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Abstract

This review focuses on a number of specific elements in recent developments of the analysis of volatile organic
compounds (VOCs) in ambient air and natural waters. The first element that is discussed is the current status of the sampling
methods. Recent advances in sorbent sampling, cryogenic sampling and the combination of both methods for sampling VOCs
in ambient air are discussed. Next, some infrequently used sampling techniques are mentioned. As far as the analysis of
VOCs in natural waters is concerned, the paper focuses on recent applications of liquid–liquid extraction and the dynamic
headspace technique, and on new techniques such as the application of membranes. Secondly, the paper deals with the
performance of the analytical techniques. General and specific elements affecting the analytical quality are discussed. In
current measurements of VOCs in ambient air and natural waters, control of the analytical performance is not carried out in a
systematic way. Finally, the possibilities of using the current techniques in field sample analyses are discussed. Information
obtained using the analytical methods provides insights into the concentration levels of VOCs and their sources. By
investigating relationships between concentration data of VOCs and environmental factors affecting these concentrations, it it
now possible to explain observed variances in the concentrations of VOCs in the environment.  1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction ground concentration levels (ppb and ppt) [3,4]. It is
noticed from recently published work that more

The technical development of gas chromatography research has been carried out on developing appro-
(GC) has undoubtedly contributed to the current priate sampling and preconcentration techniques.
analytical possibilities of measuring volatile organic This is also clear from the diversity of sampling and
compounds (VOCs) in the environment. This field of preconcentration methods that have been developed.
application of analytical techniques is one of grow- Next to the topic of sampling, it can be seen from
ing interest because of awareness of the impact of the recent literature that attention has been paid to
VOCs on several aspects of the global environmental analytical quality assurance. However, approaches to
system. Indeed, several effects of VOCs are recog- assess and guarantee the overall quality of measure-
nized, such as their contribution to stratospheric ments of VOCs in environmental samples have not
ozone depletion, tropospheric photochemical ozone been implemented systematically. Nevertheless, re-
formation, toxic and carcinogenic human health ported results of field measurement campaigns have
effects, enhancement of the global greenhouse effect been proven to be valuable in obtaining a better
and accumulation and persistence in the environment understanding of the environmental occurrence and
of recalcitrant pollutants [1–3]. Chromatographic behaviour of VOCs.
methods have led to a better understanding of the The purpose of this work is to present an overview
importance of the occurrence of VOCs in the global of recent methodological developments in the field of
environment, as well in the atmosphere, water bodies analysis of VOCs in ambient air and natural waters.
as in solid compartments. In studying recent literature on the analysis of VOCs

It is clear that field applications of an analytical in both air and water, it can be found that these two
procedure do not imply only the analysis in sensu research fields have a number of common elements.
strictu, i.e. the separation and detection of com- For example, parallels can be found at the pre-
pounds. This can be seen from the topics investi- concentration, separation and detection stages. Em-
gated in research papers published during the last phasis in this overview will be placed on the
five to ten years on the measurement of VOCs in the sampling and preconcentration step rather than on
environment. In most of them, the performance of separation and detection techniques. Following on
GC systems in combination with flame ionisation from this, the use of parameters and methods to
detectors (FIDs), electron capture detectors (ECDs), assess and to guarantee analytical performance will
photoionisation detectors (PIDs) and mass spec- be discussed. Finally, by giving an overview of
trometers (MSs), proved to be acceptable for separat- recent applications of the techniques in the field, the
ing and quantifying VOCs at environmental back- information that has been generated will be illus-
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trated by interpretation of the analytical results. The points in the canister sampling technique (humidity,
literature discussed in this overview is mainly in- wall adsorption, conditioning) have been discussed
formation published during the last four to five years previously [3]. In addition, canister sampling in-
in international peer-reviewed journals in the field of volves a relatively high cost (e.g. transportation) and
analytical and environmental organic chemistry. requires sophisticated equipment for the cleaning

procedure [9].
After preconcentration, either cryogenically or by

2. Sampling of VOCs sorption, all VOCs have to be brought into the GC
instrument in a rapid and quantitative way. Samples

For the determination of VOCs both in ambient air collected on sorbents can be introduced by thermal
and natural water matrices, in almost all applications, or solvent desorption. If thermally desorbed, a
VOCs are first preconcentrated, either at the sam- second preconcentration step may be necessary in
pling location or after transport of the whole sample order to achieve good chromatographic separation.
matrix to the laboratory. In a second step, GC This is frequently done by cryogenic trapping.
analysis is performed to separate, identify and quan- Cryogenically concentrated samples can be intro-
tify the VOCs. However, it has to be mentioned that, duced into the GC instrument immediately by rapid
for the determination of VOCs in air, the use of optic heating of the trap.
techniques has been mentioned recently [5–8]. Dif-
ferential optical absorption spectroscopy (DOAS) 2.1.1. Sorbent sampling at ambient temperature
operates at wavelengths between 230 and 270 nm, Preconcentration of VOCs in ambient air on solid
which enables the measurement of BTX compounds sorbents has been reported frequently in the literature
(benzene, toluene and xylenes) [5–7]. The accuracy recently. An ideal sorbent for preconcentrating VOCs
of the technique is not yet fully controlled [7]. This from an air matrix need to have four main properties,
is illustrated by an intercomparison study in the city i.e. infinite breakthrough volume (BTV) for the

¨of Goteborg where the DOAS method was compared compounds to be sampled, complete desorption of
to sorbent sampling and GC analysis [6]. The author the target compounds at moderate temperatures, no
concluded that the results obtained for BTX com- generation of artefacts and no retention of water
pounds using the DOAS technique were unsatisfac- vapour. Moreover, it must be possible to seal the
tory. It was found that, at zero concentrations, the sorbent completely from the atmosphere so that
DOAS technique generated measured concentrations contamination before and after sampling can be

23of 34 and 44 mg m for benzene and toluene, excluded. No single available sorbent material meets
respectively. all of these criteria. The determination of the BTV of

sorbent materials has been discussed in a number of
2.1. Air recent papers [10–15]. The BTV problem can gener-

ally be solved by selecting a sorbent material appro-
The most widely applied preconcentration tech- priate for the range of target VOCs. In this respect,

niques are the sorbent sampling technique, the we noticed that there is a tendency to use multiple
cryogenic sampling method and canister sampling sorbents, which allows one to focus on a wide range
[3]. To a lesser extent, passive sampling has been of VOCs [16–28].
reported. Essentially, canister sampling is not a A more difficult issue is the retention of water on
preconcentration technique. It requires a subsequent the sorbents. It has been shown that some sorbent
sorbent or cryogenic concentration stage at the materials that have high BTVs for VOCs do retain
laboratory. The major advantage of canister sampling large quantities of water vapour (e.g. Carbosieve
is that it allows one to analyse a single collected SIII) [29,30]. Several options to reduce the amount
sample several times, which is not the case for a of water that is brought into the GC system via the
cryogenically collected or sorbed sample. For these sorbent materials are found in the literature. A first
latter sampling methods, all collected VOCs have to possibility is to avoid the use of sorbent materials
be introduced simultaneously into the GC. Critical with high water retention [20]. A second strategy to
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reduce interference by water is to minimise water way in which artefacts can be generated is by the
retention at the sampling stage. This can be done by conversion of compounds from the sampled air at the
installing a tube with hygroscopic salts [K CO , sorbent sampling stage. This mechanism is of key2 3

MgCO , Mg(ClO ) ] in front of the sampling tube importance in sampling unsaturated compounds (e.g.3 4 2

[31]. Another possibility is the use of a water- styrene, cyclohexene and monoterpenes) with Tenax,
sorbing polymer (Nafion) in front of the sampling due to reaction with ozone during sampling [37–40].
tube. It has to be mentioned that loss of VOCs can This results not only in artefacts but also in loss of
be caused by the use of this hygroscopic polymer the compounds to be quantified. A recent review
[17,32,33]. The approach of Haunold et al. [23], discusses several ozone removal techniques in order
however, counteracts (at least partially) the retention to minimise this interference [41]. Reported ozone
of VOCs on the Nafion material. The authors in- removal techniques combined with the sampling of
serted the Nafion tube between two sampling tubes VOCs are the use of Na S O , K CO , MgSO , KI2 2 3 2 3 4

instead of placing the dryer in front of the sampling and Ni. A recent application of KI for O removal in3

tube(s). In this set-up, the positioning of the first, less the measurement of volatile oxygenated hydrocar-
water-retaining sorbent material (Tenax) in front of bons has been mentioned [42].
the Nafion tube allowed them to sample less volatile A wide range of solid sorbents have been used in
VOCs without the loss caused by the Nafion tube. A the measurement of VOCs in ambient air, such as
second sorbent tube with a higher affinity for water activated carbon, graphitized carbon blacks (Carbo-
(Molsieve and Carbosieve), placed after the Nafion trap, Carbopack, Carbograph, Graphtrap, Graphon,
dryer, was used to sample the more volatile com- Spheron), porous carbons (Carb, Hypercarb), carbon
pounds (C to C compounds). In a third option, molecular sieves (Carbosieve, Carboxen, Purasieve,2 5

water can be prevented from entering the analytical Spherocarb, Sortophase, Carbosphere, Saran Carbon,
instrument at the sample injection stage. For exam- Ambersorb) and carbon-based porous polymers
ple, Knobloch et al. [34] used a dry helium purge (2 (Tenax, Chromosorb, Porapak, Hayesep, Amberlite
min, 708C) in order to remove water from a Carbo- resins) [43,44]. Nevertheless, research on the de-
trap C/Carbotrap tube. However, since they realised velopment of new types of sorbents has been re-
that loss of VOCs could occur in this way, they ported [10,12,45–49]. Slovakian investigators evalu-
directed the purge gas to a Carboxen 569 tube, which ated the use of pyrolysis products of saccharose and
was subsequently also subjected to a dry purge (4 cellulose (pyrolysis in the presence of silicagel) as
min, 808C). Control of the water removal method sorbent materials combined with solvent desorption
showed no losses of VOCs, except for C and C (carbon disulphide or pentane) [46–48]. Other ma-1 2

hydrocarbons. Dewulf et al. [21,35] reduced water terials investigated are new graphitized carbon blacks
interference by leading the gas stream with VOCs [12], activated carbon manufactured from pith with a
(and water) desorbed from a Carbopack B/Car- low ash content [45], carbon molecular sieves made
bosieve SIII trap to a condensing trap (210 to by dehydrohalogenation of poly(vinylidene chloride)
2158C) before adsorbing the VOCs onto a second [45] and, especially, cleaned crosslinked styrene
sorbent trap. [45]. Basically, all of these sorbents are not new

Artefacts can be generated in different ways by the types of sorbent materials: they can be classified in
sorbent sampling technique. First of all, the sorbent one of the categories mentioned in the preceding
material itself can generate artefacts by degradation. reviews [43,44]. The polydimethylsiloxane (PDMS)
This is of particular importance for polymer-type polymer, however, is basically a new type of sorbent
sorbent materials such as Tenax [36]. Clausen and since it is based on an absorption process [10,49].
Wolkoff [36] observed different degradation products The PDMS polymer has some possible advantages
of Tenax after exposure to O , NO and limonene. when compared to the other materials. First, water3 2

Among other unidentified degradation products, ben- retention is low. Secondly, the degradation products
zaldehyde, phenol, acetophenone, benzoic acid, di- of the polymer are usually not compounds that are to
butyl phthalate, 2,6-diphenyl-p-benzoquinone and be detected in ambient air sampling. Furthermore,
2,6-diphenyl-p-hydroquinone were found. A second since PDMS is a widely used polymer in GC,
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information about sorption equilibria can be gained the sample stage can occur [41]. In addition, the
from research work done in the field of GC (e.g. cryogenic technique has to deal with water interfer-
Kovats indices as estimates for gas /polymer equilib- ence, even more so than the sorbent sampling
rium coefficients). The main limitation however in technique because cryogenic preconcentration is
the development of PDMS as a sorbent material is carried out at very low temperatures (#21508C) so
the mass transfer velocity of the compounds from the that water vapour can be trapped quantitatively.
air matrix to the polymer. Whereas the absorption Interference by water can be handled during the
process in capillary GC with PDMS stationary sampling stage in front of the cryogenic unit [57].
phases is carried out with gas flow-rates of 1–5 ml An alternative method consists of two subsequent

21min , ambient air sampling is usually performed cryoconcentration steps. The first cryogenic unit is
21with flow-rates of 100–500 ml min . Compared to heated slowly after sampling so that the bulk of the

previous evaluations of PDMS in air sampling water vapour trapped during the first stage is pre-
[50,51], the recent work of Baltussen et al. [10] vented from being transferred to the second trap
investigated the possibilities of using particulated [58,59]. A specific field of application of the cryo-
PDMS materials instead of capillary tubes. PDMS genic preconcentration technique is the measurement
particles with an average length of 0.63 mm were of sulphur compounds because application of the
prepared by grinding silicone tubing (0.3 mm I.D.; sorbent sampling technique is difficult due to weak
0.63 mm O.D.). This sorbent material allowed them trapping efficiency and desorption recovery from

21to sample air at a flow-rate of 460 ml min through sorbent materials [60,61].
a single sampling tube in a field application (total
sample volume, 52.4 l). The mentioned work focus- 2.1.3. Sorbent sampling at reduced temperature
sed on less volatile compounds (decane, 1-octanol, According to recent literature, sorbent sampling is
2-nonanone, dodecane and polycyclic aromatic hy- also done at reduced temperatures [23,31,62–67].
drocarbons). Basically, this approach is a sorbent sampling tech-

Another trend in the development of sorbent nique and has to be distinguished from cryogenic
sampling techniques is to place the sorbent trap in an techniques that involve only solid glass beads in
on-line position with the subsequent analytical se- order to improve heat and mass transfer [68–70].
quence. This can be done with micro-traps (with However, the possibility that higher boiling com-
I.D.s about 0.5 mm), which allow rapid heating of pounds simply condense, either on the sorbent or on
the sorbent and immediate on-line injection of the the inner surface of the cryogenic device, cannot be
VOCs into a GC detector system [52–55]. This excluded.
configuration can give new possibilities in the on-site Ciccioli et al. [62] investigated the possibility of
monitoring of VOCs. However, due to the limited using cryogenic microtraps (1 mm I.D.) filled with
quantities of adsorbent material that can be used (e.g. Carbopack B graphitized carbon. Water interference
0.02 g [55]), limited sample flow-rates and sample was prevented by installing a Nafion membrane in
volumes are obtained, resulting in operations at the front of the enrichment trap, which allowed the
ppmv level. Nowadays, typical on-site monitoring collection of 2-l samples. It was concluded that the
methods involve cryogenic- or sorbent-trapping com- system was able to determine C to C hydrocarbons2 7

bined with a second (pre)concentration step, which in ambient air at levels of 0.01 ppbv. Haunold et al.
allow detection at sub-ppbv levels [56]. [23] reported that C compounds could be sampled2

by means of Carbosieve SIII /Molsieve traps cooled
2.1.2. Cryogenic sampling down to 2308C. A Peltier element, which was

The cryogenic sampling technique has been dis- cooled by means of cooling water at the warm site of
cussed recently [3]. Compared to the sorbent sam- the element, was used for cooling. The use of dry ice
pling technique, cryogenic sampling prevents the to cool down a Hayesep Q resin to 2608C to sample
generation of artefacts caused by the sorbent trap volatile halogenated hydrocarbons and small polar
material. However, artefact formation due to reaction alcohols, which, in general, have smaller BTVs was

¨of the compounds to be sampled with ozone during reported by Kivi-Etelatalo et al. [31] (total sampled
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volumes #3 l). Activated charcoal traps at 215 to range of techniques have been developed, as dis-
2208C allowed C to C compounds, with total cussed in a number of recent reviews [2,4,73]. Direct2 6

sample volumes of 1.2 L, to be sampled, with the aqueous injection of the sample, static headspace
limitation being the breakthrough of ethane [63–65]. techniques, dynamic headspace techniques, liquid–
Moschonas and Glavas [66] reported improved re- liquid extraction, solid-phase extraction, membrane
tention of C compounds (ethane, ethylene and techniques, solid-phase microextraction and distilla-2

acetylene) by introducing Carbotrap in a glass bead tion techniques are used as sample preparation
cryotrap at 21808C. However, the recovery of o- techniques. The number of techniques applicable for
xylene was reported to decrease by 22–46% due to natural waters, however, is limited, mainly because
insufficient desorption. A microloop cryogenic sam- of the low concentrations of VOCs in these types of
ple loop (50 or 100 mm I.D.) coated with different water bodies (ppb to ppt levels). Therefore, high
silicone materials has been tested by Borgerding and preconcentration factors are required in sample prep-
Wilkerson [67] at the laboratory level for 10 ppbv aration. This is not accomplished with direct liquid
mixtures. injection. Also, the preconcentration factors obtained

in the static headspace and solid-phase microextrac-
2.1.4. Passive diffusive sampling tion techniques are too limited to be able to de-

A limited number of studies on the use of passive termine VOCs in most natural waters. Ketola et al.
diffuse sampling followed by solvent desorption can [74] concluded from a comparitive study that de-
be found [71,72]. This way of sampling allows tection limits of the static headspace technique are
atmospheric concentrations averaged over longer 10- to 100-times higher than those of the purge and
periods (e.g. several weeks) to be monitored. How- trap technique. The most frequently used techniques
ever, some drawbacks of this sampling method have investigated in the determination of VOCs in natural
to be mentioned. Air concentrations have to be waters are liquid–liquid extraction and dynamic
calculated based on an average uptake rate coeffi- headspace (purge and trap technique). Next, the
cient, so that variations in the concentration level can development of some recent new techniques are
give rise to bias. In addition, wind speed may mentioned.
influence the uptake rate. The effect of wind can be
counteracted by providing a shelter [71,72], although 2.2.1. Liquid–liquid extraction
the effect cannot be totally excluded. Monn and The liquid–liquid extraction technique with the
Hangartner [72] reported that wind speeds between use of an organic solvent is an efficient preconcen-

210.5 and 3.0 m s were smoothed in the shelter box tration technique because of the apolar character of a
21to 0.2 to 0.6 m s . Furthermore, blank levels of large number of VOCs. Recent applications for

unexposed monitors have to be considered [71]. This natural waters are mentioned in Refs. [75–80]. There
means that data from exposed samplers have to be are three main drawbacks to the extraction technique.
corrected with these blank levels. Begerow et al. [71] First of all, the occurrence of the solvent in the
stated that it is necessary to correct concentrations chromatogram can limit the range of VOCs that can
from exposed samplers with data from unexposed be measured. Next, the volatile character of the
monitors from the same series of purchased samplers compounds to be extracted is a limitation. Whereas
since the blank levels can depend on the production in a number of applications of the technique for less
batch of samplers. When compared to a dynamic volatile compounds further concentration is achiev-
sampling system, systematic underestimation by 1.7 able by partial evaporation of the solvent, this is not

23
mg m for benzene and overestimation by 0.6 mg the case for the analysis of VOCs. This is clear from

23m for toluene were observed during passive the work of Desideri et al. [78], who observed losses
diffuse sampling at concentrations of 1–4 and 15–40 of 43–46% for xylenes when 5ml of n-hexane

23
mg m , respectively [72]. extracts were evaporated to volumes of 50–100 ml.

The third disadvantage of the technique is the limited
2.2. Water fraction of solvent that can be injected, resulting in

moderate limits of detections. Due to this disadvan-
For the determination of VOCs in water, a wide tage, the extraction technique has been mainly
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applied in combination with the highly sensitive Ekdahl and Abrahamsson [98] evaluated five sorbent
ECD detector. It has to be mentioned that the materials at temperatures of between 5 and 2108C.
development of large volume injections allows one The reduced temperature allowed the use of packed
to increase the injected volumes of solvent up to traps of smaller dimensions. Furthermore, the dy-
several hundreds of microliters [81,82]. This tech- namic headspace technique can be automated more
nique is a proper sample introduction method for readily than liquid–liquid extraction.
semi-volatile organic compounds, such as pesticides The major drawbacks of the dynamic headspace
[83–87], polycyclic aromatic hydrocarbons [88] and technique are twofold. First, it requires complex
extractable chlorinated organic compounds (e.g. hex- instrumentation, including a purge gas device, purge
achlorobenzene) [89]. However, due to the volatility gas, a sample vial and a sorbent or cryogenic
of the compounds considered in this paper, large trapping unit, equipped with a heating device. When
volume injection in combination with solvent vapor- compared to the liquid–liquid extraction technique,
ization is questionable due to potential losses of the the dynamic headspace technique results in longer
target compounds during the vaporization process. analysis times, which is typical for headspace tech-
Grolimund et al. [90] mentioned a loss of about 12% niques, whether they are static or dynamic. It must
for toluene when a large volume of pentane was be stated that the analysis time is not only affected
injected. Therefore, it may be questionable whether by the preconcentration technique, but also by the
this technique is suitable for eluting VOCs in front of subsequent GC analysis. Next, the more complex
toluene or not. equipment may give rise to possible sources of

contamination. In this regard, the static headspace
2.2.2. Dynamic headspace (purge and trap method is a simpler technique. In addition, the
technique) liquid–liquid extraction technique is less subject to

A wide number of applications of the dynamic contamination generated by equipment. In this tech-
headspace technique can be found in recent literature nique, however, impurities in the solvent may con-
[35,80,91–102]. Here, VOCs are extracted by purg- tribute to inaccurate quantification.
ing a water sample with an inert clean gas stream. The second disadvantage of the dynamic head-
The purging is usually performed by bubbling the space technique is related to the water vapour
gas stream through the water matrix. However, Hino generated at the purge stage. Water vapour can
et al. [103,104] performed the purging by leading the interfere with the subsequent separation and de-
inert gas stream only through the headspace of the tection. Therefore, some authors mention the inser-
sample vial. tion of a water-removing trap between the aqueous

The gas stream leaving the purge vial and being sample and the cryo- or sorbent trap. Water removal
enriched with the volatiles is then led through a unit has been performed using hygroscopic membranes
where the volatiles are retained, whether by (Nafion) [80,99,100,102,105], magnesium perchlor-
cryofocussing or on a sorbent material (purge and ate [98], CaCl or NaCl [91], condensation [35,95–2

trap). Subsequently, the VOCs are brought onto the 98] or a dry purge stage [74,106]. A dry purge stage
GC column by heating the cryo- or sorbent trap. for a Tenax adsorbent at temperatures of between 40
When sorbent-sampling is used, cryogenic refocus- and 808C resulted in recoveries of between 63 and
ing after thermal desorption is often done in order to 78% for three compounds investigated, i.e. toluene,
obtain sharp peaks on the chromatogram. Zygmunt chlorobenzene and m-xylene [106].
[102] reported the development of a sorbent micro-
trap as a refocusing unit. 2.2.3. Recent new techniques

The major advantage of the purge and trap tech- Some new trends in the development of techniques
nique is that all VOCs present in the analysed sample for the measurement of VOCs in natural waters can
can be transferred to the cryo- or sorbent trap and be found in the literature. Most of this recent work
subsequently to the GC unit, resulting in low de- dealt with the development of the analytical tech-
tection levels. In a similar manner to that used in the nique at the laboratory, field applications of the new
preconcentration of VOCs from ambient air, sorbent analytical methods being rather limited.
concentration is performed at a reduced temperature. The use of membrane materials in the analysis of
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VOCs in water has been investigated [107–111]. In investigated. Similar to the purge and trap technique,
this approach, VOCs at ppb concentrations were VOCs are transferred from an aqueous sample via a
allowed to permeate from a water sample stream gas phase towards an adsorbent trap [119–121]. The
through a polysiloxane capillary into a gas stream. gas–liquid exchange in the spray and trap technique
Subsequently, the compounds were collected in a is enforced by a spray contact instead of gas
sorbent microtrap [107,110] or in a cryotrap bubbling, as in the purge and trap technique. The
[108,110]. Limits of detection in the ppt range have major advantage of this technique is that it can be
been achieved with FID detection for monocyclic applied to the analysis of water samples with high
aromatic hydrocarbons and 1,1,1-trichloroethane contents of surfactants.
[111].

Another approach is the direct combination of
membranes with mass spectrometry. VOCs are al- 3. Analytical performance
lowed to move from an aqueous matrix into a mass
spectrometer system, without the need for any pre- 3.1. General aspects
concentration. The possibilities of this membrane
inlet mass spectrometry (MIMS) technique are out- In order to evaluate the analytical performance of
lined in Ref. [74,112]. The insertion of a jet an elaborated analytical technique, several criteria
separator between the membrane and the MS detec- should be mentioned. The performance of a tech-
tor has been investigated [113], and Mendes et al. nique can be validated by considering a number of
[114] investigated the possibility of inserting a specific analytical characteristics, as mentioned in
cryotrap between the membrane and the MS detec- Table 1. The overall analytical performance of a
tor. Ojala et al. [115] reported the measurement of technique, however, does not depend only on such
volatile sulfur compounds with limits of detection particular analytical criteria. It also depends on a
below the ppb level by means of MIMS. In situ number of general measures. The analytical work has
measurement of VOCs on the sampling site has been to be carried out by experienced and qualified staff
reported [116]. The combination of purging water members and with an adequate technical structure.
samples and membrane MS has been reported by Next, general rules of good laboratory practice,
Kostiainen et al. [117]. In this method, the purge gas including sample and data treatment, have to be
with VOCs is directed to a sheet membrane module, implemented in a systematic way. The availability of
allowing the permeation of the compounds from the protocols for the identification of samples and for
gas phase through the membrane towards the MS. analyses, written standard operating procedures and
The major advantage of the membrane techniques in structured data records can enhance the assurance of
comparison with the purge and trap technique is that the quality of the analyses. Since the measurement of
the selectivity of the preconcentration is better, due VOCs in ambient air and natural waters is increas-
to the apolar character of the membranes, resulting in ingly applied on a routine basis, general procedures
less problems with interferences from water. How- applied in the analytical quality control and assess-
ever, this weak polarity of the membrane simul- ment of routine analyses can be integrated in order to
taneously limits the number of target compounds; it

Table 1is not suitable for the analysis of more polar VOCs.
Specific elements in the validation of an elaborated analyticalAnother MS application in the field has been
technique

reported by Davis et al. [118].VOCs were purged out
Limit of detectionof ground water at the site and were transferred via a
Limit of quantificationPTFE line to a direct sampling ion-trap mass spec-
Reproducibility

trometer, equipped with a capillary restrictor. Limit Repeatability
of detections were in the ppb range. MS detection Accuracy

Calibration curvewas based on single ions, therefore, it is subjected to
Specificityincorrect identification and hence quantification.
Range of applicationAlso a purge and spray technique has been
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improve the quality of the analysis of VOCs in the dynamic headspace techniques were investigated, it
environment. was shown that overestimation of concentrations

with the MIMS technique was observed for some
3.2. Specific aspects real samples. The authors explained this overestima-

tion as being due the contributions of fragment ions
The developed analytical procedure has to be of minor unidentified compounds to the mass spec-

assessed on the basis of a number of specific trum.
parameters of the analysis in sensu strictu (Table 1). Furthermore, incorrect calibration tools can cause
Reported research in the field of analysis of VOCs in bias in the quantification. In general, the preparation
ambient air and natural waters generally includes the of calibration mixtures of VOCs in a water matrix is
assessment of such parameters as reproducibility or easier to achieve than in air matrices. Aqueous
repeatability, and limits of detection of the technique, mixtures can be prepared by liquid dilutions (e.g. via
as illustrated in previous review papers [3,4,73]. intermediate acetone or methanol solutions) and can
However, the limit of quantification is usually not contain as many (liquid) target VOCs as have to be
mentioned. calibrated. The preparation of reference materials for

The quality of the analysis is also related to the calibration of VOCs in ambient air is more complex.
traceability of the compounds in the matrix. For The main reason is that gas mixtures containing a
example, at urban sites, concentrations of atmos- wide range of VOCs at ambient air concentrations in
pheric VOCs can be in the ppbv range, whereas the pptv to ppbv range are not easily available or
measurements at remote continental or marine sites cannot easily be prepared. In this respect, it has to be
show levels in the pptv range. This results in relative noted that, in a large number of papers, calibration is
standard deviations better than 10%, and up to 20 to merely mentioned [3]. A number of papers report the
30% if concentrations are in the pptv range [3]. use of liquid injection into the GC detector system as

The accuracy of the reported techniques is a more a calibration approach [3]. However, this is basically
difficult element to assess. Bias in the quantification not a gas calibration technique. Most reported cali-
can be caused either by inaccurate integration of the bration materials are dilutions of pure liquid com-
results obtained for the sample or by applying an pounds or purchased gas mixtures, whether used
incorrect calibration reference. Inaccurate integration after dilution or not. Methods that are mentioned less
of a sample can be due to the contributions of often are the use of permeation tubes [42,126] and
non-blank levels. This point has been assessed in calibration by means of headspace from closed two-
ambient air analysis by several authors phase systems [21,35]. Dilution methods, whether
[17,21,25,66,122,123]. starting from pure liquid compounds or from gas

A second source of inaccurate integration of the mixtures, are subjected to bias due to interaction of
VOCs in the sample is incorrect identification of the the compounds with the used materials. Wall ad-
compounds. This means that the specificity of the sorption in canisters under specific conditions is a
technique is unsatisfactory. It can be the case when known phenomenon [33,127,128]. Also sorption
one single non-selective detector is used. In order to processes in Tedlar bags have been described
ensure identification, structural information given by [31,129]. The major advantage of dilution methods is
MS detection is a useful tool, either used as a routine that a wide number of VOCs can be involved.
detector or as a confirmation tool, for e.g. ECD and Borowiak and De Saeger [130] used calibration
FID detection. Another possibility is to analyse mixtures containing 26 compounds, whereas the
samples on different types of GC columns so that the calibration standards of Oliver et al. [25] and
availability of different specific retention times en- McClenny and Colon [24] contained 41 compounds.
hances the means of peak identification [124,125]. In addition, mixtures made by dilutions can be
The use of MIMS without previous GC separation freshly prepared. Purchased mixtures at ppbv levels,
can cause inaccurate quantification, as illustrated by however, are usually limited in the number of VOCs
Ketola et al. [74] for the analysis of VOCs in water. that they contain. Moreover, they are guaranteed for
In a comparative study in which MIMS, static and a limited period. The major obstacle to employing
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purchased mixtures are the high costs and the limited 20%, using one compound within the mixture as a
number of compounds in the mixture. The undiluted reference compound. The round robin results of an
mixtures used by Knobloch et al. [34] and Laurila air sample with concentrations below 5 ppbv showed
and Hakola [131] contained only n-butane and mean deviations of about 50%. The authors con-
benzene. This means that, for quantification of other cluded that systematic errors can be due to the
compounds, relative quantification methods are sampling method employed, and to analytical and
needed. Some authors prefer quantification on a ppb calibration procedures. Better results are presented
C approach [132], whereas others use relative re- for C to C compounds in ambient air by Laurila2 5

sponse factors from literature data [23]. It is clear and Hakola [131]. Comparison of data from (only)
that all of the ways of calibrating VOCs in ambient two groups showed deviations that were usually
air have limitations and may contribute to bias. below 10% for concentrations above 200 pptv. For

Finally, incorrect calibration can be generated by concentrations below 200 pptv, deviations could be
non-linearity if the standard calibration materials up to 40%. Apel et al. [133] concluded from an
being used have concentrations that are an order of intercomparison test that the analytical performance
magnitude higher (or lower) than those present in the of laboratories all over the world for the analysis of
sample. The range of application of the technique is VOCs in ambient air is unsatisfactory. Reticence to
not systematically investigated. In calibrating the interpret atmospheric concentrations of VOCs based
measurement of VOCs in water, investigation of on measurements carried out by different laboratories
linearity is frequently reported in the development of can be found in the work of Rudolph et al. [134].
techniques [74,98–100,110,111,113–115,118–120]. These authors did not include measurements from
In the analysis of VOCs in ambient air at low pptv other laboratories in the study of concentrations of
levels, however, non-linearity can give rise to bias, tetrachlorochlorethylene in the atmosphere. In the
since preparation of calibration mixtures at pptv EMEP programme, air samples collected at sites all
levels is usually not done. Greenberg et al. [59] over Europe are transferred to and analysed in a
noted that mixing ratios below 15 pptv are unachiev- single laboratory [132].
able because of concentration levels in the zero gas Interlaboratory tests for the analysis of VOCs in
stream used for dilution. water have also been reported [135–137]. The

participation of 20 laboratories for the analysis of
3.3. Control of analytical performance VOCs at ppbv levels with solid-phase microextrac-

tion, and static and dynamic headspace analysis
Next to the enhancement of the analytical quality showed deviations below 30%. However, the con-

by awareness of the previously discussed elements, centrations were of the order of those observed in
analytical performance can be assessed by inves- ground water and drinking water instead of those in
tigation of additional specific tools, e.g. standard natural surface waters. Wells and Cofino [136]
addition tests, the use of surrogate compounds and mentioned that an interlaboratory test for six chlori-
the setting up of quality control charts. The ultimate nated VOCs in sea water consisted of only nine
way to validate the developed in-house analytical participating laboratories, which may scientifically
performance is comparison with other laboratories. (and financially) be too low to be viable. Gardner et

The harmonisation work of the European Refer- al. [135] observed, from the UK interlaboratory tests,
ence Laboratory of Air Pollution showed that the that the achieved accuracy of the analysis of six
results of an intercomparison test for atmospheric chlorinated VOCs in sea water at a concentration

21ozone measurements with nine participants from .10 ng l met a maximum tolerable error of 50%.
seven countries were within a tolerance limit of 5% In conclusion, the available intercomparison re-
[130]. Round robin results for the determination of sults suggest that the interlaboratory tests are not
VOCs in ambient air, however, were much weaker carried out systematically and on a large internation-
[130]. The results for 26 hydrocarbons at 5 to 50 al scale for VOCs in ambient air and natural waters.
ppbv with 21 laboratories routinely dealing with air The results of the analytical tests show that the
quality measurements showed deviations of about analytical performance of laboratories is capable of
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improvement. The implementation of a standard 4.1.2. Natural waters
approach, in which all aspects of analytical quality Concentrations of VOCs observed in estuaries and
are investigated in a systematic way, could enhance rivers can be affected by nearby industrial sources
the analytical quality of the data produced, improv- and densely populated areas [35,80,93,96,101,149].
ing the possibilities of interpretation. Generally direct discharges are assumed as sources

of VOCs. However, anthropogenic inputs via atmos-
pheric transport are also reported as an input mecha-
nism [35,97,150,151]. At remote sites, very low

214. Interpretation of field measurements concentrations (ng l level and lower) can be
explained by the absence of nearby sources

Although it is clear from the previous paragraphs [77,80,152,153]. In explaining the concentrations of
that the development of analytical techniques that VOCs at marine sites, contributions of biogenic
can be used to determine VOCs in ambient air and sources have to be taken into account in the interpre-
natural waters is not finalised, a large number of tation [35,97,98,154].
applications in the field are published. Some of them Bianchi and Varney [97] investigated several types
are single casual measurements, just illustrating the of VOCs in the Southampton Water estuary. They
capabilities of the developed technique under field observed ratios for the monocyclic aromatic hydro-
conditions. Others provide larger sets of data, ac- carbons ethylbenzene–p-xylene–m-xylene–o-xylene
quired according to a predefined sampling strategy, of 1.4:1.0:3.5:1.9, these being typical ratios found in
allowing a more profound interpretation of the the volatilised fraction of gasolines, light fuel oils
measurement results. The results of these campaigns and distillates used in industrial, domestic and
can be interpreted on two levels. On the first level, marine fuels. Marinas and boat traffic are also
the analytical data provide information on concen- suggested as being important sources of aromatics.
tration levels at a specific site. Spatial location with For the measured levels of alkanes and alkenes, the
respect to the sources of the measured VOCs can be authors mentioned the semi-industrialised character
integrated in the discussion. On the second level, of the estuary, next to shipping and boating activity
sources of variations for the measured concentrations and biogenic sources. Various uses and applications
at single sampling sites can be investigated. of chlorinated VOCs by man are reported in order to

explain estuarine concentration levels. Alcohols and
ketones (e.g. methyl isobutyl ketone) are mainly4.1. Interpretation of observed concentration levels
anthropogenic in origin, with highest concentrations
being found near industrial complex and raw sewage

4.1.1. Ambient air outfalls. The anthropogenic sources of aldehyde- and
The influence of the proximity of anthropogenic sulfur-containing VOCs are reported to be of minor

sources on the level of concentrations of VOCs in importance to the observed levels in the estuary,
ambient air at remote sites has been illustrated in a when compared to biogenic sources.
previous paper [3]. Recent illustrations of the effect
of the proximity of anthropogenic sources are clear

4.2. Interpretation of variations in observed
from several field measurements [5,22,34,35,64,

concentration levels
71,72,132,138–143]. Specific anthropogenic activi-
ties have been mentioned to explain observed con-
centrations, such as industrial activities [16,70,140, 4.2.1. Ambient air
141,144], vehicle exhaust in highly populated areas A first source of variation of observed concen-
[5,22,34,71,72,132,141,144–148], solvent use trations of VOCs at a single sampling site is the
[71,141] and fuel evaporation and spillage [132]. analytical work itself. Spicer et al. [139] showed that
Chattopadhyay et al. [142] concluded that BTX the variability in measurement generally contributed
patterns measured in Calcutta (India) were generated 10 to 25% to the total variance of measured ambient
by emissions from coal-burning cooking stoves. concentrations of VOCs in Columbus (USA). A
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second source of variation can be fluctuations in the ments reported in the seventies (e.g. mean toluene
21intensity of the sources [5,132,141,144,145]. This is concentration, about 200 mg l ), due to significant

illustrated by diurnal patterns of aromatic hydro- improvements in emission control technologies em-
carbon levels at urban sites where the patterns of the ployed by the petrochemical industries. Levels of
measured compounds followed the intensity of traffic 1,1,1-trichloroethane and Freon-113 proved to be
during the day [5,141]. Cheng et al. [144] suggested reduced when compared to data from the eighties,
that higher summer concentrations could be partially possibly due to international regulations for their use.
explained by increased industrial emission rates from In contrast, trichloroethylene and tetrachloroethylene
storage tank evaporations. showed increased concentrations, suggesting larger

Meteorological factors also affect the observed usage of these substances.
concentration levels. When air masses of different On a second level, variations in the degree of
origins can be sampled at a single site, high fluctua- dilution at one site can explain variations in the
tions are observed depending on the wind direction levels of VOCs in natural waters. This can be found
[16,17,35,70,131,138,140,143]. This is well illus- at estuarine sites where salinity can be used as a
trated at coastal sampling sites, where continental measure of the degree of dilution of fresh water
and remote marine air masses can be sampled [96,97,105,151].
[17,35,70,138]. The level of atmospheric turbulence A third major process is the exchange of the VOCs
can also affect the dilution of emitted air masses with from the natural water body to adjacent environmen-
more uncontaminated air masses [17,144]. Limited tal compartments, i.e. sediment and the atmosphere
dilution of emitted VOCs is observed with periods of [35,96,150,151]. Sorption onto sediment is generally
inversion [72,139,141,142]. Higher concentrations at considered to be of less importance. Sorption of
night were explained by concentration build-up due VOCs on to solids was estimated to be responsible
to trapping of VOCs in air layers beneath low-lying for a maximum of 5% of the removal of VOCs in the
nocturnal inversions [139,141]. Southampton estuary [151]. This is related to the

Next to these direct meteorological effects, the unfavourable sediment–water partitioning equilib-
meteorological conditions influence the atmospheric rium of VOCs [156].
stability of compounds. This results in diurnal varia- Water-to-air fluxes for the Scheldt estuary were

21tions due to faster atmospheric degradation during estimated to be between 0.1 and 8.6 tonnes year
daytime than at night [57]. Seasonal cycles caused for 13 individual chlorinated and monocyclic aro-
by enhanced degradation in summer and slower matic compounds [96], whereas the total flux of
degradation in winter have also been noted VOCs (about 130 compounds) amounted to up to 0.3

21 21[5,34,59,131,132,142,144,146,155]. This is of special tonnes day in summer and 2.0 tonnes day in
importance for compounds that are easily degradable winter at the Southampton Water estuary [151]. Air–
by reaction with OH-radicals, such as alkenes [64]. water exchange can result in seasonal cycles because

air–water equilibrium partitioning of VOCs varies
4.2.2. Natural waters with temperature [150]. Biziuk et al. [80] suggested

Several causes giving rise to variations in con- that fluctuations in wind speeds (and, hence, in air–
centrations of VOCs in natural waters at a given site water exchange velocities) within one week may
can be mentioned. First, fluctuations in the source explain the large differences observed in concen-
contributing to the observed concentration levels trations of VOCs in river waters. Finally, degradation
have to be mentioned. Changes in the emissions of has to be mentioned, as e.g. in the work of Krysell et
VOCs were indicated to explain variation in the al. [157], although for various subgroups of VOCs,
concentrations of VOCs in urban rivers on a diurnal this process is of rather limited importance [4].
basis and on a time scale of days [101]. Long-term
variations in source intensity have been studied by
Bianchi and Varney [151]. Concentrations of aro- 5. Conclusions
matic VOCs at the Southampton Water estuary in the
last decade (e.g. mean toluene concentration, 5 mg The current status of the analytical methods

21l ) were reduced when compared with measure- determining VOCs in ambient air and natural waters
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