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Introduction

Headspace analysis is a technique for sampling and
examining the volatiles associated with a solid or
liquid sample. The actual headspace itself is the

volume of vapor or gas above the sample. For most
headspace analysis purposes the sample and its as-
sociated headspace are held within an enclosed con-
tainer (Figure 1). Often, it is the volatiles that are of
primary importance when, for example, the chemical
composition of the mixture giving rise to the aroma
of the sample is to be determined. In other circum-
stances, examination of the volatiles rather than the
whole sample greatly simplifies the analysis and still
gives information relating to the whole sample. In
effect, the analytical complications that are often
apparent as a result of a complex matrix are consid-
erably decreased.
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Figure 1 The fundamental concept of headspace analysis.

Principles

Headspace volatiles can be examined by a number of
analytical methods and, although the technique is
most often associated with gas chromatography
(GC), it is perfectly feasible for headspace samples
to be analyzed by other analytical methods. Such
methods as mass spectrometry (MS), molecular spec-
trometric techniques, and voltammetry have been
used, although infrequently and, if the component of
interest exists in a volatile form, there is no reason
why atomic spectrometry should not be used.

Sampling of headspace vapors at its simplest can
be effected by using a gas-tight syringe. In this case a
sample of the headspace contained in a closed
volume above the sample is drawn into the syringe
and subsequently introduced into the analytical in-
strumentation. Alternatively, an automated system
can be used in which the sample can be conditioned
in various ways according to the capabilities of the
instrumentation prior to introduction into the ana-
lytical system using autosampler syringe technology
or a sample transfer line. The results obtained
depend upon the analytical technique chosen to sup-
plement the headspace sampling procedure.

Static and dynamic headspace sampling techniques
may be distinguished; this is shown diagramatically
in Figure 2 together with the closely related tech-
nique of ‘purge and trap’. Static methods involve the
removal of a small fraction of the headspace in equi-
librium with the liquid. Dynamic methods involve
the continuous removal of the headspace sample
from above the sample as an enrichment step fol-
lowed by a concentration of the vapors either
cryogenically or using a porous adsorbent. The con-
centrated sample from the dynamic sampling may
then be revaporized (from a cryogenic trap) or desorb-
ed (from a solid adsorbent) and analyzed by an ap-
propriate technique. Less commonly, a headspace
sampling technique known as ‘continuous flow thin

(A) B) (C)

Figure 2 Concepts of ‘static’ headspace (A), ‘dynamic’ head-
space (B), and purge and trap (C) sampling systems.

layer headspace’ can be used to concentrate head-
space volatiles in a thin layer of a flowing liquid. The
concentrate can then be analyzed by the appropriate
technique, including those such as voltammetry that
are not usually associated with headspace methods.

Qualitative headspace analysis is used in many
applications to determine differences between selected
samples and to assess the importance of specific
compounds in defining the aroma character of cer-
tain substances. This approach is often termed
‘fingerprinting’ as in many instances the composi-
tion remains chemically unknown. For additional
qualitative data, headspace may be used in conjunc-
tion with knowledge of GC retention data or with
GC-MS techniques for a more definitive chemical
identification.

Quantitative relationships exist between the con-
centrations of volatiles in equilibrium with liquid
samples and these form the basis of quantitative
theory for headspace techniques. The partition coef-
ficient, K, is the parameter of fundamental impor-
tance and it is defined as the ratio of concentration of
analyte a in the sample phase s, C; and that in the
vapor phase v, C3, at equilibrium (eqn [1]):

K=2a 1]

The sensitivity of headspace analysis is influenced
principally by two sample-related parameters: the
partition coefficient of the analyte between the phases
and the phase ratio of sample to vapor. Considera-
tion of the mass balance of an analyte in a sample
under headspace conditions of equilibrium allows a
simple expression to be developed relating sensitivity
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to these two parameters (eqn [2]):
M3 = M3+ M 2]

where M3 is the mass of analyte in the original sam-
ple, M; is the mass of analyte in the sample phase
under headspace conditions, and Mj is the mass of
analyte in the vapor phase under the headspace con-
ditions. This develops to

CV=CV+CV 3]

where Cj is the concentration of analyte in the
original sample, V® is the volume of the sample
phase, and V" is the volume of the vapor phase under
headspace conditions.

Incorporating K = C; /C} from eqn [1] gives

COVs =KC'V* + UV 4]
and therefore
\"Ad
¢ -k +:(1z)
\%Ad
= — 5
ci[x+ 53] 5

Now, V'/V*® is the phase ratio f, and therefore

C; = C{[K+ f] (6]

It is C] that is proportional to the analytical re-
sponse, therefore
CO
C =2 7
=g 7

Equation (7] shows that for a given concentration
of analyte in the original sample, C¢, the analytical
response, which is proportional to C}, will depend
upon K and f. With a large value of K (e.g., 1000
for ethanol in water), the phase ratio has no influ-
ence. Conversely, for a small value of K (e.g., K@O for
halogenated species in water), the phase ratio has a
significant bearing upon the sensitivity. Chemical
methods for modifying the partition characteristics
of the system are appropriate in some cases, perhaps
the most well known being the addition of salts to
the liquid phase to induce a higher concentration of
organics in the vapor phase. In addition, the sen-
sitivity of the detector used and the capacity of the
analytical system for the sample will influence the
sensitivity achievable as it does in any analytical
method.

Quantitative analysis using headspace techniques
is dependent upon the partition of the analyte be-
tween the sample and vapor phases. The concen-
tration of the analyte in the sample phase is usually

the value sought, although it is the vapor phase that
is sampled and analyzed. Four different approaches
to headspace analysis quantification are discussed
below. These are total vaporization, matrix-matched
standards of analyte, multiple headspace extraction,
and standards addition.

Total Vaporization

Total vaporization of the analyte into the vapor
phase can be realized for a limited number of samples
and this provides the simplest case for quantification.
As an example, a polymeric matrix containing resid-
ual water could be heated to 150°C to effectively
drive all the water into the vapor. Headspace analysis
of the vapor phase in conjunction with external cali-
bration will give the concentration of water in the
vapor phase. From this and knowledge of the vapor
phase volume, the total amount of water present in
the sample can be calculated. This is expressed in the
trivial relationship:

M; =M; - [8]
which becomes
M =GV g

when the concentration term is introduced, where
the terms have the same meanings as given earlier.
With a known mass or volume of sample the con-
centration of analyte in the sample may be calculated.

Matrix-Matched Analyte Standards

In most practical cases the analyte will be distributed
between the sample and vapor phases. Calibration
involves preparing standards in a matrix identical to
that of the sample with known concentrations of the
analyte. The headspaces of these standards are then
analyzed under identical conditions to the sample
and thereby a calibration graph can be constructed.
This procedure is practical for liquids and gives eqn [10):

A
s __ std £1a
C =C A

(10]

In eqn [10], C¢ is the concentration of analyte in the
prepared standard, A, is the analytical response to the
analyte in the sample, and Agyq is the analytical response
to the analyte in the prepared standard. For solid sam-
ples, preparation of valid calibration standards is more
difficult because the analyte in the real sample may be
bound in a different form from that in the standard.
These so-called matrix effects are difficult to overcome;
however, the method described next provides a viable
approach.
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Multiple Headspace Extraction

Multiple headspace extraction is a simple concept.
As the headspace is extracted several times from one
sample, the analyte concentration is progressively
decreased. If the procedure were carried out a suf-
ficient number of times then no analyte would be
detected in later extracts. Summing all the values
obtained would allow the analyte concentration in
the original sample to be calculated. While this pro-
cedure would be tedious and time consuming, sim-
pler practical approaches using this concept are
available. Multiple headspace extraction is a variant
of methods known as stepwise gas extraction and
discontinuous gas extraction. Such procedures can be
applied to a variety of samples and can be used to
quantify analytes in samples for which it is difficult
or impossible to set up calibration standards as a
result of the matrix complications or difficulties in
preparing standards. These methods are therefore
particularly valuable for quantification of volatiles in
solid samples or for quantifying highly volatile ana-
lytes for which the preparation of accurate standards
is experimentally difficult.

A series of headspace analyses is carried out on the
same sample, which is conditioned to equilibrium
between each analysis step. From the progressive,
measured decrease in concentrations determined, the
analyte concentration in the original sample can be
calculated. The theory is outlined below.

With a continuous gas extraction, the decrease in con-
centration of analyte with time will be proportional to
the remaining concentration of analyte (eqn [11]):

—dc,
Tk

1]

This integrates to give an expression for the concentra-
tion of analyte present at time #:

C=Cke™ (12)

in which CJ is the initial concentration and k is an ex-
ponent that includes the partition coefficient K. Where
concentrations are proportional to the analytical re-
sponses of the techniques used, the expression may be
transposed to

A, = Ale(l—")k' [13]

where concentrations become analytical responses (A,, is
the analytical response of the nth extraction, etc.) and #
is replaced by the number of extraction steps (#) in a
multiple sequence having equal time intervals. The new
exponent &' includes contributions from both K and
some instrumental parameters.

From egn [13], using the mathematics of geometric
progression, an expression may be developed to give the

sum of the analytical responses for a séries of analyses:

A
2 A= w

in which & = In(A;/A;). For practical purposes this
can be simplified to a procedure involving two extra-
ctions, and the sum of analytical responses becomes

AL
ZA" T A —A,

Further details of the mathematical derivation of these
relationships can be found in the texts cited in the
‘Further Reading’.

(14]

15]

Standard Addition

Standard addition is also a method commonly used
to quantify headspace analysis and can be used in
cases where a standard solution of the analyte can be
added to the sample in such a way that it exists in an
identical form in relation to the matrix as the analyte
itself. Analysis of the original sample and the sample
with added standard analyte can then provide a value
for the concentration of analyte in the original sample.
The analytical response A, to the analyte from the
sample and the concentration of analyte in the sam-
ple, C;, are related by
A =KC (16]
where K’ is a function of the distribution coefficient
and the detector response. In a similar way, when a
standard is added to the sample to be analyzed the
analytical response, A, may be expressed as

Va
1=K (G (7) + G

in which Cj is the concentration of the analyte in
the sample that is to be determined, Cq is the
concentration of the standard added, V, is the
volume of the solution (liquid phase) in which the
analyte is dispersed, and v is the volume of standard
solution added (of known concentration).

This expression may be developed to give

* Aa Va
Aa —@[CZ (Va + U) + Cstd]

(17)

V. C,
= [(Va +v> * Cﬂ (18]
AaCs * Va
_Est_d =Al—A, (Va n U) (19]
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Cs — CstdAa
f(Ar - AV /(Vat+0))
_ CsgAa(Va +v)
AT EYAA [20]
This simplifies to
s __ AaCstd
Ca - A; _ Aa [21]

when the volume added as a result of the standard
addition is small.

The choice of quantification in headspace analysis
therefore depends on the sample and the analyte.
Procedures include total vaporization, the use of
matrix-matched standards, multiple extractions, and
standard additions. A method using an internal stan-
dard may be used provided knowledge of the equili-
brium constants for the standard and the analyte can
be determined.

Apparatus

The equipment used for headspace analysis in its
simplest form may comprise a vial of suitable volume
with a septum turn closure through which the sample
may be drawn using a gas-tight syringe. With the use
of a means of temperature control, this method of
sampling headspace volatiles can be effective for simple
applications where a qualitative or semiquantitative
analytical screening procedure is required.

For more demanding applications, a range of
apparatus has been designed for the sampling and

collection of headspace vapors. Commercially avail-
able systems exist from several of the major instru-
ment manufacturers (Table 1). Modern equipment is
designed for flexibility and can be used for static
headspace methods, dynamic sampling, sometimes
includes the option of multiple headspace extraction
together and a capability to do solid-phase microex-
traction (SPME) injections. Some equipment is aimed
at the electronic nose market for aroma profiling and
the identification of odor components. Most manu-
facturers provide the means for automatic condi-
tioning of samples and provide features to allow vial
shaking, constant equilibration times for the sample
vials, and method development options whereby the
parameters can be progressively changed over a
number of samples. Methods for introducing samples
into the analytical instrumentation differ from auto-
mated syringe technology through sample valve and
loop techniques to direct coupling using pressure-
balanced sampling.

A wider range of equipment that has parti-
cular features for special applications is described in
the literature. For example, special apparatus has been
designed and reported,for sampling the headspace of
canned foods and whole cheeses, and from single
cigarettes.

Applications

Headspace techniques have been used for examining
a wide variety of samples including environmental
samples of soil, water, and air, biological fluids,

Table 1 Commercially available headspace sampling and injection equipment

Manufacturer (web address) Models available

Selected features

Agilent (www.agilent.com)

Alpha MOS (www.presearch.co.uk)
Gerstel (www.gerstel.com)
Perkin Elmer

(http://uk.instruments.perkinelmer.com)
Shimadzu (www.shimadzu.co.uk)

HS-110/-16/-40

system

Teledyne Tekmar
(www.teledynetekmar.com)

Thermo Finnigan (www.thermo.com)

Varian (www.varianinc.com)

7694 Headspace sampler

HS 100 — Odorscanner

Headspace Chemsensor 4440

Turbomatrix Headspace Samplers
Liquid, Headspace & SPME GC Injection

7000HT Headspace Autosampler (also
7050 with 50 sample vial positions)

HS 2000 Headspace Sampler

Combi PAL autosampler injection system

Flexible sample conditioning for 44 samples
with inert interface options to Agilent and
other gas chromatographs

Sampler aimed at providing headspace
samples to ‘electronic nose’ equipment

Provides an odor sample to a MS
(quadrupole) or GC/MS analyzer for
identification or comparative profiling

Pressure balanced sampling with flexible
sample numbers and conditioning

Combined injection capability including
headspace

Sample equilibration temperatures of up to
300°C, inert sample path and method
optimization mode

Robotic system to control sample
equilibration, allow method optimization

Combines headspace with liquid and SPME
injections. Flexible sample conditioning
and headspace injection modes
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foodstuffs and related materials, forensic samples,
pharmaceuticals, natural products, and polymers.
Such samples are examined to ensure environmental
protection, to diagnose medical conditions, to esta-
blish compliance with regulations in the food, phar-
maceutical, and packaging industries, and for the
direct determination of aroma volatiles with their
associations to taste and smell. All these applications
of . the headspace analysis benefit either from the
simplification of the analysis by removing some of
the matrix effects or as a result of the technique being
directly related to the examination of aroma vola-
tiles. As mentioned above, headspace analysis is
closely associated with techniques of purge and trap,
which also direct attention to the volatiles ‘extracted’
from a sample by the purge gas.

Environmental samples including soils, water, and
air have been examined using various headspace
techniques. Soils, estuarine sediments, and industrial
wastes have been examined for volatile organics
including chlorinated hydrocarbons, benzene, and
other aromatics. Groundwater samples have been
examined for a wide range of volatile substances in-
cluding chlorinated hydrocarbons, carbon disulfide,
components of gasoline spillages, and methyl-mer-
cury. The latter analysis was carried out using GC
with atomic emission detection. Drinking water has
been analyzed for volatile constituents including halo-
carbons, aromatics, and chloral hydrate using head-
space sampling techniques. Dissolved gases and light
hydrocarbons have been determined in seawater. In
some cases headspace methods give improved limits
of detection compared to direct injection procedures,
and the problems of column overloading and detec-
tor memory effects that can occur with aqueous
samples are eliminated. Headspace sampling is also
used for determining solvents in waste gases and for
a variety of substances in workplace and domestic
environments including vulcanization volatiles in the
rubber industry, and alkylated benzenes and formal-
dehyde from particle board products.

Trace components in alcoholic drinks can be de-
termined following headspace concentration proce-
dures, although great care is required to establish
that the major components present in the sample are
not influencing the partition of the analyte of interest
between the liquid and headspace phases.

Volatile components of packaging materials in
foods can be detected and quantified using head-
space techniques. As an example, vinyl chloride
as a component of poly(vinyl chloride) (PVC) has
been determined in olive oil after storage in PVC
containers.

Analysis of gases associated with fresh food packa-
ging is carried out using a headspace technique, with

instruments being available to determine oxygen and
carbon dioxide concentrations using a zirconia
oxygen probe and an infrared detector for carbon
dioxide.

The requirements for the determination of the im-
purities present in gases and especially in air are fre-
quently so demanding that direct determination
(usually by GC and therefore direct injection) is not
feasible. The technique of reverse headspace analysis
has been applied to such samples. The gas, the minor
impurities of which are to be determined, is equili-
brated with a liquid, usually in a special flow cell.
The liquid may then be directly injected into a gas
chromatograph or, in the case of a nonvolatile liquid
being used to trap the impurities, thermal elution of
the volatiles can be effective prior to analysis. Such
methods have been used to determine sulfur-con-
taining compounds in natural gas and air.

Monomeric residues in polymeric formulations or
products can be determined using headspace tech-
niques. Thus, monomeric impurities in aqueous
suspensions of polymers for subsequent processing
can be determined as a means of reducing possible
off-odors in the processed materials. In commercial
polymers, monomeric species can be identified and
quantified using headspace sampling techniques with
the appropriate analytical method. Such monomers
may be undesirable with respect to subsequent
usage, especially as packaging for food that may
then become tainted by the volatile species present.

Clinical samples of urine, blood, expired air, and
tissue have been examined using headspace sampling
approaches. Thus, chlorinated organic compounds,
methanol, acetone, methyl ethyl ketone, and phenols
have been determined in urine. Volatile substances in
urine have also been used as a guide to acute poi-
soning, and the determination of stimulants in urine
has been proposed as screening test for ‘field” use.
The determination of the concentration of blood
alcohol is the most well-known application of
headspace techniques to biological samples. Blood
has also been examined for cyanide, methyl sulfide,
and formaldehyde levels, the last as a measure of
methanol intoxication. The headspace approach for
blood samples overcomes the difficulties associated
with the alternative direct injection of two-phase
samples. '

Milk, being a two-phase substance, also creates
some analytical difficulties for direct injection meth-
ods and therefore headspace techniques have been
used to overcome these and to determine the odor
components that have a bearing upon milk quality in
processing and storage.

Volatiles associated with solids such as polymers
and tablet formulations of pharmaceuticals can be
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Table 2 Standard methods using headspace techniques

Application Standard(s)?

Determination of residual volatiles .

Residual acrylonitrile content of styrene—acrylonitrile copolymers and nitrile rubber ASTM D4322

Residual vinyl chloride monomer (ngg ™" range) in vinyl chloride homopolymers and copolymers ASTM D4443

Residual vinyl chloride monomer in poly(vinyl chloride) resins ASTM D3749

Acetaldehyde content of freshly blown poly(ethylene terephthalate) bottles ASTM D4509

Fire debris samples

Separation/concentration of flammable and combustible residues from fire debris samples by dynamic headspace = ASTM E1413
analysis

Separation/concentration of flammable and combustible residues from fire debris samples by passive headspace =~ ASTM E1412
analysis

Recommended methods and apparatus

Practice of sampling of headspace vapors from fire debris samples ASTM E1388

Small-scale environmental chamber determinations of organic emissions from indoor materials/products ASTM D5116

Volatile matter content in polymers by headspace chromatography ASTM D4526

Water samples

Examination of water, wastewater and sludge for individual constituents DIN 38413

Foodstuffs

Tests for vegetables, fruits, and their products including headspace techniques SASO 440

@ Sources: ASTM, American Society for Testing and Materials; DIN, Deutsche Institute fiir Normung; SASO, Saudi Arabian Standards

Organization.

determined using headspace techniques. Those sam-
ples that dissolve completely can be dealt with as
solutions, when the headspace approach allows the
volatiles to be analyzed separately from the nonvola-
tile solids. For insoluble solids the volatiles can be
identified but quantification, which has been dis-
cussed above, is less straightforward.

Numerous applications of headspace analysis to
the determination of the volatile aroma compounds
of natural products, their essential oils and extracts
have been reported. Thus, fruits, tobacco, hops,
mushrooms, and various plants have been examined
to determine the volatiles present. Such investiga-
tions provide information relating to the important
chemistry of aroma, taste, and flavor. This has
advanced the understanding of the development of
odor in fresh, processed, and preserved food prod-
ucts as well as in flowers, from which fragrances are
extracted and developed. Consequently, criteria of
quality have been established and an understanding
has developed of the changes in volatile composition
occurring as a result of aging, storage, and processing
procedures. As diverse examples, headspace tech-
niques have been used to examine truffle aroma,
volatiles in canned salmon, and from kiwi fruit flowers,
and garlic volatiles. Synthesis of nature-identical
flavors has been significantly advanced by the results
of headspace analysis in this area of aroma and flavor
research.

Household and personal hygiene products com-
prise another group of samples that can be screened
and examined for volatile components. Thus,
1,4-dioxane in shampoos, ethylene oxide in cos-
metics, and fragrances in soaps and cleaning fluids
are examples of typical applications of the technique.

In a small number of selected examples it is pos-
sible to use headspace sampling techniques as part of
an analytical procedure to determine involatile com-
ponents in a sample. The headspace sampling usually
follows a chemical treatment to produce a volatile
compound from the analyte of interest. It is thus
possible to determine fluoride in fluorinated milk
following initial treatment to produce volatile
trifluorosilane.

Headspace techniques are used in a number of
standard methods for the examination of a wide
variety of samples. Details are given in Table 2.

Headspace analysis has largely been neglected in
the area of process analysis, although, with the in-
herent matrix complications that can slow down and
complicate such analyses, significant benefits may be
realized from such an approach.

Headspace techniques can be used to determine a
number of thermodynamically important properties
relating to vapor-liquid equilibria. The technique has
been used to develop distillation procedures speci-
fically where the selection of solvents in extractive
distillation is required. Vapor pressures of pure
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substances and activity coefficients may also be de-
termined using headspace techniques.

See also. Blood and Plasma. Cosmetics and Toilet-
ries. Essential Oils. Food and Nutritional Analysis:
Pesticide Residues; Alcoholic Beverages; Dairy Products.
Polymers: Natural Rubber; Synthetic; Polyurethanes.
Process Analysis: Chromatography. Quality Assur-
ance: Primary Standards; Spectroscopic Standards;

-

Internal Standards. Sensory Evaluation. Sulfur. Water
Analysis: Organic Compounds.

Further Reading
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Introduction

Purge and trap refers to the technique in which vola-
tile organic compounds (VOCs) are purged out of the
sample matrix by an inert gas and carried on to a
sorbent trap, where they are concentrated and later
introduced into an instrument (gas chromatography
(GC) or GC/mass spectrometry (MS)) for analysis.
After its introduction in the 1970s, purge and trap
quickly gained widespread acceptance, and was
adopted by regulatory agencies as a standard meth-
od. Today, it is still the workhorse for the analysis of
low-concentration VOCs in solids and liquids. The ins-
trumentation and procedures are slightly different for
liquid and solid samples. This article discusses its
basic theory, instrumentation, operational procedures,
quantification methods, and selected applications.

Theoretical Considerations

Purge and trap is also known as dynamic headspace
extraction, which is closely related to static head-
space extraction. In both techniques, organic com-
pounds migrate from the sample matrix into its
headspace. This is illustrated in Figure 1. In static
headspace, equilibrium is reached between the sam-
ple and its headspace. In purge and trap, an inert gas
is used to continuously remove the analytes out of
the sample, thus creating a higher concentration gra-
dient. This enhances the mass transfer of the analytes.
Consequently, purge and trap is more sensitive than
static headspace analysis. It is suitable for trace
analysis with detection limits at parts per billion to

parts per trillion levels. On the other hand, static
headspace is often used as a complementarily screen-
ing method for high-concentration samples.

There are three main processes in purge and
trap: extraction (purging), simultaneous adsorption
(trapping), and subsequent desorption (heating).
The overall purge-and-trap performance depends
on the efficiency of each individual process.

Purging efficiency (the percentage of analytes
removed from the sample) depends upon the proper-
ties of the analytes, purge temperature, flow rate,
duration of the purging, and sample matrix. Purging
is most efficient for VOCs that are insoluble or

Gas Gas
in out

v

Vial septum

Headspace

@) ] ®)

Figure 1 Comparison of purge and trap with static headspace
extraction. (A) Static head space and (B) purge and trap.
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