combination with GC, high mass
even in the case of complex matrices compounds cannot be analysed

(4) Often elimination of sample clean-up and any sample preparation (4) Abundance of parameters which can
affect precision considerably

(5) Possibility of automating sampling and sample injection into a (5) In many situations difficulty to select fibre
measuring instrument coating of polarity close to polarity of analytes.

(6) No clogging problems met in cartridge SPE
(7) Short sampling time (2–15 min)
(8) Applicability to a wide spectrum of analytes in a variety of matrices
(9) Compatibility with different GC injection ports: splitless, on-column

(if equipped with independent heating system), programmed
temperature vaporiser

(10) Easy field sampling
(11) Applicability to gaseous, liquid and solid (HS) samples
(12) No need for GC modifications

´ ´[9] J. Namiesnik, B. Zygmunt, B. Kozdron-Zabiegal«a, Pol. J.was proved, e.g., for BTEX and other benzene
Environ. Stud. 3 (1994) 5.derivatives [48].

[10] J. Pawliszyn, S. Liu, Anal. Chem. 59 (1987) 1475.
[11] R.P. Belardi, J.B. Pawliszyn, Water Pollut. Res. J. Can. 24

(1989) 179.
4. Conclusion [12] K.D. Buchholz, J. Pawliszyn, Environ. Sci. Technol. 27

(1993) 2844.
¨[13] R. Eisert, K. Levsen, G. Wunsch, J. Chromatogr. A 683As stressed by many users, the analysis with use

(1994) 175.of SPME is quite simple and easy. Routine analytical
[14] R. Eisert, K. Levsen, GIT Fachz. Lab. 1 (1995) 25.

work with use of SPME can be automated [16,18]. [15] H. Daimon, J. Pawliszyn, Anal. Commun. 33 (1996) 421.
Advantages and drawbacks of SPME are presented [16] S. Motlagh, J. Pawliszyn, Anal. Chim. Acta 284 (1993) 265.

[17] K. Elke, E. Jermann, J. Begerow, L. Dunemann, J. Chroma-in Table 3.
togr. A 826 (1998) 191.

[18] R. Eisert, J. Pawliszyn, G. Barinshteyn, D. Chambers, Anal.
Commun. 35 (1998) 187.
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