Sampling of organic volatiles in the atmosphere
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ABSTRACT

Several techmques are available for measuring organic volatiles 1n the atmosphere. For measurements at low and
moderate pollution levels (between several ug m™? and a fraction of a ug m™3), the existing methods can be adopted
to a broad range of different compounds. Whole-air sampling in stainless-steel containers with metal bellows valves
combined with subsequent gas chromatographic separation after preconcentration in the laboratory 1s probably the
best procedure for low and medium molecular weight trace gases of moderate or low polanty and reasonable chemical
stability (e.g., hydrocarbons and halocarbons). For organic compounds of lower volatility, adsorptive samphng on
non-polar porous organuic polymers (e.g, Tenax) and thermal desorption combined with cryotrapping and gas
chromatographic separation of the sampled compounds 1s widely used However, there are often substantial problems
due to artefact formation or loss reactions Owing to the generally larger sample volumes, these problems are even more
pronounced for sorptive sampling techniques combined with sample recovery by solvent extraction. Unfortunately, the
general understanding of the various processes of sample degradation due to chemical reactions of reactive components
of the atmosphere with each other or with the sorbent 1s not yet sufficient to allow reasonable estimates of the extent of

such interferences without elaborate test procedures.
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The demand for accurate, reliable and sensitive
techniques for the monitoring of organic trace
constituents in the atmosphere has increased
tremendously in the recent past. The reasons in-
clude not only a growing concern for the quality
of the environment but also the realization that
atmospheric pollution is not only a local problem.
At the same time, the number of different organic
compounds which are emitted into the atmosphere
has been rising steadily. Further, it has been rec-
ognized that several substances which had been
considered harmless can pose serious hazards to
the environment. There is a broad range of tech-
niques for the determination of organic com-
pounds at trace levels which are sufficiently sensi-
tive and selective. Chromatography (predomi-
nantly LC and GC) is the most widely used method

and allows the identification and quantification of
organic compounds in sub-nanogram amounts.
With few exceptions, the analysis itself is carried
out in the laboratory, which means that the sam-
ple has somehow to be transported to the labora-
tory. For many kinds of environmental measure-
ments, representative and contamination- or loss-
free sampling often requires substantial efforts
and in general air is one of the most difficult
environmenal media for sampling. The problems
are easy to understand but difficult to solve. Sam-
ple contamners for air are not only more com-
plicated than those for solid or liquid material but
also, owing to the low density of air, the volume
which has to be collected for an analysis for trace
components is generally larger than that for sohd-
or liquid-phase sampies. Owing to the low density




of air, contamination effects or wall losses have a
greater impact on the concentration of the trace
constituents. For example, contamination of a 1-
dm® sample by 1 pg of substance changes the
concentration of a liquid sample by 107° g g™!
but for an air sample by nearly 1076 g g%

There are several ways to circumvent or reduce
these problems, ranging from the collection of air
samples at high pressure to preconcentration steps
combined with the sampling procedure. However,
these require more or less complicated procedures
in the field instead of the laboratory. If one ex-
cludes the few exceptions where it is worthwhile
(or necessary) to instal a complete laboratory or at
least a dedicated measuring instrument in the field,
these sampling steps are i general performed
under less favourable and controlled conditions
than in the laboratory. This again increases the
problem of sample integrity. Consequently, for air
analysis the sampling procedure is of even more
importance as a key step to reliable measurements
than for most other environmental media.

In this paper the more widely used sampling
techniques are discussed and some examples of
their application are briefly presented. The main
focus is on measurement techniques which are
used for low or moderate pollution levels since a
number of problems and uncertainties still exist.

THE ANALYTICAL PROBLEM

Together with the two main components of air,
nitrogen and oxygen, the noble gases, water vapour
and carbon dioxide account for more than 99.99%
of the atmosphere. The remaining fraction consists
of a large number of components, some of them
present at levels of mg m™? or fractions thereof
(e.g., CH,, CO, H,, N,0). However, most of the
atmospheric trace gases are in the pg m™> range
and below. With very few exceptions (e.g., NO,
NO,, O,, SO,) they are organic compounds. The
number of different organic trace constituents in
the atmosphere is very large and the physico-
chemical and chemical properties of the various
compounds differ. Moreover, as a result of the
non-uniform distribution of their various sources

(e.g., engine exhaust, fuel and solvent evaporation,
natural gas losses, emissions from chemical facto-
ries, vegetation emissions, waste incineration) and
their different atmospheric residence times (mostly
between several hours and several weeks), both the
absolute concentrations and the relative patterns
in the atmosphere can change drastically with time
and location. The atmosphere also contains several
oxidizing trace gases as ozone, peroxides and
nitrogen dioxide at low but still significant levels.
These might react with container walls, sorbents
or the collected organic trace gases during sam-
pling and storage. This can cause the formation of
artefacts or losses of sample, especially if these
oxidizing trace components are precontracted to-
gether with the sample.

The only major component which cannot be
easily separated from the organic trace gases is
water vapour. Depending on temperature and rel-
ative humidity, the atmospheric content of gase-
ous water may reach several percent. This exceeds
the concentrations of most organic trace gases by
six or more orders of magnitude. In this context, it
should be mentioned that for atmospheric mea-
surements of high accuracy it has become
customary to give concentrations (or mixing ratios)
based on the amount of dry (water vapour-free)
air in order to elimmnate the dilution effect which
might be caused by the varying content of
atmopheric water vapour. No general procedure
for the collection of representative and stable sam-
ples for organic compoundes in air exists, but each
procedure has to be adopted to the kind of organic
substances, the expected concentration range and
interfering substances possibly present.

However, there is another restriction which has
to be considered in order to select or design a
sampling procedure for organic trace gases in the
atmosphere. As the sampling locations or plat-
forms (e.g., ships, airplanes) are selected primarily
on the basis of the given monitoring task, the
selected sampling site often offers no or only
restricted logistic support such as housing for the
sampling equipment and electrical power. Also,
not every suitable sampling site is easily accessible
with heavy equipment. Finally, one has to con-
sider the desired sampling frequency and integra-
tion time for the sampling and also the total




number of samples if one wants to select the
optimum sampling techmque.

WHOLE-AIR SAMPLING

In spite of the various problems mentioned
above, the collection of air samples without any
preconcentration or fractionation has been ap-
plied successfully for measurements of trace com-
ponents in the atmosphere [1-7]). Owing to possi-
ble adsorptive losses on the walls of the sample
containers, whole-air sampling is in general not
applicable for measurements of compounds of low
volatility or high polarity (e.g., alcohols, carbox-
ylic acids, polyaromatic hydrocarbons). Whole-air
sampling is most widely used for measurements of
low and medium molecular weight hydrocarbons
and light halocarbons (e.g., chlorofluorocarbons,
tetrachloromethane, tri- and tetrachloroethene).
Especially for measurements where high accuracy
and reproducibility are needed, whole-air sam-
pling is often applied as 1t eliminates uncertainties
which can be caused by variations of sampling
efficiency or the uncertainties in the determination
of the sample volume i the field. For stable

organic compounds of high volatility, measure-
ments with a relative standard deviation of a few
percent or sometimes less than 1% at concentra-
tion levels below 1 pg m~2 are possible [4,5,7]. A
listing of some applications of whole-air sampling
is given in Table 1. The samples are analyzed later
by GC in combination with a preconcentration
step at low temperatures, sometimes also by direct
injection of a few cm® without preconcentration.

The most widely used sampling vessels are plas-
tic bags (often Teflon, Tedlar or aluminized
Tedlar) and glass or stainless-steel containers {1-
19]. Polymer bags are probably the least expensive
sample containers but in general the contamina-
tion levels due to outgassing of the container
material are substantial. The use of certain types
of polymer bags and its limitations have been
evaluated by Seila et al. [20]. These bags are only
useful for measurements in strongly polluted air
or for otherwise relatively high trace gas con-
centrations in the range of several pg m™> and
more. Under these conditions reasonable results
can be obtained. In order to fill polymer bags the
air has to be pumped into the bag. This adds
another potential source of sample deterioration,
although the possible contamination risk can be

TABLE 1
Examples of measurements of organic volatiles by whole-air collection
Type of sample Sampling procedure Analysed compounds Concentration Ref
container range (pg m~>)
Teflon bags Filled by pumping C,-C¢ hydrocarbons 0.5-50 8,11
Tedlar bags Filled by pumping Several C,-C,, hydrocarbons 0.5-200 9,10,12,13
Tedlar bags Filled by pumping Isoprene 0.1-15 6
Glass flasks with Aur sample drawn C,-C¢ hydrocarbons 0.5-50 24
Teflon stopcocks through flask by manual
pumping with rubber bulb
Glass flasks with Pressurized with metal Isoprene, C, hydrocarbons 005-3 25
Teflon stopcocks bellows pump
Stainless-steel flasks Grab C,—-C¢ hydrocarbons 0.03-10 1,4,31
with metal bellows
valves
As above C,~-C,, hydrocarbons 0.05-3 2
As above Pressurized with metal C,-C; hydrocarbons and some 002-3 16
As above bellow pump halocarbons, benzene, toluene
As above Pressunzed with metal Benzene, toluene 0.03-3 17
bellows pump
As above Indirectly pressunzed C,—C; hydrocarbons 0.01-3 19
As above Cryogenic freeze-out Chlorofluoromethanes 0.001-1 33

(hqud Ne)




reduced if Teflon-lined pumps or metal bellows
pumps are used. The problem of sample con-
tamination by pumps has been eliminated by put-
ting the polymer bag in a rigid cylinder and filling
the bag by drawing the air out of the cylinder [8].
However, this reduces some of the advantages of
polymer bags for air sample collection (low weight,
mexpensive, small volume before sampling). The
sample volume for polymer bags range from ca. 1
dm’ to several tens of dm’.

Glass or stainless-steel sample containers cause
less contamination problems but are more expen-
sive than plastic bags. In the past, glass vessels
have been widely used for air sampling [21-26],
but more recently mostly stainless-steel canisters
have become more popular {1-5,7,14,17,27-39].
Stainless-steel sample canisters are nowadays in
general equipped with metal bellows valves [1-
5,14,16,19,28,29), which avoids all polymenc seals
etc. This minimizes possible contamination ef-
fects. It has been shown that even extremely small
pieces of polymers used in valves can cause con-
tamination at sub-pg m~> levels [5]. Vacuum-tight
glass valves usually contain polymeric seals or
packings and therefore glass containers are less
suitable for measurements of pg m~> or sub-pg
m™~? concentrations of organic trace gases [24].
Carefully pretreated and conditioned stainless-
steel containers can be used for measurements of
sub-ug m~3 levels of many low and medium
molecular weight hydrocarbons and halocarbons
without any significant interference due to con-
tamination or surface losses [1-5,16-19]. In ad-
dition to thorough cleaning of the sample con-
tainers, mimimization of the active surface area is
essential. Electropolishing of the internal surfaces
and electron-beam vacuum welding of all connec-
tions are examples of techmiques that help to
optimize the performance of stainless-steel sample
containers [14,31]. There 1s not yet a “standard”
procedure for preparing, conditioning and clean-
ing such containers. The cleaning is done either by
flushing the canisters with a high-purity gas (e.g.,
He or N,) or by evacuation with a high-vacuum
pump 1073-1073 Pa residual pressure). Condi-
tioning sometimes is done by heating to 400-600
K, exposure to moist air or oxygen at elevated
temperatures or simply by flushing with ambient

air. It is essential to check the sample canisters
thoroughly for contamination effects and sample
stability if the concentrations of the organic trace
gases are in the lower ug m~> or ng m~? range, as
their performance depends stronlgy on a number
of details which are difficult to control. Sull, for
sub-pg m~? levels of hight halocarbons and hydro-
carbons, stainless-steel containers with metal bel-
lows valves are probably the most reliable and
general sampling equipment.

There are two significant disadvantages. These
sample containers are fairly expensive and the
preparation of the canisters is elaborate, requires
expensive equipment such as turbomolecular
vacuum pumps and has to be done very thor-
oughly to obtain reliable results. The sampling
procedure itself can be very simple. The evacuated
container is taken into the field and the sample 1s
collected by opening the valve of the container
(“grab” sampling). If containers with two valves
are used, they can be flushed with ambient air
prior to sampling. If the air is pulled through the
sample container, sample deterioration due to the
pump is avoided. This procedure allows the surface
of the sample container to equilibrate with the
ambient air prior to sample collection and re-
moves contamination in the container which might
be caused by leaking valves or outgassing of the
internal surfaces.

In both instances the collected sample 1s at
ambient pressure. In order to remove the air from
the container in the laboratory for analysis, either
a vacuum system is needed or the samples have to
be pressurized with a clean, inert gas (He, N,). As
the volume of the sample containers is, for practi-
cal reasons, limited to a few dm’, the total amount
of air which is available for analysis is limited to a
few grams. Larger amounts of air can be collected
by pressurizing the samples. This is done by
pumping [7,14-17,30,32] or cryogemcally [33,34].
The use of pumps adds another source of sample
deterioration, and even for metal bellows pumps
contamination is possible for some trace gases
[32]. Cryogenic samphng is done by reducing the
temperature of the sample container below the
condensation temperature of air, e.g., by immers-
ing the container in liquid nitrogen or neon. The
sampled air can be transferred to the laboratory




TABLE 2
Specific retention volumes at 303 K [52]

Adsorbate Boiling  Specific retention volume (dm® g ~!)
pomt (K)  TeraxGC Porapak Q Molecular  Porous Carbopack B Carbopack C
(13-30m?g™') (100-200m?g~') sieve13X  Alumna om?g™) (12mg7Y)
(300m’ g~ )

Acetaldehyde 294 0.24 05 > 5000 0.02 0
n-Propylammme  320.8 22 > 5000 3.7 078 0.03
n-Hexane 341.7 92 24 670 56 220 1.0
Ethanol 3514 041 1.2 > 12000 17 0.06 0
Cyclohexane 3537 97 25 220 24 11 0.13
Cyclohexene 356 13 27 9.1 18 0.26
Trnchloroethene 360 15 25 > 5000 25 14 042
n-Butanol 373 58 13 260 0.12 18 008
1,4-Dioxane 374 25 31 > 13000 50 23 012
Pynidine 388.5 29 29 > 13000 100 16 0.41
Chlorobenzene  404.7 93 190 > 20000 260 480 43
p-Xylene 411 190 420 > 20000 760 4500 39
a-Pinene 429 20 1600 > 20000 1300 35
Aniline 4574 360 970 >20000 2900 210 5.2
Naphthalene 4911 1500 21000 >20000 9200 33000 1000
Pentachloro-

phenol 583 78 000 2x10° > 20000 108 107 43000

either in the condensed state or at ambient tem-
perature under pressure. The problem with cryo-
genic “freeze-out” sampling is the high concentra-
tions of oxidizing atmospheric constituents such
as ozone, oxides of nitrogen or peroxides in the
condensed phase. Thus losses of organic com-
pounds which are easily oxidized can occur, e.g.,
alkenes may be partly removed by reaction with
ozone. Both means of collecting pressurized sam-
ples need additional equipment in the field. The
sample pressure can be as high as 10-20 atm and
thus large amounts of air are available for analysis
in the laboratory. Owing to the increased amount
of sample, contamination effects or adsorptive
losses are reduced.

A final possibility is the use of gas-tight sy-
ringes for air sampling [26,35]. They might be
useful for special cases such as sampling of air
with high concentrations of organic trace com-
pounds, but owing to the generally high con-
tamination effects and their limited leak tightness,
their use for air sampling cannot be recom-
mended.

ADSORPTIVE SAMPLING

Basically there are two different ways to con-
centrate volatile organic compounds from the
atmosphere on a sorbent. For so-called passive
sampling the adsorbent is exposed in a defined
way to the atmosphere and the adsorption process
is controlled by the adsorption properties of the
sorbent and diffusion processes (“diffusion
tubes”). The main application of passive samplers
is monitoring of workplace atmospheres, dosime-
try and the control of industrial areas with poten-
tially very high pollution levels. The other possibil-
ity, active sampling, is to pump a defined volume
of air through a sorption tube (a short piece of
tubing packed with the adsorbent). Theoretically,
active sampling can be treated as frontal chro-
matography and the sampling efficiencies can be
estimated from the retention data of the ad-
sorbent. In Table 2 the specific retention volumes
of some organic volatiles on several adsorbents are
given. In general, active sampling is more ade-
quate than passive sampling for measurements of
air with average or low pollution levels. As ad-




TABLE 3

Examples of adsorptive sampling of organic volatiles 1n air

Adsorbent Length (mm) [.d.(mm)  Material Samphing Sampled Analysed Concentration Sample Ref.
ume (mn)  volume (dm®’)  compounds range (pgm™>)  analysis
Tenax TA 250 4 Glass 10-60 1-20 C,-C, halo- 0001-0.5 Thermal 39-41
carbons desorpuon,
GC-ECD
Tenax TA 170 4.5 Glass 10-40 1-6 C¢-C, hydro- 0.05-50 Thermal 51
carbons, some desorption,
halocarbons GC-MS
Tenax GC 200 2 Glass, 1-1.5 Selected 0.03-1 Thermal 41,46
stainless monoterpenes desorption,
steel GC-MS
GC-FID
Tenax GC, 110 8(od.) Glass ~100 3-30 C;-C,4 hydro- 05-100 Thermal 44
Carbopack BHT, carbons, alde- desorption,
Ambersorb XE-340 hydes, ketones, GC-MS
esters, ethers,
halocarbons
Tenax GC 200 2 Stainless 1-5 11-14 Benzene, 0.01-1 Thermal 49
steel toluene, C, desorption,
alkylbenzenes GC-FID
Porous alumina 30 1.6 C,~C; hydro- 1-200 Thermal 50
at dry-ice carbons desorption,
temperature GC-FID
Active 5-mg 30/1000 12/300 Alkyl 001-0.2 Extraction, 73
charcoal traps mtrates GC-MS
Porous glass 1500— 15000~ Polychlon- 00005-001 Extraction, 74
beads and 7500 75000 nated - GC-ECD
Amberlhite phenyls

XAD-2




sorptive sampling procedures only collect a more
or less well defined fraction of all the different
atmospheric constituents, sorptive sampling is al-
ways combined with a preconcentration step. Pro-
vided that there are no other components which
interfere with the preconcentration procedure, the
highest possible sampling volume is essentially
identical with the breakthrough volume of the
analyte with the lowest breakthrough volume. The
necessary sample volume 1s given by the detection
limit desired and the sensitivity of the subse-
quence chromatographic analysis.

Ideally the sampling should be as selective as
possible and only the compounds which have to
be analysed should be ennched. In reality the
selectivity of the sampling step is considered suffi-
cient if there is no significant adsorption of the
main atmospheric components; nitrogen, oxygen,
water vapour and carbon dioxide. The separation
between the various trace constituents is part of
the subsequent chromatographic analysis.

For this analysis the sample has to be recovered
from the adsorbent. The sample is usually ther-
mally desorbed in an inert gas stream or extracted
with a solvent. Thermal desorption is combined
with GC separation and detection, whereas
liquid-liquid extraction results in a sample that
can be analysed by almost all techniques for the
measurement of organic trace components in
solvents. There are four possible combinations;
passive sampling with liquid-liquid extraction, ac-
tive sampling with liquid-liquid extraction, pas-
sive sampling with thermal desorption and active
sampling with thermal desorption. For each of
these combinations many different adsorbents can
be used and there are numerous possible sampling
and desorption conditions plus a variety of differ-
ent technical solutions of the problems encounted
during field sampling. The following sections are
restricted to those procedures which have been
more widely used for atmospheric sampling or
look most promising.

Thermal desorption

Adsorptive sampling in combination with ther-
mal desorption and subsequent GC analysis has
been frequently applied for measuring of organic
volatiles in the atmosphere [36-51]. Although there

are a large number of different techmques the
most widely used procedures can be summarized
as follows.

Several dm’® of air are pumped (usually with the
pump downstream of the adsorbent to avoid sam-
ple degradation due to the pump) through a small
tube (glass, stainless steel) several to a few tens of
centimetres length and a few millimetres id.
packed with the adsorbent. Often Tenax and simi-
lar non-polar organic porous polymers are used.
The sampling temperature is generally around 300
K (ambient temperature). After sampling the tubes
are closed to prevent contamination during trans-
fer to the laboratory. In the laboratory the sam-
pling tubes are heated to ca. 500-550 K and
simultaneously an inert gas of high purity is passed
through the adsorption column. The flow direc-
tion during desorption is reversed; flow-rates range
from a few to several tens of cm® min~'. The
desorption time is generally 10-30 mun. The de-
sorbed sample is focussed either in a cryotrap
prior to injection onto the separation column or
on the separation column itself at reduced temper-
atures.

These types of procedures are widely used, fairly
easy to operate in the field, allow limits of detec-
tion of <1 pg m™? and can also be used n
combination with high-resolution capillary col-
umns. Applications range from small, portable,
battery-powered instruments to automated sam-
pling devices which allow time series measure-
ments with several independently collected sam-
ples. Compounds with boiling points in the range
from 340 K (C; hydrocarbons) to 600 K (C,q
alkanes) can be sampled. Non-polar adsorbents
are used to avoid the collection of water vapour
which would increase the size of the adsorbed
sample and affect the sampling efficiency owing to
the reduction of the available surface area of the
adsorbent. Consequently, the sampling efficiencies
for smaller organic molecules with polar func-
tional groups (e.g., alcohols or amines) are often
very low. There are numerous adsorbents which
are more efficient for polar compounds (see, e.g.,
Table 3) but, apart from the problem that these
polar adsorbents retain substantial amounts of
water from the atmosphere, their performance with
respect to recovery efficiencies by thermal desorp-




tion and blank values 1s sometimes poor. In some
studies solid sorbents were used at subambient
temperatures to collect very volatile organic trace
gases from air [47-49], but the increased instru-
mental and logistic efforts with subambient-tem-
perature sampling and storage of the collected
samples have prevented the wider use of such
procedures. Further, the possible condensation of
water vapour at reduced temperatures limits the
sample volume or requires the use of a drying
agent. However, it should be mentioned that pre-
concentration at subambient temperatures is
widely used for the analysis of whole-air samples
in the laboratory [1-5,16-19,28-32] or for in situ
analysis [53].

For compounds of high volatility the applica-
bility of adsorptive sampling is limited by the
breakthrough volume of the compound in the
trap, whereas for very low-boiling and strongly
adsorbed compounds sample recovery is the limit-
ing step. The thermal stability of both the ad-
sorbent and the adsorbate limit the maximum
temperatures for the thermal desorption process
and thus reduces the recovery efficiency for com-
pounds of very low volatility [54]. The use of
combinations of different adsorbents in series can
increase the range of organic volatiles which might
be determined by adsorption—thermal desorption
techniques [55], but the problem of artefact forma-
tion increases with the number of different ad-
sorbents used. The main problem which limits the
applicability of adsorptive sampling is the forma-
tion of artefacts and losses by various mechanisms
[41,56-66]. Apart from the formation of artefacts
during sample desorption by thermal decay of the
sorbent, the main source of sample degradation
are the reaction of reactive adsorbed compounds
with each other, etther during sampling or during
storage, the reaction of adsorbed organic com-
pounds with reactive trace species in the gas phase,
e.g., ozone or nitrogen dioxide, and the thermal
decay of sampled compounds during desorption.
These processes can cause both artefact formation
or losses. Another possiblity is the formation of
artefacts from the reaction of oxidizing atmo-
spheric trace constituents such as ozone, hydrogen
peroxide, nitric acid or nitrogen dioxide with the
adsorbent. As all these possible sources of sample

degradation depend strongly on the type of ad-
sorbent, its preconditioning, the sampling condi-
tions (temperature, sample volume, loading of ad-
sorbent with sample) and the composition of the
atmosphere, e.g., 0zone concentration [56-58], it is
difficult to generalize the limitations caused by
these problems. Nevertheless, it is possible to
establish a few rough guidelines. Losses primarily
occur for compounds which are easily oxidized,
e.g., by ozone, such as dienes. These losses can be
reduced by minimizing the sample volume and the
sampling time [41]. Artefacts are primarly
oxygenated hydrocarbons (aldehydes, ketones,
etc.), but to some extent the formation of aromatic
and halogenated hydrocarbons has also been ob-
served [56,58).

These effects can be reduced by precondition-
ing the adsorbent and sometimes they decrease
with increasing numbers of samples collected with
the same adsorption trap [56]. In addition to the
conventional laboratory tests of breakthrough
volume, sampling and recovery efficiency, blank
levels for unexposed samples and reprodubility for
parallel samples, the so-called “distributed volume
sampling” can be very helpful in identifying prob-
lems [56,67]. This technique is based on the as-
sumption that the interfering processes are not
directly proportional to the sample volume. In this
instance the extents of the interferences differ in
samples collected simultaneously but with differ-
ent flow-rates.

Finally there is the possibility of removing the
interfering species by chemical reactions or ad-
sorption processes on a “precolumn” prior to
sample collection itself. These so-called “reac-
tion—sorption” methods are generally applied to
measurements at extremely high pollution levels
[68], but for average or low levels of pollution the
additional risks of artefact formation, adsorptive
losses, memory effects, etc., exceed the possibly
advantages. Apart from chemicals to remove
carbon dioxide or water vapour from the sampled
air, no successful applications of such techniques
for low pollution levels have been reported.

Sample recovery by hquid—liquid extraction
Instead of thermal desorption of the collected
sample, the adsorbed organic compounds can also




be recovered by liquid-liquid extraction of the
adsorbent. In principle the same types of ad-
sorbents can be used as for thermal desorption,
with one significant difference. Owing to the
limited maximum temperatures for thermal de-
sorption, the recovery of strongly sorbed com-
pounds from very active adsorbents is in general
better by extraction than by thermal desorption.
Thus for liquid-liquid extraction very efficient
adsorbents, e.g., active charcoal, or adsorbents of
limited thermal stability, such as some of the
XAD resins, are also suitable. Other advantages of
extraction are that the sample obtained can be
analysed with the usual chromatographic instru-
mentation without modification, including essen-
tially all established relevant sample preparation
techniques (e.g., solvent evaporation, derivatiza-
tion). Extraction of solid samples for trace analy-
sis is a technique that is widely used in chemical
laboratories and thus mstrumentation and experi-
ence are readily available. As the volume of the
extract is generally larger than the volume which
is used for a single chromatographic analysis, it is
possible to analyse the same sample with different
instruments or under different conditions. The
repetition of measurements also presents no prob-
lem. The capacity of chromatographic columns,
espeaally capillary columns, is limited but cur-
rently available injection techniques allow the sep-
aration of substantial sorbent volumes. Thus the
injection of a major fraction of the total sample is
in principle possible. However, it should be re-
membered that splitless injection techniques may
present some problems owing to discrimination of
heavier or thermaly labile components of the sam-
ple [69,70). Also, for components with boiling
points comparable to that of the solvent, splitless
injection techniques often lack reproducibility.
Further, liqmd-liquid extraction of the adsorbed
samples not only requires more handling but also
increases the risk of sample contamination and
blank values, e.g., from the solvents used.
Numerous procedures for adsorptive sampling
and liquid-liquid extraction have been published
and combinations of various adsorbents and dif-
ferent extraction procedures allow the technique
to be adapted to a wide range of analytical prob-
lems [71-77, and references cited therein]. Fre-
quently used adsorbents are active charcoal, por-

ous silica and alumina, molecular sieves and
several organic porous polymers (Tenax, XAD
resins, Porapak, etc.). The adsorbents are ex-
tracted with low-boiling solvents such as carbon
disulphide, dichloromethane, benzene or pentane,
mostly with Soxhlet-type extraction procedures.
The final volume of solvent is in general a few to
several tens of ml, but more elaborate procedures
which allow concentration of the analytes in a few
p1 have also been described [78].

The adsorption traps contain on average be-
tween several hundred mg to several g of ad-
sorbent, often more than usual for thermal de-
sorption. Also, the flow-rates and the total sample
volumes are larger, several dm®> min~!, and total
volumes of several hundred dm® are not unusual
and occasionally volumes in the range of several
m’ are sampled, e.g. for measurements of pollu-
tant levels of ng m™3 or less [76]. For measure-
ments of average or low pollution levels, rigorous
precleaning of the adsorbent is of prime impor-
tance. Soxhlet extraction with water, methanol
and solvents of low polarity is used in addition to
thermal pretreatment. As compounds of higher
volatility, with vapour pressures comparable to
that of the solvent used, can be partly lost during
the extraction procedure, the most widespread ap-
plications are measurements of low-boiling sub-
stances such as polychlorinated biphenyls, diben-
zodioxins, dibenzofurans and polyaromatic hydro-
carbons, but hydrocarbons, aldehydes and
halogenated hydrocarbons have also been ana-
lysed.

The problems of artefact formation or losses
during sampling or storage as result of reactions
between reactive atmospheric components and the
adsorbent or the sampled compounds are essen-
tially the same as for thermal desorption. How-
ever, owing to the generally much larger sample
volumes, artefacts or blanks which are indepen-
dent of the sampling time and volume are less
important, but the higher loading of the adsorbent
with the analytes and other atmospheric reactive
components increases the risk of sample degrada-
tion by reactions involving atmospheric trace con-
stituents.

Passive sampling
Instead of passing the air sample through the




TABLE 4

Examples of absorptive and chemusorptive sampling of organic volatiles in air

Samplhing device Sampling Sampled Analysed compounds Concentration Comments Ref.
ume (mun) volume . range (pg m~3)
(dm®) (STP)

Impinger with 60 60 Some aldehydes 05-100 Denivative analyzed 82,91
2,4-dimitrophenyl- by LC
hydrazine solution

Rotating glass tube 30-60 1000-2000 Formaldehyde 01-10 As above 79-81
with Raschig nngs, :
2,4-dimtrophenyl-
hydrazine solution

Condensation samp- ~120 1000-2000 Light alcohols, 0.2~-40 Sampling efficiency 101
hng below dew carbonyls, depends strongly on
point of atr acetomitrile Henry’s constants

Cartridges with 4-60 2-100 Aldehydes, ketones 05-1000 Analysis of denva- 87.88,90
2,4-dimtrophenyl- tive by LC and GC
hydrazine on solid sorbents

Glass-fibre filters 30-60 30-60 Formaldehyde 1-20 Sampling efficiency 89
with 2,4-dinitrophenyl- depends on relative
hydrazine impregnation humudity

Potassium or sodium 30-1500 300-15000 Carboxylic acids 0.5-25 Analysis by 10n 93,96,97
hydroxide or carbonate- chromatography or
mpregnated glass GC after dertvatization
or cellulose filters

Mist chamber with 30-120 150-1000 Carboxylic acids 05-50 Analysss by 10n 95
aqueous alkahne chromatography
solution

Denuders coated 30-120 300-1000 Carboxyhe acids 05-100 Analysis by ion 99,100

with sodium hydroxide

chromatography




sorbent, it is also possible to bring the adsorbent
into contact with air and collect an amount of
sample which 1s determined by the diffusion of the
analyte through the air to the adsorbent bed. In
order to allow quantitative determination of the
air composition from the amount of analyte ad-
sorbed, the exposure has to be done in a way
which ensures that a defined, diffusion-limited
step controls the rate of uptake from the atmo-
sphere. An overview over several types of passive
samplers and their performance was given by
Brown et al. [79]. Essentially all applications of
passive samplers are in the field of indoor pollu-
tion, industrial hygiene and similar monitoring
tasks for fairly high levels of pollution (mg m™?3).
The sampling rate of passive samplers 1s low owing
to the rate-determining slow diffusion step. Conse-
quently, at low atmospheric concentrations the
amount of sample is too small for analyses or the
exposure periods are extremely long. This problem
seems to outweigh the advantages of passive sam-
pling such as simplicity of use, low costs and no
requirement for electric power during sampling.
Apart from a few outdoor measurements [e.g.,
80,81] there have been essentially no measure-
ments of organic pollutants at the ug m~3 level or
below by passive sampling techniques.

ABSORPTIVE SAMPLING AND SAMPLING ON IM-
PREGNATED SURFACES

This section discusses not only sampling
processes that use purely physical absorption in a
liquid phase, but also those techniques which com-
bine the solution step with a chemical reaction in
the solution. In general, the techniques used to
bring the liquid into contact with air are indepen-
dent of the composition of the solution or any
chemical reaction following the solution process.
This paper does not deal with chemical derivatiza-
tion reactions which are applied after sampling as
these procedures are essentially identical with
methods that are widely used for the analysis of
solutions. It should be noted that liquid organic
phases as purely physical absorption media are
nowadays only rarely used. In principle, organic
liquids on a solid support can be used in the same

way as solid sorbents. However, for a number of
practical reasoms, e.g., evaporative losses during
sampling and miscibility with the solvents used to
recover the sampled substances, they are inferior
to organic porous polymers.

It is therefore not surpnsing, that absorptive
sampling is most widely used for polar organic
substances with functional groups that cause a
high solubility in water or polar organic solvents
or that allow a sufficiently fast derivatization reac-
tion in the solution to shift the gas—solvent equi-
librium sufficiently far to the side of the con-
densed phase. Most of the successful applications
are for aldehydes and ketones [81-94] or carbox-
ylic acids [95-102]. Also applications of sampling
of light alcohols or nitriles have been published
{103,104]. As basically the same kinds of reactions
and reagents are also used for sampling on im-
pregnated surfaces (e.g., filters or adsorbent
cartridges treated with a reagent) and the subse-
quent analytical measuring techniques are in gen-
eral identical (ion chromatography, LC, occas-
sionaly GC), these sampling procedures are in-
cluded here.

Some examples of absorptive or chemisorptive
sample collection of organic trace constituents in
the atmosphere are listed in Table 4. For organic
acids a considerable fraction of the total atmo-
spheric concentration can be in the particle phase.
If a differentiation between gas and particulate
phases is required, the aerosol particles have to be
separated from the gas phase prior to sampling,
e.g., by passing the air sample through a Teflon
filter. Impinger or washing flask types of samplers
are probably the most readily available, cheapest
and easiest to use devices for sampling in solution.
However, they usually allow only moderate sam-
pling rates of ca. 1 dm® min ~! and therefore long
sampling periods are needed for measurements at
low concentration levels. Higher flow-rates, and
consequently shorter sampling times or better de-
tection limits, can be achieved with more
sophisticated samplers such as rotated tubes
packed with Raschig rings or mist (spray) cham-
bers {81-83,97). Also, the condensation of water
on a plate kept below the dew point of the sam-
pled air allows sampling from substantial volumes,
but this technique is not only elaborated but also




limited to compounds with high water solubility,
as 1t does not allow the sampling efficiency to be
mmproved by derivatizing the dissolved organic
compounds in the liquid phase [103,104].

For measurements of aldehydes and ketones
2,4-dinitrophenylhydrazine is the most widely used
reagent, but other substances, e.g., 5,5-dimethyl-
cyclohexane-1,3-dione or cyclohexane-1,3-dione,
which allow very sensitive fluorimetric detection
in combination with LC, can also be used
[105,106]. Carbonyl compounds are now generally
sampled on impregnated solid sorbents in
cartridges which are subsequently extracted with
organic solvents. Commercial cartridges with
treated or untreated porous silica or alumina are
widely used. They are impregnated with solutions
of the same types of reagents which are used for
sampling in solutions. These sampling tubes allow
substantial flow-rates of several dm® min™!
without reducing the sampling efficiency. Glass-
fibre filters impregnated with 2,4-dinitrophenyl-
hydrazine have also been used for both active and
passive sampling [91]. However, the maximum
flow-rate is limited to 1 dm® min~! and the maxi-
mum sample volume to 60 dm’.

Much higher sample volumes and flow-rates
can be applied for the sampling of gaseous
carboxylic acids from air if filters impregnated
with sodium or potassium hydroxide or carbonate
are used. However, intercomparison experiments
{107] have shown that substantial artefacts for
formic acid can be caused by sampling on alkaline
filters. Such artefacts are not observed with de-
nuder or mist chamber sampling [108]. Another
advantage of denuder-type samplers is the sep-
aration between the gas and particle phases
without the use of filters which might cause fur-
ther interferences. However, denuder systems are
more expensive than filters and more elaborate to
use.

Conclusions

There are a substantial number of different
sampling procedures for organic volatiles in the
atmosphere at moderate or low pollution levels. In
general, these various techniques have been tested
and applied with more or less specific monitoring
tasks, e.g., a few defined compounds or certain

levels of pollution. There are only a few sampling
techniques that have been applied to a broader
range of compounds.

Whole-air sampling and subsequent analysis by
GC, often combmned with a cryogenic precon-
centration step, have been widely and successfully
used for measurements of low and medium molec-
ular weight compounds of moderate or low polar-
ity such as hydrocarbons and halocarbons. The
key to precise and accurate results is the sample
container and to some extent also the collection
procedure. Stainless-steel containers with metal
bellows valves allow collection and storage for a
reasonable time without significant changes in the
concentrations of a substantial number of atmo-
spheric trace gases even at concentration levels of
pg m~3 and less. Sampling in evacuated canisters
at ambient pressure is possibly the simplest collec-
tion procedure. The amount of sample is limited,
but in general sufficient for measurements of trace
constituents at the 0.1-0.01 pg m™3 level 1f an
ionization detection method (electron-capture,
flame ionization, photoionization detection) is
used. Larger air volumes can be collected if the
sample is pressurized, either with metal bellows
pumps or cyrogenically. However, this causes some
additional problems of possible sample deteriora-
tion and more elaborate instrumentation in the
field is needed. Unfortunately, these sampling
flasks are expensive to built and the necessary
techniques are not easily available. This is prob-
ably the only reason why other types of sample
containers such as glass flasks with PTFE stop-
cocks or aluminized plastic bags are still used,
although they can cause contamination effects in
the range of several pg m~>.

Another widely applicable collection technique
is sampling on non-polar porous organic ad-
sorbents such as Tenax. Combined with thermal
desorption and cryotrapping, this technique is
suitable for the determination of organic volatiles
at concentrations as low as 0.01 ug m™> with a
precision of 10-20%. Portable and battery-
powered sampling devices are available and field
sampling is relatively simple. This technique is
mainly applicable to compounds with boiling
points in the range 350-600 K, and therefore is
not so much a substitute but rather a supplement




to grab sampling. The main limitations arise from
artefacts or losses due to chemical reactions dur-
ing sampling. As those problems are not easily
investigated by laboratory tests, only a small num-
ber of the various applications of this type of
sampling have been checked for such inter-
ferences. These two methods are generally com-
bined with GC analyses and need additional
equipment to be interfaced with commercial,
standard gas chromatographs.

Sampling by absorption, adsorption or chem-
isorption in combination with liquid-liquid ex-
traction results in a sample that can be analysed
by essentially all procedures for the measurement
of trace compounds in solvents. Thus, the rela-
tively low cost of the additionally needed sam-
pling equipment and the (at least theoretical) pos-
siblity of determining substances which are pre-
sent in the atmosphere at levels of ng m™> or even
less are probably the explanations for an over-
whelming number of different applications. How-
ever, the large volumes of air drawn through the
sampling trap increase the problem of sample
deterioration due to reactions during collection.
Testing a sampling technique which uses large
volumes of air (often several m’) is not trivial and
it is therefore not surprising that the knowledge of
the possible effects of chemical reactions during
sampling induced by reactive trace constituents of
the atmosphere is still very limited.

In conclusion, there 1s a reasonable range of
procedures for the determination of organic vola-
tiles in the atmosphere which are suitable for
measurements at concentration levels down to a
few ug m~3 to a fraction of a pg m™>. However,
there is definitly a lack of testing and validating
such techniques under real atmospheric condi-
tions.
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