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Analysis of Atmospheric Pollutants by Gas Chromatography

Yu.S.Drugov and V.G.Berezkin

Chromatographic methods for the analysis of atmospheric pollutants, including the principal stages of the determination,
from the sampling procedure to the evaluation of the results of the analysis, have been examined. The difficulties and limita-
tions frequently encountered in the examination of the separate stages of the analysis and the various methods have been
analysed. The review is based on work published in the period 1965-1978. The bibliography contains 398 references.
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I. INTRODUCTION

The contamination of the environment, particularly the
atmosphere, which in many countries has become a serious
international problem, is posing analytical chemistry
important and complex problems in the analysis of many-
component mixtures of various atmospheric pollutants,
the components of which are present in trace concentra-
tions. Practically the whole arsenal of physical and
chemical methods available to analytical chemistry is now
being used for the analysis of atmospheric pollutants l. Its
high sensitivity and extremely high selectivity have made
^as chromatography one of the basic methods of analysis
in the chemistry of industrial hygiene and the chemistry of
the atmosphere.

The importance of the problem of analysing the atmos-
phere is to a large extent responsible for the large number
li publications on this subject, and the number is
increasing continuously2'3. In 1968, a detailed review4

analysed the achievements of gas chromatography during
ten years of application in the chemistry of the atmosphere.
A number of later reviews and monographs deal with the
gas-chromatographic analysis of atmospheric pollutants5j6

and the chromatographic determination of harmful sub-
stances in the air of industrial plants (industrial atmos-
phere).7 The present review includes material published
in the period from 1965 to 1978.

At the present time, the problem of separating complex
mixtures of substances by gas chromatography often pre-
sents no special difficulties. The use of stationary phases
of high selectivity (particularly in micro-packed capillary
columns) and capillary columns with a separation efficiency
of > 200000 theoretical plates makes it possible to separate
and analyse complex mixtures of organic and inorganic
compounds consisting of several hundred components.
Another important advantage of this method is its extremely
high sensitivity, which makes it possible to determine
micro-concent rations of a substance at a level of 10~lo%t.

Nevertheless, the gas-chromatographic method also
encounters certain difficulties in the analysis of micro-
quantities of various toxic substances in air. Since the

tHere and subsequently, concentrations are given in
wt.%.

maximum permissible concentrations (MPC) for most toxic
chemical compounds in the air of industrial plants is
0.01-0.001 mg m~3, that is about 10"7-10"8%, the specimen
of air for analysis, with a volume of 1-10 ml, should con-
tain not more than 10~10-10~12 g of the substance. This
quantity lies at the limits of many chromatographic detec-
tors used for the analysis of air8. The MPC of harmful
substances in atmospheric air is lower by a factor of
approximately 10. If in addition account is taken of the
losses of the substance being analysed during sampling, the
treatment of the sample and its introduction into the chro-
matograph, and the chromatographic separation, the prob-
lem of inadequate analytical sensitivity becomes particu-
larly acute.

Another important problem is the qualitative analysis of
many-component mixtures, since polluted air generally
contains complex mixtures of chemical con pounds of
different classes. The chromatographic analysis is also
complicated considerably by rapid change in the composi-
tion of the air being analysed (particularly atmospheric air)
under the influence of meteorological conditions and photo-
chemical reactions taking place in the atmosphere between
compounds present in the air, under the influence of solar
radiation.

The gas-chromatographic analysis of micro-quantities
of substances includes the following stages.

1. Sampling. Storage of the sample.
2. Concentrating the components.
3. Treatment of the sample and its introduction into the

chromatograph.
4. Chromatographic separation of the components of the

sample.
5. Detection, and also, at intervals,

a) calibration of the chromatograph (detector);
b) qualitative and quantitative analysis of micro-
quantities of substances.

H. AIR SAMPLING PROCEDURE

Sampling (and the concentrating of micro-quantities of
substances) presents one of the principal problems in the
analysis of polluted air, because of the insufficient sensi-
tivity of detectors and the existence of active sites, capable
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of sorbing traces of material in the chromatographic appa-
ratus (chromatograph connections, columns) and in the
sorbents used. Concentrating the sample with micro-
component concentrations at a level of 10~4-10~5% is often
also carried out in work with highly sensitive ionisation
detectors. In these cases it is usually sufficient to con-
centrate the components from one litre of the air being
analysed. This technique is also used when it is impossible
to carry out the direct analysis of the gaseous sample on
capillary columns and in certain other cases.

Existing methods for sampling air can be divided into
four groups: 1) sampling into various containers;
2) aspiration of the air through a solvent which retains the
impurities; 3) absorption of harmful substances from the
air by sorbents; and 4) freezing the impurities in a cooled
trap on an inert packing or sorbent. The methods of the
last three groups are techniques for concentration.

The simplest method is the direct introduction of the
sample into the chromatograph. In this case the air is
sampled with a glass or plastic syringe, and also into gas
pipettes, steel or glass bottles, bags made of polymer
film, and other containers. With this method, satisfac-
tory results are obtained only in the analysis of gaseous
samples containing traces of substances which are not too
polar (light hydrocarbons, oxides of carbon, nitrous oxide,
etc.). The accuracy of these determinations is low
because in practice it is very difficult to take account of the
losses of the substances being analysed, which in some
cases (the analysis of reactive gases and vapours) may
reach 40% 9. Not only reactive compounds, but also
hydrocarbons, are adsorbed on the walls of containers4.

The sampling of components for analysis by absorption
in a suitable solvent is also a method for the equilibrium
concentrating of these compounds. In contrast to the
case of sampling into containers, there is practically no
limit to the range of substances that can be analysed by
this method. In addition, the aspiration of the sample
through a solvent makes possible the selective removal of
substances of different classes from the air. Neverthe-
less, sampling into a solvent is not often used in chroma-
tographic analysis, since it is not possible to achieve a
very high sensitivity in the determination. This is
because, despite the high degree of enrichment of the sub-
stances of the sample in the solution being analysed, only
a small fraction of the absorbing liquid is taken for analy-
sis (1-10 M-l), that is 0.1-0.2% of the original volume of the
solution, which should not be less than 3-5 ml. It is true
that the sensitivity can be increased by repeating the con-
centration procedure, for example by evaporating the
solution after sampling. This introduces an additional
error into the determination, however, due to the volatility
of the dissolved compounds of the sample. To avoid
possible errors in the analysis of trace quantities, it is
also necessary to take account of the volatility of the sol-
vent itself and the rate of aspiration of the air through the
absorber. To increase the sensitivity it may be more
promising to extract the substances dissolved in the
absorbing liquid by a much smaller volume of a selective
solvent, that is by a repeated concentration. This is
because the extracting agents used are solvents for which
the distribution coefficient of the trace component is much
greater than that of the main component10.

A method particularly widely used in the gas-chromato-
graphic analysis of atmospheric pollutants is frontal non-
equilibrium concentration, based on the complete absorp-
tion of heavy impurities by sorbents with a highly developed
surface. The substances being analysed are collected in
traps (columns) filled with a small quantity of sorbent

(silica gel, active carbon, polymeric sorbents)4'11. These
are then desorbed and separated in a chromatographic
column. The calculation of the minimum length of the
trap, that is the length in which all the heavy trace com-
ponents being analysed are completely retained, has been
described in a monograph10; the equations given make it
possible to formulate the principal requirements to be
satisfied by the parameters of the concentration process
and to carry out different versions of the analysis. An
advantage of the frontal method of concentration is that it
is possible to absorb large quantities of trace components
quantitatively from the air (high degree of enrichment).
In addition, sampling is usually carried out at the tempera-
ture of the surrounding medium (rarely with cooling).
Moisture does not interfere in the determination for most
sorbents (active carbon, graphitised carbon black,
Porapak-S), since these sorbents are hydrophobic. By
concentrating the substances in the sample on adsorbents,
it is possible to achieve a very high sensitivity of the
determination; it is often not necessary to pass large
volumes of air through the trap, particularly when a sensi-
tive detector is used. In this case the trap acts as a
sampler rather than a concentrator.

A disadvantage of the frontal method of concentrating
trace quantities is the difficulty of desorbing the substances
absorbed by the trap, particularly when the trap is heated
(that is in thermal desorption). A high desorption tem-
perature for the trace components may lead to various
undesirable side reactions, for example in the determina-
tion of unstable compounds. It is often therefore prefer-
able to use displacement (extraction) of the trace compo-
nents by a suitable solvent10.

An adsorbent used particularly frequently in the frontal
concentration of trace components is active carbon, which
at a temperature from -60°C to +20°C can be used success-
fully for sampling and concentrating pollutants in atmos-
pheric4 and industrial12 air. It should be noted that a
concentrator containing active carbon has a very high
adsorption capacity and retains micro-components strongly,
making their thermal desorption difficult. Moreover,
carbon reacts with various sulphur-containing compounds,
and to trap effectively substances with a low molecular
weight (ethylene, methylene chloride), extensive cooling of
the trap is required4. Nevertheless, according to data
obtained by American workers, the best method for the
chromatographic determination of micro-quantities of
organic substances in air involves the passage of large
quantities of the contaminated air (about 10 litres) through
active carbon13 with subsequent desorption of the sorbed
trace components by carbon disulphide and analysis of the
extract obtained14. The efficiency of the adsorption of
most organic substances on active carbon is almost 100%,
and is not influenced by the volume of the sample nor the
rate of sampling. The efficiency of the desorption of
organic substances from carbon using carbon disulphide
is on the average greater than 90% 15 (according to the data
of the National Institute for Occupational Safety and Health
(USA)16 it varies for different substances in the range 81-
100%).

The trapping of micro-components from air in a column
containing silica gel at ordinary or more particularly at
low temperatures is very effective. Silica gel is widely
used to concentrate light and heavy hydrocarbons4, and
also organic substances of other classes and inorganic sub-
stances 17. An unsatisfactory feature of silica gel is its
highly hydrophilic nature and the incomplete trapping of
light hydrocarbons (up to C3). Thus ethylene is not com-
pletely sorbed on silica gel even when the trap is cooled to
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-78°C.4 In this case it is necessary to use more effec-
tive sorbents, for example molecular sieves, which are
also among the best adsorbents for carbon dioxide18. The
selectivity of zeolites with respect to various classes of
compound and individual substances makes it possible to
use them for the directed control and identification of
micro-components10. A serious disadvantage of these
adsorbents is the difficulty of desorbing the trace compo-
nents, particularly heavy components.

Thermal graphitised carbon black, treated with hydrogen
at a high temperature, is also used to concentrate trace
components. At low temperatures this non-specific
adsorbent makes it possible to trap micro-quantities of
organic and inorganic substances, including reactive com-
pounds, from the surrounding air9.

To extract readily volatile organic substances from air,
use is also made of carbon molecular sieves, consisting of
highly pure porous carbon, obtained by the thermal decom-
position of polyvinylidene chloride11. The high adsorption
capacity (specific surface approximately 1000 m2/g), ease
of desorption of trace components, and high thermal sta-
bility (the adsorbent is stable up to 400°C) make carbon
sieves (Carbopacks) valuable materials for filling sampling
adsorption tubes. In addition, Carbopacks are extremely
hydrophobic.

Other materials which do not absorb moisture include
polymeric sorbents, which together with active carbon are
most frequently employed to concentrate harmful sub-
stances from air in gas-chromatographic analysis19.
Porous polymeric sorbents are fairly stable to heat, have
a high adsorption capacity, and make it possible to sample
air at a high rate; the nature of the polymer influences
the selectivity of the absorption of micro-components
belonging to different classes. Recently, a new highly
effective sorbent, "Tenax GC", has been used to concen-
trate traces of toxic substances from air. This is a poly-
mer of 2,6-diphenyl-/>-phenylene oxide, which is now often
preferred to other adsorbents 20, is less polar than Porapak-S
and Chromosorbs, has a very high thermal stability, and is
characterised by a non-specific type of adsorption; this is
important for the desorption of high-boiling organic com-
pounds. Tenax is used at temperatures up to 400°C; it
does not react with most organic substances, and the
efficiency of the adsorption and desorption of micro-quan-
tities of organic compounds of different classes is greater
than 90%. Another advantage of this polymer, which is
used for the analysis of the most varied trace components
in air, is the possibility of high-speed sampling (a sample
can be taken in 10-20 s)21 and the high adsorption capacity
for compounds of different molecular weight.

Good results in the chromatographic analysis of air have
been obtained using sampling devices filled with hydropho-
bic packing or surface-modified adsorbents or modified
(for example by polyethylene) solid carriers22 , which have
been used to analyse substances with different boiling
points, including polyaromatic hydrocarbons.

One method for concentrating micro-components from
air on sorbents involves the removal of a sample on to a
moving sorbent (a so-called fluidised bed). This method
ensures more uniform distribution of the substances being
analysed throughout the volume of the sorbent and also a
high rate of sampling (up to 16 litre min"1).10 The method
is a version of the equilibrium concentrating method.

The methods for the absorption of trace components in
a concentrating trap, described above, are based on the
complete absorption of heavy trace components. A funda-
mentally new method was proposed by Novak and coworkers a .
The gas sample was passed through a small concentrator

column containing a suitable stationary phase at the tem-
perature of the surrounding medium, until "breakthrough"
of the trace components being analysed. Under these
conditions, the concentration of heavy trace components in
the sorbent along the entire length of the column is in equi-
librium with their concentration in the original mixture.
In the frontal method of concentration, only part of the layer
of sorbent is treated, whereas in the equilibrium concen-
trating of trace components, the entire volume of sorbent
in the trap is used, so that the total quantity of trace com-
ponents absorbed in the concentrator is greater in this
method. From the analytical viewpoint, the equilibrium
concentrating method has the following advantages: 1) it
is not necessary to measure accurately the volume of gas
passed through the trap; it is necessary only to use an
excess of gas and to know accurately the temperature of the
concentrator; 2) the method makes it possible to increase
selectively the sensitivity of the determination of trace
components and to avoid the sorption of components which
interfere in the determination, by selecting a suitable
filler; 3) it is possible to "equalise" the quantities of
individual components in the trap, since the distribution
coefficients increase in proportion to the increase in
molecular weight and the decrease in vapour pressure.
The unsatisfactory features of this method include the need
to keep the trap and sorbent at a constant temperature, and
the possibly incomplete thermal desorption of the specimen.

A method has been proposed24 for the gas-chromato-
graphic analysis of atmospheric pollutants by saturating a
volatile liquid with the air being studied until the equilib-
rium distribution of the trace components being determined
between the two phases (gas-liquid) is achieved, followed
by the chromatographic determination of the equilibrium
concentration of trace components in the liquid. This
method has the following advantages over the equilibrium
concentrating of micro-components in non-volatile liquids
with subsequent thermal desorption: it does not require a
knowledge of the exact quantity of absorbing liquid, it
allows repeated analysis from one sample of the concen-
trator, and it uses volatile solvents of low molecular
weight. In some cases it is appropriate to use a non-vola-
tile liquid as solvent.

The chromatographic analysis is sometimes preceded
by a concentration based on the condensation (freezing) of
trace components. After sampling, the trap is heated,
and the trace components are displaced into the chroma-
tographic column by a stream of carrier gas. To increase
the efficiency of the condensation of the trace components,
it is necessary to increase the cooled surface area of the
trap. This can be achieved by increasing the length of the
concentrating tube or by filling it with metal or glass
spheres or a column sorbent or adsorbent. Since subse-
quent thermal desorption of the sample is necessary,
thermally stable liquids are used as stationary phases for
these sorbents25. If extensive cooling of the trap is used,
micro-quantities of hydrocarbons in air at a level of
10~8% can be determined using a flame ionisation detec-
tor26. At the temperature of liquid nitrogen, the station-
ary phase acts not as a solvent but as an absorbent with a
low specific surface. The liquid phase is sometimes
applied directly to the walls of the concentrator tube, and
the impurities concentrated on it are des orbed by heating
and collected again in a trap containing molecular sieves,
with cooling by liquid nitrogen27. This two-stage concen-
tration makes it possible to determine very low concentra-
tions of trace components in air, for example in the study
of various biological substrates. The original method
provides for direct sampling into the chromatographic
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column, the initial section of which is cooled to -78°C.28

Here, the three stages of the chromatographic analysis of
the trace components (sampling, concentration, and intro-
duction of the sample into the chromatographic column) are
replaced by a single operation.

A serious disadvantage of concentration methods
involving extensive cooling of the concentrator trap is the
condensation of water in the traps, leading to a sharp
decrease in the adsorption capacity of the sorbent. Thus
in the concentration of trace components, a column con-
taining a reagent for the selective absorption of water
vapour is placed in front of the trap. The selection of a
drying agent is made difficult by the fact that it must
retain only water vapour and readily allow the passage of
the other components of the mixture being analysed1 .
Heated calcium chloride and magnesium perchlorate are
often used to dry specimens of air for analysis It must
be remembered, that Anhydrone irreversibly absorbs
nitro-compounds, ethers, nitriles, and unsaturated hydro-
carbons. Anhydrous potassium carbonate is a universal
and readily accessible drying agent for organic compounds.
Hydrocarbons, aldehydes, ketones, alcohols, esters, and
many other organic compounds pass practically unchanged
through absorbing columns containing potassium carbo-
nate3 .

The temperature of the cooling mixture must be 150-
180 K lower than the boiling points of the compounds being
trapped from the air. If the temperature is too low, how-
ever, aerosols which are not held in the trap may be
formed. Thus liquid nitrogen is suitable as a cooling agent
only to trap the vapours of compounds which boil at tem-
peratures not exceeding 100°C.10

The removal of aerosols and solid particles from air
has its own specific features, associated with the fact that
they are not absorbed by the usual sorbents. The
sampling of aerosols, which represent the form in which
most high-boiling hydrocarbons are present in air, and
also solid particles (dust, soot) is carried out on fine-
fibre filters of glass, plastic, or ceramic31. The com-
pounds of the sample collected on the filter are usually
extracted in a Soxhlet apparatus, and the resulting solution
analysed. Specimens of solid particles carrying various
chemical compounds on their surface in the adsorbed
state are treated similarly. Aerosols of metals and
various inorganic compounds (oxides, salts) are collected
on filters of glass fibre or on highly-dispersed fibrous
filters of polymeric materials (AFA-V-10 polyvinyl chlo-
ride filters).

An important contribution to the theory and development
of methods for the analysis of micro-components% has been
made by the work of Soviet scientists. The methods of
chromatography without a carrier gas, many of which were
first proposed and developed by Zhukhovitskii and
coworkers32, and which are also called high-concentration
gas chromatography, make it possible, under isothermal
conditions, to obtain a concentrated zone of both light and
heavy trace components at the column outlet. The use of
chromatography without a carrier gas, proposed by Zhu-
khovitskii and Turkel'taub33, makes it possible to improve
and simplify many methods for the analysis of trace com-
ponents. The method of vacancy chromatography34 is of
considerable importance for the determination of trace

tThe theory of the analysis and chromatographic sepa-
ration of micro-components is not discussed in the present
work, since it has been examined in detail in a number of
papers and in a monograph10.

components in air and other gases. A high degree of
enrichment of the sample in the micro-components being
analysed can be achieved by a thermal dynamic method of
concentration35 based on the use of a heater with a negative
temperature gradient, moving at intervals along the chro-
matographic column; the principal component of the mix-
ture being analysed is used as carrier gas. Under the
influence of the thermal field, the trace components, which
are sorbed more effectively than the principal component,
are concentrated, move along the column, and are eluted
from it at intervals. The trace component zones become
narrower, and sharp separation of the zones takes place.
These studies have made it possible to design several
forms of chromatograph specially for the analysis of
micro-components; these are now produced regularly by
Soviet industry, in particular the "Luch" chromatograph,
which uses enrichment of the micro-components for analy-
sis on previously evacuated columns36.

An interesting development of the method of chemical
concentration was proposed by Sakharov and coworkers37,
who increased the sensitivity by chemical concentration of
the micro-components being analysed, by means of a
series of successive chemical reactions.

Since the analysis of micro-components exhibits a whole
series of characteristic features, and the determination of
trace quantities of harmful substances in air encounters
various difficulties, these questions must be examined in
more detail. Even in its present form, chromatography
represents a method for determining traces (lO^-lO %)
and micro-quantities (below 10"7%) of substances, that is it
deals with specimens in the region of 10"8 g. At the same
time, in some cases it is necessary to detect the compounds
being analysed in quantities of 10"15 g. In quantitative
analysis, the range of concentrations extends from
99.9999% to 10"10%, and in the near future it may be neces-
sary to work at even lower concentrations5.

The limit of detection of the compounds being analysed
is determined by a number of restrictions, namely:
1) non-representative removal of an average sample;
2) the inclusion of new components (contaminants) in the
mixture being analysed, at different stages of the analysis
(from the sampling device to detection) from foreign
sources, and by consequent reactions of the components
being analysed; 3) loss of material by selective adsorption
during the analysis, and also by chemical reaction; and
4) a decrease in the maximum concentration of a substance
during separation.

The problems of the removal of a representative sample
are general for all analytical methods and are not examined
in the present review. Selective sorption must be exam-
ined in more detail. This restriction is associated with
the removal of the sample, and a number of factors—tem-
perature, the polarity of the surface and the substances in
the sample, their concentration, the degree of turbulence
of the flow, and the ratio of the volume to the surface—all
influence the results of the analysis. It is particularly
difficult to determine traces of non-polar substances pre-
sent in polar compounds, and also traces of polar sub-
stances present in non-polar compounds. The determina-
tion of traces of substances at concentrations lower than
3 x 10~6% depends on the sorptive activity of the surface of
the sampling device, which may lead to systematic errors.
In this concentration range, therefore, the sampling should
be dynamic5. In the analysis of micro-components, it is
necessary to use special sampling methods, preferably of
the continuous type, and special materials for the construc-
tion of the containers and connecting tubes; the roughness
coefficient of the surface should be close to unity5*3 .
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Kaiser5>39 lists the following difficulties in the analysis
of trace quantities.

1. The number of individual chemical compounds which
may be present in small quantities is extremely large. At
concentrations in the region of 10"4%, in addition to the
principal component (for example with air) with a concen-
tration of 99%, the maximum possible number of compo-
nents present in trace quantities is 10000, and in many
cases only several hundred can be detected individually.
At concentrations in the region of 10"7%, in addition to a
principal component at a concentration of 99.9%, the possi-
ble number of components present in trace quantities
reaches 106. All this complicates considerably the analy-
sis and particularly the individual identification of micro-
quantities of harmful substances present in air, after their
chromatographic separation.

2. The chemical reactivity of a number of components
present in trace quantities is extremely high. Many facts
indicate that some substances present in concentrations of
~ 10"7% cannot be concentrated to 10"4%, since they tend
to decompose at these concentrations. This introduces a
considerable restriction on the possibility of concentrating
micro-quantities of various substances from air.

3. The concentration of stable substances present in a
sample in trace quantities may be so low, and the concen-
tration of reactive unstable substances so high, that many
attempts to manipulate the sample will systematically lead
to a false result.

These difficulties in the analysis of micro-quantities of
harmful substances in air cannot always be overcome, but
there is now a fairly large number of chromatographic
methods which make it possible to analyse atmospheric
pollutants with a relative error of not more than 15-20%.

HI. DETECTORS. CALIBRATION

Although more than fifty detectors of different types are
now used in gas-chromatographic analysis, very few of
these have found extensive application for the analysis of
atmospheric pollutants. This is due chiefly to the inade-
quate sensitivity of many detectors, which makes it
impossible to carry out the direct determination of ultra-
small quantities of substances in air samples. The
detailed characteristics and applications of chromatogra-
phic detectors for the analysis of micro-components have
been described in monographs40'41 and in a large number of
reviews devoted to detectors of different types 2>43 and
problems of specific detection44.

1. Universal Detectors

Of the gas-chromatographic detectors known at present,
the flame ionisation detector (FID) is most frequently used
in atmospheric and industrial chemistry; the FID is an
almost ideal detector for the analysis of micro-quantities
of hydrocarbons and most organic compounds. It makes
it possible to analyse hydrocarbons at a concentration in
air of ~ 10~7-10 %, and when combined with preliminary
concentration of the sample, even from small volumes of
air, the sensitivity of the determination is increased by an
order of magnitude4. The FID, which was previously
regarded as insensitive to most inorganic compounds °,
also reacts to the presence, in the sample being analysed,
of oxygen, nitric oxide, nitrous oxide45'46, ammonia, phos-
phine, other oxides of nitrogen and cyanogen47, oxides of
carbon48, and perfluoroalkanes49; it can also be used to

determine low concentrations in air of sulphur dioxide,
hydrogen sulphide, carbon disulphide, and carbonyl sul-
phide, mixed with thiols50. For example, it is convenient
to use the flame ionisation detector, the sensitivity of which
for carbon disulphide depends on the rate of flow of hydro-
gen and the carrier gas, the flame temperature, and other
factors, for determining carbon disulphide vapour at con-
centrations ^ 0.01%. In this concentration range, the
magnitude of the FID signal is directly proportional to the
concentration; the formation of ions apparently takes place
via the formation, from carbon disulphide, of a small
number of CH' radicals, followed by the ionisation reaction
CH' + O = CHO+ + e, characteristic of the operation of the
FID.40'51 By using perfluoromethane (Freon 116) as
carrier gas, it is possible to detect sulphur dioxide and
carbon dioxide, and also nitrogen and inert gases52. The
use of ammonia as carrier gas has made it possible to
increase considerably the sensitivity of the FID towards
chlorinated hydrocarbons53.

An even more universal detector than the FID is the
argon ionisation detector, used for the analysis of many
organic and inorganic compounds40. The sensitivity of
the argon detector towards inorganic compounds of sulphur
lies in the range 10~6-10"3%;54 for phosphine the value is
~ 10"4%.55 The threshold sensitivity of this detector for
oxygen, nitrogen, hydrogen, methane, oxides of nitrogen
and carbon, and sulphur dioxide is ~ 10"5%,40 although for
organic compounds it lies at the sensitivity level of the FID.

Recently, micro-components in air have been analysed
using a pyroelectric katharometer, the sensitivity of which
is 500 times that of an ordinary thermistor katharometer50.

2. Selective Detectors

The analysis of atmospheric pollutants is made particu-
larly effective by using selective highly sensitive detec-
tors—electron capture (ECD), thermo-ionic (TID), flame
photometric (FPD), and coulometric (COULD) detectors —
which make it possible to carry out the qualitative and
quantitative analysis of micro-concentrations of pollutants
in complex many-component mixtures of substances of
different classes. Comparison of the chromatograms
obtained using universal detectors (reacting to all compo-
nents) and selective detectors (reacting to molecules with
definite hetero-atoms and functional groups) provides a
reliable means of identifying trace components in complex
mixtures in atmospheric and industrial air. This method
makes it possible, against a background of the hydrocar-
bons most frequently encountered in polluted air, to deter-
mine halogens (ECD), sulphur (FPD), phosphorus (TID),
etc. Combinations of FID and ECD, FID and FPD, and
FID and COULD are particularly effective. The mass-
spectral detector40 has a unique selectivity.

The most sensitive detector in gas chromatography
(see Table) is the electron capture detector57, which, in
spite of its short linear range, is widely used to determine
halogens, sulphur-, nitrogen-, and halogen-containing
organic compounds, and also metal aerosols (as chelate
or organometallic compounds) in air58*59. This is one of
the few detectors which can be used to determine nitrogen
dioxide60, inorganic compounds of sulphur61, and other
reactive substances by the direct method at concentrations
of~ 1 0 - 1 0 " The ECD can be used to detect micro-
quantities of polyaromatic hydrocarbons63; in the deter-
mination of meteorological tracers, for example sulphur
hexafluoride, in the atmosphere, the sensitivity of the
analysis reaches the phenomenal value of 2 x 10"l0%.64



Russian Chemical Reviews, 4 8 (10 ) , 1979 1011

The very high sensitivity of the ECD towards compounds
of the halogens (which increases with increased number of
halogen atoms in the molecule), and in particular to pesti-
cides65, has made this detector irreplaceable in the analy-
sis of residual quantities of pesticides in the environment.

Sensitivity and selectivity of the detectors most frequently
used for the analysis of pollutants in air.
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aromatic hydrocarbons; OMC = organometallic com-
pounds. The "plus" symbol indicates the class of com-
pound to which the given detector is most sensitive.

The FPD is also frequently used for this purpose. The
FPD has a high selectivity and is used for the analysis of
such atmospheric pollutants as sulphur-, phosphorus-,
nitrogen-, and halogen-derivatives of hydrocarbons, oxides
of nitrogen and sulphur, hydrogen fluoride, nitrogen
fluorides, carbon disulphide, and metals (as chelate com-
pounds)40'63'66. The FPD has been used to determine
nanogram quantities of the halogens and alkyl halides67'68

and lO-^-KT^o of volatile compounds of sulphur and phos-
phorus 60 '70, and a combination of an FPD and an FID
makes it possible to analyse separately, in atmospheric
air, micro-quantities of sulphur-, chlorine-, phosphorus-,
and nitrogen-containing compounds71. The chief charac-
teristic of the FPD and its use for the analysis of volatile
compounds of sulphur in air have been described72. This
detector makes it possible to determine, in polluted air,
~ 10"7% of sulphur dioxide, hydrogen sulphide, carbon
disulphide, carbon oxide sulphide, sulphides, andthiols73.

Ultra-small quantities of substances containing phos-
phorus, nitrogen, and halogens can be detected using the
TED, the threshold sensitivity of which is 2 x 10~6% for
chlorine, 10~8% for nitrogen, and 5 x 10~9% for phospho-
rus40 '74. Thus the TID, together with the ECD, is used
for the analysis of residual quantities of pesticides, and
also to determine toxic organic compounds of nitrogen and
chlorine in air41 '75.

The COULD has a high sensitivity towards compounds of
sulphur, nitrogen, the halogens, and phosphorus63. It has
been used to determine micro-quantities of the halogens,
sulphur dioxide, and hydrogen sulphide (10"5%) in air76.
The COULD, like other selective detectors (ECD, FPD,
TID), has an extremely low sensitivity towards hydrocar-
bons (lower by 3-5 orders of magnitude than that for
heteroatoms).

Among the other detectors used to determine traces of
harmful substances in air, the helium ionisation detector
has a high sensitivity. It makes it possible to analyse the
permanent gases, various light compounds of sulphur, and
light hydrocarbons (~ 10"7%)77, and also to determine low
concentrations of chlorine and Freons in air78.

In the analysis of air, increasing use is being made of
sensitive spectral detectors, the selectivity of which may
vary over a wide range; for example, the emission spec-
trometer79, a detector using microwave radiation80, and a
spectrofluorimetric detector, selective towards aromatic
compounds63. A very valuable detector for the gas-chro-
matographic analysis of micro-components is the mass
spectrometer, the sensitivity of which is comparable to
that of the FID.40 A combination of gas chromatography
and mass spectrometry makes it possible to determine
very low concentrations of toxic substances in air, and this
method is now preferred to all other methods for identifying
traces of a substance leaving a chromatographic column81.

3. Preparation of Standard Mixtures and Calibration

The magnitude of the signal of differential detectors
depends to a considerable extent on the nature of the com-
pounds being analysed. Thus to carry out accurate quan-
titative determinations it is necessary to know the indivi-
dual sensitivity of the detecting assembly with respect to
the substances being analysed. For the calibration, that
is for the determination of the quantitative relationship
between the instrument signal and the absolute concentra-
tion of a component, it is necessary to have mixtures of
the compounds being analysed with known concentrations,
that is standard mixtures. The basic principles, methods,
and characteristic features of the calibration of chromato-
graphic detectors has been examined in detail40541'43 and
are well known.

Static methods for preparing these mixtures are simple
and most convenient for gaseous and volatile substances.
The simplest involves the use of gas-measuring devices
of known volume, glass bottles, and other containers, into
which an accurately known quantity of the substance or
mixture of substances being analysed is introduced82'83.
Static methods of calibration are characterised by a large
number of possible sources of error, and are therefore
less reliable than dynamic methods; the chief disadvantage
of static methods of preparing standard mixtures is the
adsorption of micro-components on the walls of the con-
tainers (in some cases the losses may reach 50%10).

The dynamic method of calibration, which does not have
these disadvantages, is used much more frequently in
analysis. The simplest version of this method involves
the dilution (sometimes in several stages) of pure cylinder
gases, which are not always available, however. Here it
is necessary to have a special measuring apparatus which
makes it possible to control the gas flow rate very accu-
rately84. The National Bureau of Standards (USA) has
developed an apparatus for creating micro-concentrations
of hydrogen fluoride, arsine, and phosgene by dilution85.
The method makes it possible to obtain mixtures with a
concentration of substances in the range 0.5-5 times the
MPC. The method of exponential dilution86, previously
proposed by Lovelock10, makes it possible to decrease
considerably adsorption on the walls of the container and to
prepare very low concentrations of several substances
simultaneously. For the production of ultra-low concen-
trations in a stream or in a closed volume, a method based
on the electrochemical preparation of the components of
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the mixture being produced87 is of interest. A significant
advantage of this method is the absence of parts subject to
friction and the ease of control of the rate of liberation of
the gas being calibrated, by changing the current strength
through the electrolyte.

The method of preparing standard mixtures of micro-
quantities of different substances, based on the diffusion of
the gases or vapours of liquids into the stream of diluent
gas (carrier gas), is most widely used. The diffusion may
take place through a tube, a porous surface (glass or
ceramic), or a polymer film; in diffusion methods, sorp-
tion on the walls of the vessels is not significant. The use
of diffusion cells makes it possible to calculate the con-
centration of the mixture, but the accuracy of the dosage
and the reproducibility of the method are not always satis-
factory88.

The ability of micro-components to diffuse through the
walls of plastic tubing has aroused considerable interest
among analytical chemists 89. It has been found that the
stationary rate of diffusion of gases through the walls of
tubes of ethylene and propylene Fluoroplasts at a constant
temperature is practically constant, depending to slight
extent on the composition and pressure of the gas. The
rate of diffusion (and hence the concentration of micro-
components obtained) is determined from the decrease in
the weight of the tube containing the liquefied gas. The
method of preparing standard mixtures of micro-concen-
trations of different substances based on this phenomenon
has been widely used. The permeability of polymer tubes
to different substances has been studied >9°. Diffusion
through Teflon has been used to prepare standard mixtures
of hydrogen sulphide, carbon disulphide, hydrogen fluoride,
chlorine, ammonia, phosgene, propane, and methanethiol
in air91 ' 2. The method of preparing the filling the diffu-
sion tubes has been described93. Diffusion through a
Teflon tube may be constant for several years, and the
total error of this dosage method does not exceed 1-2%.M
The preparation of mixtures of moist air containing oxides
of carbon, sulphur, nitrogen, ammonia, chlorine,
hydrogen chloride, and other gases has been described95.
The construction of an apparatus for the accurately con-
trolled dilution of a gas specimen using semi-permeable
polymer membranes has been discussed96. For this pur-
pose, use has also been made of silicone rubber, which
passes the vapours of organic substances at a rate directly
proportional to the surface area of the tube and inversely
proportional to its wall thickness 97.

A simple method for preparing micro-concentrations of
chlorine and nitrogen dioxide involves the saturation, by
these gases, of BAU active carbon, from which the gases
can be desorbed to give concentrations of the gases at the
level of the MPC, which remain constant for a prolonged
period98. Various experimental problems in the prepara-
tion of standard mixtures and the calibration of chromato-
graphs have been discussed in various papers99'100 and a
monograph13. An interesting review of methods for pre-
paring standard mixtures at ultramicro-concentrations has
been published101. The theory of the principal methods for
calibrating instruments for gas analysis (in particular
chromatographs) has been described in detail102.

IV. CHARACTERISTIC FEATURES OF THE QUALITATIVE
AND QUANTITATIVE ANALYSE OF MICRO-QUANTITIES
OF HARMFUL SUBSTANCES IN AIR

The principal methods for identifying micro-concentra-
tions of harmful substances in complex mixtures in polluted
air, used in conjunction with gas chromatography, have

been examined in detail6 . The most promising method
for the qualitative analysis of micro-components in com-
plex mixtures of organic and inorganic compounds of differ-
ent classes is undoubtedly the combination of gas-chro-
matographic separation with mass-spectral analysis of the
individual components of the sample, leaving the chromato-
graphic column (GC-MS). This method of identification
gives the most reliable results and is widely used in the
analysis of atmospheric air and the air in living quarters
and in industrial plants (gas liberation from polymers,
rubber, plastics, etc.). After sampling and preliminary
treatment, the sample is introduced into the gas chromato-
graph-mass spectrometer system103, and the results of the
analysis are processed on a computer The method is
expensive and complex, but is being used on an increasing
scale for the control of pollutants in the environment, par-
ticularly in those cases where the polluted air contains
many-component mixtures of toxic substances.

Simpler methods are now being used for the same pur-
poses, and these methods, taken together, may give more
or less identical information on the composition of complex
mixtures of chemical substances. One such method is the
chromatographic-distribution method of identifying volatile
organic compounds 105. This method makes it possible to
carry out the qualitative and quantitative analysis of organic
substances (dissolved in an absorbing liquid) from the
relative distribution coefficients in a liquid-liquid system
(^rel)- The value ofKre\ is determined by gas chromato-
graphy from the results of the analysis of aliquot portions
of both liquid phases.

Various methods for the qualitative analysis of micro-
components after chromatographic separation of the com-
pounds in the sample have been described63'106. For this
purpose it is also possible to use purely chromatographic
methods, identifying the substances in the sample from
their retention characteristics 107~109 and from their loga-
rithmic relationships63'110 or by reaction gas chromato-
graphy63'111"113 and various other methods of analysis 114.

Sometimes, the components leaving a chromatographic
column are identified using colour reactions for individual

fi3

functional groups in organic compounds , but their sensi-
tivity (0.1-1.0 fig) u5 is often insufficient (in analysis on
capillary columns and in various other cases when small
samples are being analysed). The infrared spectrum of a
substance provides a reliable method for its identification.
The successful use of this method to characterise indivi-
dual substances after chromatographic separation is diffi-
cult, however, in the case of micro-components, and is
fairly infrequently encountered in the analysis of air, due
to the difficulty of accumulating a sufficient quantity of
substance (20-30 mg) to obtain infrared spectra63. A
spectrometer can also be used directly as a gas-chroma-
tographic detector, but this requires a special analytical
technique (spectrometer connected to the chromatograph,
special cells, etc.)116.

The successful identification of micro-quantities of
harmful substances in complex mixtures in polluted air
depends largely on the completeness of the separation of
the compounds being analysed in the sample. Thus the
chromatographic separation of toxic substances in air
samples is carried out using capillary packed columns
containing selective liquid phases117 or highly efficient
capillary columns l l8. The characteristic features of the
identification and quantitative analysis of micro-compo-
nents in air have been examined10'119'120.

It has been shown121 that the analysis of various aro-
matic hydrocarbons at a concentration of 10~7% from one
litre of air can be carried out with an accuracy of ±25%.
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The accuracy of the analysis depends on the complexity of
the system used for sampling, concentrating, preparation
of the sample for chromatographic separation, and the
chosen method of calibration. The use of even a moder-
ately complex concentrating system may in itself introduce
an additional source of errors in all analytical operations4.
To increase the accuracy of the chromatographic analysis
of atmospheric pollutants, it is necessary to use special
vapour-gas mixtures as standards, and also to measure
the rate of flow of air by means of additional flow-meters
in the dosage systems99'101. The methods of calculation
used in chromatography and the question of the accuracy
of chromatographic analysis have been discussed122'123.

V. ANALYSIS OF INORGANIC SUBSTANCES

The principal inorganic atmospheric pollutants are the
oxides of carbon, nitrogen, and sulphur, hydrogen sul-
phide, and the halogens, the main sources of which are
industrial emission and automobile exhaust. In addition,
atmospheric dust contains highly toxic oxides and aerosols
of metals (lead, mercury, beryllium, etc.). The compo-
sitions of inorganic industrial poisons are determined by
the specific features of the production process (inorganic
synthesis, metallurgy, textile production, etc.). Various
problems of the chromatographic analysis of micro-quan-
tities of harmful inorganic substances in air have been
discussed4'124.

kind cannot be carried out on columns with halogen-con-
taining stationary liquid phases, since the ECD is very
sensitive to halogens.

The analysis of chlorine and hydrogen chloride does not
require such rigorous conditions. These substances are
separated on ordinary stationary phases124, but particular
care is necessary with the very unstable chlorine dioxide,
particularly during its concentration9. The quantitative
determination of the MPC of chlorine and nitrogen dioxide
in the presence of other reactive gases has been des-
cribed131.

The conditions for the gas-chromatographic determina-
tion of various reactive gases in air have been examined
in detail132. It was established that by using an ECD it is
possible to analyse 1CT4-1O~5% of chlorine and oxides of
sulphur and nitrogen with a relative error of ~ 10%,
although for nitrogen dioxide the error may reach 50%.

The chromatographic analysis of phosgene presents no
particular difficulty, and the use of an ECD makes it
possible to analyse this gas in mixtures with chlorinated
hydrocarbons in concentrations of ~ 10"6-10"7%133. The
high sensitivity of the ECD makes it possible to analyse
air for ultramicroconcentrations of sulphur hexafluoride
and various other tracers used to study the propagation of
air currents in the atmosphere and various pollutants in
the troposphere (lower atmosphere)64.

2. Compounds of Nitrogen

1. Halogens and Their Compounds

The determination in air of micro-concentrations of the
halogens and their derivatives, which exhibit an appreciable
toxicity, involves familiar difficulties, associated chiefly
with the high reactivity of these substances: they react
with the material of the traps, the chromatographic
packing, the connecting tubes of the chromatographs, and
the detectors used. This can be partly avoided by using
apparatus constructed from corrosion-resistant materials
and by using inert sorbents and stationary phases stable
towards reactive compounds. Nevertheless, an unavoid-
able feature of the analysis of traces of corrosive and
reactive substances is the prolonged conditioning of the
chromatographic apparatus and sorbents in contact with
the gases being analysed9. All these problems in the
chromatographic analysis of air have been discussed in
detail9'124"127.

The gas-chromatographic determination in air of the
extremely reactive fluorine and most of its compounds is
carried out using completely inert sorbents and liquid
phases (chlorofluorohydrocarbons and polymers based on
them), and the parts of the chromatographic apparatus
(columns, connecting tubes, detectors) are made of Teflon
and pure nickel and its alloys 124. The methods of sam-
pling air contaminated by fluorine-containing inorganic
compounds have been examined128, but there is very little
published information on the gas-chromatographic deter-
mination of fluorine in air, and this generally relates to
the analysis of not fluorine, but its derivatives, for
example triethylfluorosilane129. The very reactive chlo-
rine trifluoride, which is liberated from liquid oxidants
in the transport of rocket fuel, has been determined (at a
concentration of 5 x 10~6%) on a chromatograph with an
ECD on a packing containing a methylsilicone oil after
separation from air and halogens l30. Analyses of this

Among many methods for the analysis of oxides of
nitrogen134'135, their gas-chromatographic determination
in air has recently been widely used136, but at present this
method is not preferred, because the chromatographic
analysis of micro-quantities of oxides of nitrogen, parti-
cularly nitrogen dioxide, encounters a whole series of
difficulties, associated with the high reactivity of these
compounds. For the analysis of micro-concentrations of
nitrogen dioxide, it is best to use glass columns and inert
stationary phases based on chlorofluorohydrocarbons 137.
However, prolonged conditioning of the chromatographic
packing in the presence of oxides of nitrogen makes it
possible to analyse these and other reactive gases on
ordinary stationary phases, for example diethyl phtha-
late131. Various chromatographic columns and detectors
used for this purpose have been discussed138. The detec-
tion of nitrogen dioxide by a katharometer after preliminary
concentration of the sample makes it possible to determine
~ 10"4% of this gas in air131. A similar result is obtained
in the direct determination of oxides of nitrogen using an
ECD139.

In view of the difficulties of the direct analysis of
micro-quantities of nitrogen dioxide, the methods of reac-
tion gas chromatography have been increasingly used in
recent years for this purpose. By using an ECD, it is
possible to determine with a high sensitivity the products
of the reaction of oxides of nitrogen with phosphines or
phosphites140, styrene, or xylenes 141. The conversion of
nitrogen dioxide into nitrobenzene and the determination of
the latter (10~12 g) using an ECD has been described142.

The analysis of oxides of nitrogen in the atmosphere is
further complicated by the fact that, under the influence of
sunlight, they react with hydrocarbons, forming in the
smog an even more reactive mixture of ozone, peroxy-
acetyl nitrate, and peroxybenzoyl nitrate. Methods for
sampling air and for the chromatographic analysis of
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oxides of nitrogen in the atmosphere in the presence of
oxides of sulphur and carbon, oxidants, and hydrocarbons
have been described143'144.

Equal difficulties are encountered in the chromatogra-
phic analysis of nitric oxide, which is usually present in
air mixed with other oxides of nitrogen The accuracy
of the analysis can be improved by the quantitative removal
of nitrogen dioxide in a special column using 2,2' ,2"-nitri-
lotri(ethanol) on a diatomite carrier145; to increase the
sensitivity, the products of the reaction of nitric oxide with
sodium butoxide are detected using an FID.146

The determination of nitrous oxide in atmospheric air
presents no difficulties, and is generally carried out by
gas-adsorption chromatography l47. An interesting feature
is that with increase in temperature from 20°C to 400°C
the sensitivity of the ECD towards nitrous oxide increases
by a factor of 1000. This phenomenon can be used to
monitor low concentrations of nitrous oxide in the atmos-
phere147.

The electron-capture detector makes it possible to
determine 10"7% of nitrates and nitrites in air and in bio-
logical media after conversion to nitrobenzene148. The
direct chromatographic analysis of ammonia, particularly
in the presence of moisture, is complicated by the
spreading of the peak corresponding to this substance on
most available packings 149. The determination of ammo-
nia in cigarette smoke has been described150; ammonia
has been detected together with other gases in the products
of the combustion of plastics 151.

Similar mixtures of inorganic gases, also containing
cyanide vapours, are encountered in industrial air con-
taminated by the products of the combustion of polyure-
thanes Micro-quantities of hydrogen cyanide and
cyanogen (~ 10 4%) have been determined in air using an
FID after the separation of hydrogen cyanide from other
gases on a column containing Carbopacks on Teflon183. A
method has been described for removing cyanide vapours
on silica gel with subsequent extraction of the sample by
methanol and chromatographic analysis of the resulting
solution at room temperature on a column containing adi-
oonitrile on celite Traces of cyanogen chloride in air
have been determined using an ECD

3. Compounds of Sulphur and Phosphorus

Inorganic compounds of sulphur are sampled and con-
centrated using cooled traps containing column packings156

or concentration columns containing 13X molecular sieves 157

or active carbon158 as adsorbents. In the last case, the
sample is extracted from the column using benzene, and
analysed on a chromatograph with a flame photometric
detector.

In the analysis of compounds of sulphur, glass or
Teflon columns are used , and Porapak-S is success-
fully used as sorbent for the chromatographic separation.
Columns containing different packings, previously condi-
tioned by the gases being analysed, are also used. The
best solid carriers are Chromosorb W and porous poly-
meric sorbents, on which various liquid phases (chiefly
polar phases) are deposited160. In the opinion of some
authors 161, the separation of organic compounds of sul-
phur, hydrogen sulphide, sulphur dioxide, and carbonyl
sulphide present in air in very low concentrations is best
carried out using chromatographic columns containing
Carbopacks, treated with a solution of phosphoric acid and
nitrylsilicone XE-60.

Gas-chromatographic methods for determining micro-
quantities of carbon disulphide and carbon oxide sulphide 158

and hydrogen sulphide162, and the analysis of complex
mixtures of inorganic compounds of sulphur in the atmos-
phere 163, in the neighbourhood of a cellulose and paper
plant164, in the effluent gases from plants producing
starch1 5, and in sulphuric acid manufacture166 have been
described.

Cryogenic gas chromatography has recently been used
for the analysis of atmospheric pollutants. Traces of the
oxides of nitrogen, carbon, and sulphur, hydrogen sul-
phide, carbonyl sulphide, and light hydrocarbons are much
more effectively separated on ordinary chromatographic
packing at low temperatures 167.

Elemental phosphorus in air is determined by trapping
it in an absorber containing xylene and analysing an aliquot
portion of the solution on a chromatograph with an FPD 168.
Phosphine can be determined in air at a concentration of
10"7% using ionisation detectors 169.

4. Permanent Gases

The permanent gases and other low-boiling gases are
generally analysed by gas-adsorption chromatography,
since the solubility of these gases in the liquids used as
stationary phases in gas-liquid chromatography is usually
too low. Most work on the chromatography of the per-
manent gases has been devoted to the determination of the
oxides of carbon, liberated into the atmosphere in various
processes of fuel combustion and in forest fires.

The chromatographic separation of micro-quantities of
the permanent gases is usually carried out using active
carbon, molecular sieves, and porous polymers as
adsorbents124. For the analysis of mixtures of substances
having a wide range of boiling points (permanent and inert
gases and hydrocarbons), 2-3 columns with different
adsorbents are used170.

In recent years, several detectors have been described,
which make it possible to determine with a high sensitivity
(10"4-10"5%) the oxides of carbon and other permanent
gases in the atmosphere and in industrial air. These
include discharge detectors 1T1, ultrasonic detectors 172,
and the pyroelectric katharometer173. The last detector
can be used to detect reliably 5 x 10"5 vol.% of carbon
monoxide with a relative error of not more than 5%. A
high sensitivity in the determination of CO can also be
achieved using a detector of low sensitivity. In this case
the carbon monoxide present in a sample of several litres
of air is concentrated by extensive cooling on a column
containing CaA zeolite1 4. By concentrating the CO in
stages, it is possible to determine less than 10"6% of car-
bon monoxide175. Nevertheless, the analysis of micro-
concentrations of carbon monoxide (and sometimes also
carbon dioxide) is most frequently carried out by catalytic
hydrogenation of CO to methane with subsequent detection
of the CH4 on an FID.176 The sensitivity of this method is
~ 10"5%; an unsatisfactory feature is the low accuracy
and the time taken for the conversion.

The chromatographic determination of micro-quantities
of carbon dioxide is carried out using columns containing
silica gel and other adsorbents In addition to the
analysis of atmospheric air , gas chromatography is used
to determine CO, 79 CO and CH4,

180 and CO and light
hydrocarbons 181 in respirator gases, and also to analyse
air in sealed isolated compartments 182 and mines 183.
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Gas chromatography can also be used to determine
traces of ozone, separated from air and chlorine on silica
gel at low temperatures, and detected using an ECD
(~ 5xio-3%)1&§

5. Metal Aerosols

The ability of various metals to form volatile complex
compounds with organic ligands, particularly chelate com-
pounds 185, has made it possible to use gas chromatography
to determine the aerosols of various toxic metals and their
compounds in air.

Only a few minutes are required for the chromatographic
analysis of picogram quantities of aluminium and chromium
as their chelate compounds with trifluoroacetylacetone
(TFA) 186

O The methods of sampling and the conditions for
the separation and chromatographic analysis of highly toxic
aerosols of metallic beryllium and its compounds have been
described187. The air being analysed was passed through
a filter, the aerosols retained were ashed with the filter
and dissolved, and a solution of TFA in benzene was added.
An aliquot portion of the benzene solution of the resulting
Be(TFA)2 was analysed on a chromatograph using an ECD,
which makes it possible to determine metal chelate com-
pounds with a very high sensitivity (10"10 g aluminium,
10"12 g chromium, and 10' l3 g beryllium) .

VI. ANALYSIS OF ORGANIC SUBSTANCES

1. Readily Volatile Hydrocarbons

Methods for the gas-chromatographic analysis of
micro-quantities of hydrocarbons in air have been fairly
well developed and described in detail4'189'190. The sub-
stances present in a sample of polluted air are usually con-
centrated on a suitable adsorbent (silica gel, active carbon,
polymeric sorbents) at the temperature of the surrounding
medium (or with cooling), or trapped in a concentrator
containing an inert packing at low temperatures, and the
separation and analysis are carried out using various sor-
bents and a flame ionisation detector. For the overall
determination of hydrocarbons and other organic substances
in air191, the sample being analysed is introduced directly
into the FID. For the separate determination of the light
hydrocarbons (Ci-C4), gas-adsorption chromatography is
used, with active carbon, silica gel192, molecular sieves 193,
or Porapak-S 194 as adsorbents. Micro-quantities of
heavier hydrocarbons (beginning from ~ Cs-Ce) are ana-
lysed by gas-liquid chromatography, and several dozen
liquids of different polarity are used as stationary phases.

Gas chromatography can be successfully used to analyse
samples of polluted air of complex composition containing,
in addition to hydrocarbons, their derivatives containing
atoms of oxygen, nitrogen, sulphur, and halogens. Mix-
tures of industrial poisons of this kind are liberated into
the air of industrial plants in the preparation, processing,
and storage of polymers and technical compositions based
on them, and also in the pyrolysis of these materials under
different conditions 195'196. A combination of chromato-
graphic columns with stationary phases of different polarity
has made it possible to separate and identify the compo-
nents of the gases liberated in the vulcanisation of rubber197

§See also Ref. 340.

and in rubber mixing l , and the combination of gas chro-
matography and mass spectrometry has given detailed
information on the composition of the volatile products
polluting air when various rubbers are heated199.

The possibilities provided by gas chromatography in
the study of toxic products in atmospheric and industrial
air have been extended considerably by the use of highly
efficient capillary columns. Approximately 100 paraffinic,
naphthenic, and aromatic hydrocarbons have been deter-
mined in the air of industrial plants containing white-spirit
vapour. The analysis was carried out on a chromato-
graph with a 70-metre capillary column containing squalane
at 100°C 20°-202. A mixture of alkylbenzenes liberated into
the air by plants producing polystyrene has been studied
similarly . Complex mixtures of hydrocarbons and
their derivatives, polluting the air in the production of
rubber footwear, have been separated on capillary columns
and identified by various physicochemical methods204.
The use of temperature programming on capillary columns
containing silicones has made it possible to separate and
identify up to 200 C3-C l2 hydrocarbons present in the
gases emitted from automobile and diesel engines205. The
absolute quantity of soot in treated automobile gases has
also been determined by gas chromatography after trapping
the soot by means of a sitall (glass ceramic) filter and
pyrolysis of the sample206, and the highly toxic tetra-ethyl-
lead has been determined in air at a concentration of 1 mg
m~3 using an ECD207.

Particularly valuable information on the composition of
atmospheric pollutants is given by the combination of gas
chromatography and mass spectrometry. This method
has been used to determine the concentration of organic
pollutants in industrial and city air208'209. The sample of
air being analysed was passed through a drying agent and
a cooled trap containing Tenax GC 21 or Chromosorb W,
impregnated with a silicone211; the concentrated compo-
nents were displaced from the trap by heating, into a
capillary column connected to the mass spectrometer.

2. Vapours and Aerosols of Hydrocarbons with a Low
Volatility

The chromatographic analysis of hydrocarbons with a
high molecular weight encounters certain difficulties
associated with the sampling, separation, and detection of
high-boiling compounds. Organic pollutants of high
molecular weight in the form of aerosols, and also
adsorbed on dust particles suspended in air, are trapped
by mechanical or electrostatic filters and fractionated by
extraction or thin-layer chromatography. Methods for
isolating organic substances from aerosols and dust, and
apparatus and procedures for the analysis of atmospheric
pollutants of this kind have been described212'213.

More than 100 organic substances (C6-C2o) have been
identified in city air after passing the sample through a
cigarette filter of active carbon or through a column con-
taining graphitised carbon black, with subsequent extrac-
tion of the sorbed compounds by carbon disulphide and
chromatographic analysis of the substances liberated on a
capillary column with a silicone liquid phase214. The com-
ponents of these complex mixtures are identified by the
usual chromatographic-mass-spectrometric method214)218.

Gas chromatography has been used increasingly in
recent years to solve the important problem of determining
the concentration in air of polycyclic aromatic hydrocar-
bons (PAH), many of which are carcinogenic. The PAH
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present in air, which are usually adsorbed on dust par-
ticles, are concentrated on active carbon216 or collected
on a glass fibre filter217; they are then extracted by ben-
zene, cyclohexane, or nitromethane, and subsequently
analysed by gas chromatography. A simple apparatus for
the effective collection of samples of this kind, consisting
of a condenser coil containing Tenax GC , has been
described218. Micro-concentrations of PAH are now
successfully separated using modified sorbents. A short
column containing celite-545, the surface of which is
covered by linear polyethylene, with temperature pro-
gramming from 70°C to 290°C, can be used to separate
16 polyaromatic hydrocarbons , and even to separate
such pairs as phenanthrene and anthracene, chrysene and
benzanthracene, and perylene and 3,4-benzpyrene. Equally
effective results were obtained using a column containing
graphitised carbon black220, and also carbon black impreg-
nated with a small quantity of a polyphenyl ester221. This
packing makes it possible to separate 3,4- and 1,2-benzpy-
renes in 30 min, and anthracene and phenanthrene in
2-3 min (at 320°C).

The combination of gas-chromatographic separation with
spectrofluorimetric detection has a high selectivity in the
analysis of PAH' The fluorimetric detector, the sen-
sitivity of which with respect to fluorene is not less than
5 ng, can be used to detect selectively even PAH peaks
which overlap on the chromatograms 23. An even greater
increase in the selectivity of this analysis can be achieved
by preliminary separation of the PAH from the air sample
by thin-layer chromatography244. Approximately 40 new
PAH have been identified in air after separating an extract
of the sample by liquid chromatography on a column con-
taining silica gel, with subsequent gas-chromatographic
analysis on a capillary column using a mass spectrome-
t e r . This method has been used particularly frequently
in recent years, and the polyaromatic compounds have been
identified by a combination of gas chromatography, mass
spectrometry, nuclear magnetic resonance, and computer
calculations .

Progress in the gas-chromatographic analysis of poly-
nuclear hydrocarbons in recent years has been discussed227,
and it has been pointed out that the extraction of the PAH
sample from glass fibre filters, carried out in a Soxhlet
apparatus, takes a long time and has a low reproducibility,
and liquid-phase extraction using ultrasonics,'or the even
more effective gas-phase extraction, have been recom-
mended for this purpose.

3. Oxygen-containing Organic Compounds

One of the most toxic atmospheric pollutants is peroxy-
acetyl nitrate (PAN), which is formed together with other
compounds in the photolysis of automobile exhaust gases
or as a result of atmospheric photochemical reactions
involving hydrocarbons and oxides of nitrogen. Reactive
PAN and alkyl nitrates are analysed using a glass or Teflon
column with a packing of polyethylene glycol on Chromo-
sorb W, and an ECD, which selectively detects PAN in
mixtures with hydrocarbons 228'229. The same methods are
used to analyse toxic nitroalkenes ^ , peroxypropionyl
nitrate, and peroxybenzoyl nitrate231.

Micro-quantities of polar aldehydes, ketones, and alco-
hols have been separated from hydrocarbons using a sec-
tional chromatographic column containing OP-7 detergent
and the highly polar cyanoethoxypropane, which are also
present in the packing of the enriching column232. The

determination of aldehydes and ketones in air by gas chro-
matography has been described233'234. In the analysis of
alcohols and esters, a liquid absorber containing an alco-
hol or n-paraffinic hydrocarbons, or a column containing
active carbon or silica gel, are used as concentrators .
The use of water for the selective extraction of C1-C4
alcohols adsorbed on carbon makes it possible to separate
them from other compounds in the sample236. Chromato-
graphic methods have been developed for the analysis of
phenols in air; the phenols are separated on capillary and
packed columns 237'238. For the separate determination
and identification of carboxylic acids, the air is passed
through a glass fibre filter impregnated with alkali, or
through a column containing silica gel; alternatively, the
acids are absorbed by a solution of sodium hydroxide239.
Capillary columns containing squalane and XE-60 cyano-
silicone have been used to determine the composition of a
complex mixture of oxygen-containing volatile substances
(aldehydes, alcohols, carboxylic acids), contaminating air
as a result of the decomposition of resin240.

4. Organic Con pounds of Sulphur and Phosphorus. Pesti-
cides

Gas-chromatographic methods for determining volatile
organic and inorganic compounds of sulphur using different
detectors and different packing have been reviewed241. The
sulphur compounds are trapped from the air in concentra-
tion tubes containing silica gel, active carbon, or Tenax
QQ 242,243 Micro-quantities of organic compounds of sul-
phur are generally separated using the same packing as in
the analysis of hydrocarbons, and the preferred detector
is the FPD, which has a high sensitivity and selectivity to
volatile compounds of sulphur' Gas chromatography
has been used to analyse sulphur-containing odourants and
to determine other pollutants with a strong odour in air24*",
and also for the analysis of traces of the highly toxic
dimethyl sulphate246.

The chromatographic analysis of organic compounds of
phosphorus has been reviewed247. Gas chromatography is
now the most sensitive and most convenient method for
analysing the environment for pesticides, most of which
are organic compounds of phosphorus and chlorine248.
Most organic pesticides are fairly volatile, so that they can
be separated in the vapour phase at temperatures up to
250°C. The methods of air sampling and the quantitative
chromatographic analysis of pesticides have been dis-
cussed249' °. Micro-quantities of pesticides are analysed
on glass columns (to avoid the decomposition of complex
halogen-containing molecules) containing different packing,
usually with silicone stationary phases 1'252; glass capil-
lary columns combined with an ECD are also used253.
After enrichment of the sample, the sensitivity of the
determination of pesticides using an ECD may reach 1 ng
m"3 air251. The TID is extremely selective and sensitive
to phosphorus-containing pesticides, and is now being used
successfully to determine these substances in air254.

5. Halogen-containing Organic Compounds

Fluorinated hydrocarbons255, chlorofluorohydrocar-
bons256, and fluoro-organic acids257 in air are determined
by gas chromatography using an ECD. Li addition, a
large number of recently published papers describe the
chromatographic analysis of chlorinated hydrocarbons,
particularly the determination of the highly toxic vinyl
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chloride. Methods for determining chlorinated hydrocar-
bons, proposed as standard methods, have been described258.
Organic chlorine-containing compounds are most frequently
concentrated in short columns containing active carbon259,
from which they are desorbed by heating or extracted by an
organic solvent; silicones, hydrocarbons, and phthalates
are generally used as stationary phases for the separation
of these compounds.

Micro-quantities of halogenated hydrocarbons are
usually detected using the COULD and ECD260'261, and the
latter is an almost ideal detector for the analysis of halo-
gen-containing substances. It is practically insensitive to
hydrocarbons, whereas its sensitivity towards various
organic compounds of chlorine may reach 8.5 x 10~u%.262

At the same time, the FID is most frequently used for the
analysis of vinyl chloride (one chlorine atom in the mole-

on solid sorbents have been discussed' active carbon'

cule)' Samples of air contaminated by vinyl chloride
are obtained using Tenax GC or other adsorbents, the best
of which is active carbon. If carbon disulphide is used as
extracting agent, the efficiency of the desorption of vinyl
chloride from carbon is greater than 90%.

Gas chromatography has been used to analyse chlorine-
containing pesticides265, complex mixtures of Freons266,
polychlorobiphenyls267, and other chlorine-containing
organic pollutants of atmospheric and industrial air 8.

6. Nitrogen-containing Organic Substances

1 mg m"3 of the isomers of nitrotoluene can be deter-
mined by passing 20 litres of air through an absorber con-
taining ethanol26 . The gas-chromatographic analysis of
air contaminated by benzene, chlorobenzene, nitroben-
zene270, and volatile N-nitroso-compounds has been
described271. Nitriles, to which the ECD and FID are
equally sensitive, are determined using the second of these
detectors, by means of which it has been possible to detect
5 x 10"5% of acrylonitrile in 1 ml of sample272'273. Micro-
concentrations of 2,4-toluenedi-isocyanate have been deter-
mined in air using an ECD274. The accuracy of the chro-
matographic determination of mono-, di-, and trimethyl-
amines in air using the FID is not less than 15%, and the
sensitivity of the analysis is ~ 0.2 mg m~3.275'27 Good
results are obtained by concentrating and separating amines
on columns containing Tenax GC 277. The flame ionisation
detector has also been used to determine micro-quantities
of aniline278, pyridine, picolines, lutidines, and other
pyrimidine bases, which contaminate the air in the produc-
tion of tar and pitch279. The analysis of complex mixtures
of polycyclic quinones in the atmosphere has been des-
cribed280.

VH. SUMMARY

Methods for the gas-chromatographic analysis of pollu-
tants in the environment are being intensively developed.
Among recently published studies, the following are note-
worthy.

Sources of atmospheric pollution have been discussed284

and the problems of analysis in the control of the pollution
of the environment have been reviewed285. A detailed
review of methods for the analysis of polluted air has been
published286. Special reviews have recently been devoted
to the gas-chromatographic analysis of air2 7"289.

The general principles and methods of sampling air
have been reviewed29 '291, and the criteria for evaluating
methods for trapping traces of harmful substances in air

or polymeric sorbents are most frequently used for this
purpose. A promising sorbent is polyurethane foam,
which has been found to be an effective material in traps
for concentrating traces of phthalates295, pesticides296'297,
polychlorobiphenyls 297, and PAH 298. Polysorbimide-1 2 "
and the new carbon-containing sorbents Carbochrome-5
and Ambers orb XE-340 299>300 have proved to be very effec-
tive sorbents for micro-quantities of various chemical
substances. Different tvpes of apparatus and filters for
trapping solid particles and aerosols have been described301"
303. Selective sorbents for carbon monoxide have been
found. These include silver-containing304'305 and copper-
containing305 zeolites.

The electron-capture micro-detector, used in work with
glass capillary columns, is being increasingly employed in
the analysis of air306. The principles of the detection of
traces of harmful substances in air using the COULD307,
conductometric308, ultrasonic309, and piezo-electric310

detectors, the pyroelectric katharometer311, and photo-
metric312 and electrochemical313 detectors have been
further developed. The combination of gas-chromato-
graphic separation with detecting systems such as atomic-
absorption 14 and atomic-fluorescence315 spectrometers
appears extremely promising for the analysis of micro-
quantities of metals. The semiconducting detector316

has an exceptionally high sensitivity towards organic sub-
stances with a large number of carbon atoms. A promi-
sing detector for the analysis of many inorganic compounds
is the aerosol detector317, and the neon ionisation detector
can be used to determine approximately 10~5 vol.% of car-
bon monoxide in air without preliminary concentration318.
A whole series of new methods based on reaction gas chro-
matography have been proposed for increasing the sensi-
tivity of detection, and have been used to analyse air for
micro-quantities of hydrogen fluoride319, halogen com-
pounds , styrene , carboxylic acids , and bischloro-
methyl ether 23. The general principles of the chemical
concentration of trace components using reaction gas
chromatography has been described324.

New versions have been developed for various methods
of preparing standard mixtures of substances for calibrating
detectors3 >327; permeable polymer membranes are used
particularly frequently for this purpose328*329. New
methods of preparing effective glass capillary columns330

and methods of using capillary columns for the highly sen-
sitive quantitative analysis of micro-components3 x have
been described. Micro-quantities of harmful substances
in complex mixtures in polluted air are most frequently
identified by the GC-MS method332>333. Other systems
successfully used for this purpose include the microwave
helium detector3 , a combination of gas chromatography
with infrared and NMR spectroscopy3 , and the identifica-
tion of the components of complex mixtures of hydrocarbon!
using the retention indices336.

Gas chromatography has been used to analyse air for
micro-quantities of phosgene337, oxides of nitrogen338,
hydrogen cyanide339, ozone340, inorganic compounds of
sulphur341^42, carbon monoxide34353 4, the permanent
gases345, organometallic compounds346, and metals in the
form of chelate compounds347. Two recently published
detailed reviews deal with the gas-chromatographic deter-
mination of metals, including the volatile complexes of
metals with organic ligands 8>349.

A large number of papers have dealt with the determina
tion of traces of organic substances in air. Methods for
the analysis of hydrocarbons and other organic compounds
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in solid dust particles and aerosols have been described350"
56. Complex mixtures of atmospheric pollutants liberated

from polymers and elastomers have been analysed357'358

and the determination of a large number of organic sub-
stances in town and country air by GC-MS has been des-
cribed299'300. Automobile exhaust gases contaminating the
atmosphere have been analysed' The gas-chromato-
graphic method for determining traces of PAH in air has
been further developed360"362; steel and glass capillary
columns have been used to separate these carcinogenic
substances. The analysis of air for phthalates363, formic
acid364, phenols365, acetone366, acrolein and isoprener"~

I 368biphenyl , peroxyacetyl nitrate , and various solvents
and odourants371 has been described.

Gas chromatography has been used successfully for the
analysis of amines3 2, nitro-compounds373, and the car-
cinogenic nitrosamines374'375. Odourants containing
organic and inorganic compounds of sulphur
low-molecular-weight chlorohydrocarbons 379-3 82

, toxic
, and very

low concentrations of the carcinogenic vinyl chloride383"3

and trichloroethylene386 have been analysed. The ECD has
been successfully used to analyse air for traces of pesti-
cides3875388, polychlorobiphenyls389, and bischloromethyl
ether390.

A large number of automatic gas analysers have recently
been developed for the operational control of the state of the
atmosphere (in cities, industrial centres, factories, etc.),
and the use of these analysers has been reviewed391. Gas-
chromatographic analysers have been specially produced
for analysing air for traces of carbon monoxide 92 and
reactive hydrocarbons393, for the analysis of solvent
vapours3 , the determination of vinyl chloride395, and the
control of the concentration of sulphur dioxide396, pesticide
vapours397, and bischloromethyl ether398 in the atmosphere.

The present problems in the chemistry of the atmos-
phere and industrial hygiene relate chiefly to the accurate
and sensitive determination of the concentration, in the
troposphere, of hydrogen sulphide, sulphur dioxide, com-
pounds of the halogens, and various acidic gases"; and the
identification and determination of a whole series of sub-
stances which irritate the eyes and have unpleasant odours.
Gas chromatography, and particularly chromatographic-
mass-spectral analysis with computer processing of the
results, can obviously be of considerable assistance in the
study of the qualitative composition of even very complex
mixtures in polluted air, consisting of several hundred
chemical compounds, and also for the accurate quantitative
estimation of the level of contamination of air.

In recent years there has been a marked increase in
interest in the standardisation of analytical methods for the
study of polluted air3. It is now urgently necessary to
unify methods for the analysis of photochemical oxidants,
oxides of nitrogen, sulphur, and carbon, and solid parti-
cles suspended in air. The need to develop standard gas-
chromatographic methods for the analysis of hydrocarbons
in the atmosphere has been justified28 .

Methods of this kind have also been developed for other
organic compounds3'16'282'283.

- - - o O o - - -

In conclusion it should be noted that gas chromatography
has become the chief method for the analysis of polluted
air, and it is now used to determine traces of practically
all organic and many inorganic substances, and also metal
aerosols and organometallic compounds entering the atmos-
phere. A whole series of problems remains unsolved in
this field of the analysis of micro-components, however,

associated with obtaining representative samples of the
air, the concentrating of the trace components, the sensi-
tive and specific detection of the substances being analysed
against a background of interfering components, and also
the reliable identification of trace components after chro-
matographic separation.

The solution of the problem of sampling air, which is
essentially the problem of concentrating the trace compo-
nents, depends to a large extent on the development of
polymeric sorbents of the "Tenax" type, which make it
possible to trap various chemical compounds effectively
from contaminated air. On the other hand, a no less
effective method involves the selective trapping of the trace
components using reactive sorption columns placed in
front of the trace component concentrator. This method
of sampling appears more promising, since it facilitates
considerably the subsequent identification of the substances
being analysed and increases the speed of analysis.
Methods of sampling (concentrating) trace components by
bubbling the air through an active liquid also deserve
attention.

Approximately ten selective and sensitive detectors
(ECD, FPD, COULD, etc.) are used for the chromatogra-
phic analysis of trace components in air, but there is still
no suitable detector for the selective detection of micro-
quantities of inorganic substances (particularly carbon
monoxide) against a background of the interfering organic
trace components of the sample. The development of
detectors selective towards the principal classes of atmos-
pheric pollutant has made it necessary in some cases to
detect only particular components (usually the most toxic)
of the sample against a background of all other substances
contaminating the air.

The most reliable information on the composition of
complex mixtures of atmospheric pollutants is obtained by
the GC-MS method, but the extensive application of this
method is restricted by the high cost of the analyses.
This has made it necessary to develop simpler methods
for identifying trace components, based, for example, on
the use of reaction gas chromatography or the chromato-
graphic-distribution method of analysis.
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