
w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Summary

This Application Note, which replaces earlier editions of

TDTS 11 and 12, summarises the history of thermal

desorption (TD), and describes the technological

advances that have led to it becoming the foremost

sample introduction methodology for GC(MS).

A comprehensive overview of the applications of TD is

given, followed by discussion of MS technologies that

enhance its power and application range. 

For more information, we recommend consulting Markes’

Application Notes, which are referenced in the text. Of

particular relevance are TDTS 5–7, 19–22, 26, 27 and

60. In addition, Markes’ Applications Guides provide

useful overviews of real-life solutions in the four key TD

applications area.
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1 Introduction

Thermal desorption (TD) is the most powerful and

versatile of all gas chromatography (GC) sample

introduction technologies. It is readily automated and

serves to combine sampling/sample preparation,

selective concentration and efficient GC injection in one

fully-automated procedure. It is compatible with sampling

and analysis of gas- (vapour-) phase organics trapped on

sorbent media and allows concentration factors up to

106 to be comfortably achieved. It can also be used for

direct gas extraction of volatiles and semi-volatiles from

solid or liquid matrices.

Thermal desorption is generally used with GC, either on

its own or in conjunction with a mass spectrometer

(GC/MS). However, it can also be used with alternative

vapour-phase analytical options including process mass

spectrometers and sensors (‘e-nose’ technology). TD also

provides the basis for many other GC sampling

procedures – most notably purge-and-trap, sorptive-

extraction, some forms of large-volume injection and

headspace-trap.

The development of thermal desorption was

fundamentally driven by the limitations and complexity of

conventional GC sample preparation methods – liquid

extraction, steam distillation, etc. It held out the promise

of an alternative high-sensitivity/solvent-free gas

extraction process that could be fully automated. 

1.1 The principles of thermal desorption (TD)

In its simplest form, TD is a straightforward extension of

gas chromatography. It involves heating sample materials

or sorbents in a flow of inert ‘carrier’ gas, so that

retained organic volatiles and semi-volatiles are extracted

(‘desorb’) from the matrix and are transferred into the GC

column in the carrier gas stream. As in GC, key method

parameters include temperature, carrier gas flow rate,

desorption time and sorbent (stationary phase) selection. 

However, as soon as you move away from the simplest

form of thermal desorption, the power and potential of

the technique expands rapidly. It is possible, for example,

to configure TD technology in multiple stages so that

analytes are repeatedly extracted/desorbed into smaller

and smaller volumes of gas, thus concentrating the

compounds of interest and enhancing

sensitivity/detection limits. Figure 1 illustrates a relatively

conventional monitoring procedure whereby 100 L of air

or sample gas are pumped through a sorbent sampling

tube over a period of (say) 12 hours. Retained vapours

are then desorbed in approximately 100 mL of carrier

gas and subsequently refocused on a smaller (‘cold’)

sorbent trap. Depending on trap design, this in turn can

be quantitatively desorbed, with the analytes eluting in as

little as 100 µL of gas, thus providing a million-fold

enhancement in vapour concentration overall.

Another advantage of thermal desorption is that it is

often possible to quantitatively retain target compounds

during one or more of the trapping stages while

unwanted interferents, such as water and/or permanent

gases, are selectively purged to vent. This allows

compounds of interest to be transferred/injected into the

GC analytical column with minimal interference.

1.2 Comparing TD with solvent extraction

The first and most obvious advantage of thermal

desorption compared to solvent extraction is that it is

possible to transfer 100% of retained analytes to the

analytical system, whereas solvent extraction generally

involves microlitre injections of millilitre extracts. This

means that TD typically offers at least a 1000-fold

enhancement in sensitivity compared to equivalent

solvent extraction procedures for volatile organic

compounds (VOCs). Other significant advantages are

listed below. They include:

Increased extraction/desorption efficiency: Assuming

appropriate selection of sampling and analytical

conditions (sorbent, temperature and flow), it is usually

very straightforward for TD methods to exceed 95%

desorption efficiency1 (in other words, for retained

compounds to be stripped completely from the sorbent

tube or trap and transferred quantitatively to the

analytical system). This is because TD is a dynamic

process, with gas continually purging compounds away

from the sorbent or sample matrix as soon as they are

released into the vapour phase by the rising temperature.

In contrast, typical solvent extraction procedures are

w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Page 2TDTS 12

Figure 1: An illustration of the concentration potential of

multi-stage thermal desorption.

Up to 100 L of vapour sampled onto off-line sorbent

tubes/traps

Sorbent tube/trap

desorbed in 100–200 mL

of carrier gas

Secondary sorbent focusing

trap desorbed in 100–200 µL.

Vapours ‘injected’ into GC

column
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static, with analytes partitioning between the sorbent,

solvent and vapour (headspace) phases. This limits

desorption efficiency. Standard methods for solvent

extraction therefore typically specify only 75% recovery2.

Reproducible extraction efficiency: Static partitioning

systems such as most solvent extraction procedures are

also subject to increased variability of analyte recovery

depending on the nature of the compounds of interest

and the presence of interferences. The desorption

efficiency of methods specifying charcoal sample tubes

with CS2 extraction for example, have been shown to fall

as low as 20 or 30% for polar compounds in the

presence of water3. This uncertainty is particularly

problematic for air monitoring methods or measurements

of industrial VOC emissions, as the analyst may not be

aware of field/sample conditions such as high water

content; moreover, poor recovery may lead to significant

under-reporting.

Automation: Thermal desorption is inherently less

labour-intensive than solvent extraction, requiring little or

nothing in the way of manual sample preparation.

Reduced interference: Solvent interference can be a

major consideration for liquid extraction methods. One of

the reasons CS2 was originally selected as the preferred

solvent for many charcoal-based air sampling methods

was that it gives little or no signal on a GC flame

ionisation detector. However, nowadays, with the

preference for MS detection, this advantage no longer

holds. Common concerns include masking of peaks of

interest, signal quenching (for components co-eluting

with the solvent) and baseline disturbances. All these

solvent interference issues make peak integration

difficult and more prone to error. 

Selective purging: Depending on the volatility of the

compounds of interest, thermal desorption usually

facilitates selective purging of sample interferences such

as water or ethanol prior to analysis. Applications as

diverse as monitoring VOC emissions from paint and

characterising the aroma of whisky benefit from the

selection of sorbents that quantitatively retain

compounds of interest while allowing water, and in the

latter case, ethanol, to purge to vent. Selectivity is usually

only possible for solvent extraction procedures when

there is a very significant volatility difference between the

compounds of interest and the interferences. 

Health & safety: Many common extraction solvents, such

as CS2, are toxic, odorous and present a significant

potential health and safety hazard. Thermal desorption is

inherently safer in this respect. TD–GC(MS) systems can

generally be installed without ventilation equipment or

fumehoods, provided all outlet points, including sample

split lines, are configured with appropriate filters. In TD

operation, wet chemistry procedures are confined to the

preparation of liquid standards for spiking tubes when

gas standards aren’t available – see Section 6.

Reusable samplers and lower cost per analysis: Vapour

samplers designed for solvent extraction are invariably

one-shot only. For example, the charcoal tubes

traditionally used for industrial hygiene monitoring

comprise glass tubes with drawn/sealed ends that are

broken during sampling and analysis. Pre-packed TD

tubes (glass, stainless or coated steel) are typically about

10 times more expensive than charcoal tubes, but they

can then be re-used at least 100 times. They are also

automatically cleaned by the TD process. This generally

reduces the sampling costs of TD methods to roughly a

tenth of equivalent solvent extraction procedures.

2 The evolution of thermal desorption:

Essential functions 

The history of TD can be traced back to the mid-1970s.

Scientists struggling with the limitations of conventional

GC sample preparation methods began to experiment by

packing standard GC injector liners with sorbent material.

These sorbent-packed injector liners were used to

sample a fixed volume of air or gas and were then

dropped quickly into the GC inlet for desorption and

transfer of analytes to the analytical column. The

limitations of these primitive adaptations of conventional

GC injectors are many and obvious (air ingress, volatile

losses, variability, contamination from the outer surfaces

of the liner, single stage,…), but the fact that it was

attempted at all demonstrated the need for this

technology.

Another early incarnation of thermal desorption was in

purge-and-trap technology. The US Environmental

Protection Agency (EPA) first developed purge-and-

trap/GC-based test methods to measure volatile organic

compounds in drinking water in the late 1970s in

response to a number of serious environmental

incidents. The most infamous of these related to Love

Canal – an area of housing in Niagara City, New York,

that had been developed on land used by the chemical

industry in the 1940s and 1950s. An unusually high

incidence of serious birth defects and other human

health effects was ultimately linked to chemical waste

that had been seeping into the drinking water supply

underground. The 500-series purge-and trap methods

produced by EPA at that time relied on volatiles being

sparged from the water in a stream of pure nitrogen and

trapped on a sorbent tube/trap. This was subsequently

heated in a reverse stream of carrier gas to thermally

desorb the organic chemicals of interest and transfer

them to the GC analytical system in a standard TD-type

procedure.

The first early commercial configurations of dedicated

general-purpose thermal desorption technology were

invariably based on desorption of a single tube or badge.

The ‘Coker cooker’, designed by Environmental

Monitoring Systems Ltd (UK) in the mid-1970s4, was a

popular example and accommodated samples or
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sorbents contained in ¼″ o.d. tubes. These early

desorbers were very primitive by modern standards,

typically offering only single-stage desorption and without

any of the functions that would now be regarded as

standard such as leak testing or pre-purging of air from

the tube. However, within specific constraints (e.g.

packed column only, stable compounds only, narrow

concentration-and volatility ranges), they operated

sufficiently well for routine applications such as

workplace air monitoring in the petrochemical industry4. 

The most important early technical breakthroughs came

from ‘Working Group 5’ (WG5) of the UK Health and

Safety Executive’s (HSE) ‘Committee on Analytical

Requirements’ (CAR). HSE/CAR WG5 began with a

chance meeting at a conference on workplace air

monitoring in the late 1970s. Scientists including Richard

Brown (then of HSE), Kevin Saunders (then of BP) and

Jack Charlton & Brian Miller (then of ICI) found that they

had a common interest in both diffusive (passive)

sampling and thermal desorption. This group believed

diffusive sampling would allow quantitative air monitoring

without the complications and expense of personal

sampling pumps5. At a series of meetings over the next

couple of years, various other experts joined the team

including Peter Hollingdale-Smith of Porton Down6, David

Coker of Exxon, and Nico van den Hoed of Shell. Between

them WG5 evaluated the various available forms of

diffusive monitor, and decided to standardise on axial

samplers based on the ¼″ o.d. sorbent tubes used in the

‘Coker cooker’. These were a practical size and were

found to be least susceptible to air speed limitations5,7.

They were also suitable for both pumped and passive

sampling. 

Thermal desorption was seen as an enabling technology

for passive sampling because it offered approximately

1000 times better sensitivity than solvent extraction,

which was more than enough to offset the slow sampling

(uptake) rate of axial-form diffusive samplers (typically

around 1 mL/min). WG5 also realised that TD overcame

the toxicity and variability issues inherent in the

charcoal/CS2 extraction methods in use at that time.

Once they had fixed on a sampler design, WG5 then set

about outlining a specification for the world’s first

automated thermal desorber. The TD functionality

requirements that came out of these discussions in the

late 1970s are still relevant today. They include two-stage

TD operation, the necessity of certain pre-desorption

checks (stringent leak testing, pre-purging of air to vent)

and robust automation.

2.1 One- or two-stage desorption

With standard sampling tubes containing 100 mg to 1 g

sorbent (depending on density), WG5 realised that single-

stage thermal desorption (Figure 2) would be inherently

limited. Tens of millilitres of gas are required for complete

extraction of a standard tube, which rules out capillary

chromatography, and compromises resolution and

analytical sensitivity even with packed columns.

Initial attempts to address this issue involved some sort

of capillary cryofocusing device (either on-column or in

cooled GC inlets such as ‘programmable temperature

vaporisers’ – PTVs) positioned inbetween the sorbent

tube and analytical system (Figure 3). Analytes desorbed

from the primary sorbent tube were refocused/concen-

trated in a short length of cryogen-cooled narrow-bore

tubing (typically 1 mm internal diameter or less). Heat

was then applied to release the compounds into the

analytical system in a small volume of carrier gas. 

Early TD configurations which harnessed capillary

cryofocusing included the Chrompack CTC unit. The CTC

produced excellent peak shape even under splitless

conditions, and it therefore offered exceptional

sensitivity. However, the limitations of capillary

cryofocusing quickly became apparent. Key concerns

included ice blockage, incomplete retention of very

volatile compounds8, loss of high-boilers due to aerosol

formation9 and high running costs (systems consumed

up to 6 L of liquid nitrogen per hour in operation10). More

importantly, because capillary-cryofocusing devices were

connected directly to the GC column, it made it difficult

to implement essential pre-desorption checks such as

leak testing.
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Figure 2: Single-stage thermal desorption.

Figure 3: Two-stage thermal desorption incorporating

capillary cryofocusing.

Sample tube

GC column

Broad chromatographic
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Ultimately, Peter Higham (then of PerkinElmer) designed

the ATD 50 unit using the WG5 specification and

addressed all these issues. Introduced in 1981, the

ATD 50 incorporated a small, Peltier- (electrically-) cooled,

sorbent-packed focusing trap (Figure 4). The combination

of sorbent packing and modest focusing temperatures

(minimum: –30°C) was a real breakthrough. It offered

quantitative retention of a wide range of compounds

including very volatile species, such as the lightest

gasoline components11, SF6 and N2O 12, without the cost

and inconvenience of liquid cryogen. The steel focusing

trap also had a wide enough internal diameter (~3 mm)

to prevent ice plug formation, yet it could be heated at

rates approaching 60°C/s to allow rapid (capillary-

compatible) desorption/injection with minimal split and

good sensitivity. Another breakthrough was the inclusion

of a rotary valve in the flow path of the desorber

(Figure 4). This isolated the sorbent tube from the GC,

allowing both stringent ‘stop-flow’ leak testing and pre-

purging of air to vent prior to desorption of every tube.

2.2 Automation

TD automation requires tubes to be kept sealed both

before and after desorption to minimise risk of artefact

ingress from laboratory air and to prevent loss of

analytes over periods of (say) 1 or 2 days. Caps are

essential because sample losses from poorly sealed

tubes can be very significant. The ATD 50 addressed this

issue by using stainless steel ‘analytical’ caps

incorporating a ball valve. It wasn’t an ideal solution,

involving several O-rings in direct contact with the sample

flow path, but at least the caps could remain on the

tubes throughout an entire sequence (no uncapping or

recapping required), thus providing a robust solution for

the time.

TD–GC applications expanded rapidly after introduction

of the ATD 50. Apart from personal exposure

assessment11–13, examples included residual solvents in

drugs14, and ambient air monitoring15–17.

2.3 Multiple splitting

‘Multiple’ or ‘double’ splitting was not part of the original

WG5 specification, but was introduced as an

enhancement to the ATD 50 in around 1985 (Figure 5). It

allowed the transfer of analytes from the tube to the trap

to be carried out split or splitless, and likewise the

subsequent transfer/injection of analytes from the

secondary (focusing) trap to the GC column. It brought

some significant benefits in terms of application

versatility. Total split ratios up to 10,000:1 could

accommodate milligrams of individual analytes, while

ng- or pg-level samples could still be analysed with

negligible split or no split at all. w
w
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Figure 5: Two-stage thermal desorption, as shown in Figure 4, but incorporating double splitting capability.

Figure 4: Two-stage thermal desorption incorporating sorbent focusing trap and heated valve.
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It may seem odd to want such high split ratios for

thermal desorption applications, but it must be

remembered that sensitivity is not the only advantage

that TD offers – many laboratories simply prefer to use

thermal desorption because it offers a higher degree of

automation and eliminates the need for hazardous

solvents such as CS2. In fact, many industrial air

monitoring applications benefit from (or even require) a

significant split ratio. For example, when sampling a

compound of nominal molecular weight 100 at

100 mL/min over a full 8-hour shift (sample volume

48 L) a vapour concentration of 5 ppm would mean

collecting ~1 mg of that compound. An overall split ratio

of at least 2000:1 would be advisable in this case in

order to prevent overload of high-resolution capillary GC

columns and detectors.

As well as offering application flexibility, the introduction

of double splitting enhanced the process of two-stage

thermal desorption. Analytical objectives during primary

(tube) desorption are complete removal (extraction) of

retained vapours from the sample tube combined with

quantitative trapping of the compounds of interest on the

secondary (focusing) trap. If the sample is sufficiently

large to allow implementation of a split during primary

desorption, it helps achieve both objectives – it allows a

relatively high carrier gas flow to be maintained through

the hot sample tube during desorption while at the same

time allowing a lower flow to be maintained through the

cold focusing trap, thus aiding analyte retention.

Application of a second split during subsequent trap

desorption then boosts the gas flow through the trap

when it is being heated and desorbed (Figure 6).

Implementation of double splitting enabled the first

serious expansion of TD into direct desorption of

materials (Figure 7). Relevant application examples

include solvents in paint, residual monomer in polymer,

natural oils (Figure 8), and volatiles in dried vegetable

products such as tobacco or spices14,18,19.
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Figure 7: An illustration of sample preparation for direct

desorption of materials.

Figure 6: An illustration of gas flow during the two stages of thermal desorption with double splitting.
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3 The evolution of TD technology

3.1 The limitations of early systems

While the ATD 50 represented state-of-the-art TD

technology in its day, new thermal desorption application

requirements began to emerge that highlighted the

limitations of these early systems. Key concerns

included:

• Forward-flow trap desorption meant analytes had to

pass through the entire sorbent bed of the focusing

trap. This limited the volatility range of components

that could be analysed simultaneously

• Flow path and desorption temperatures: The ATD 50

operated with a flow path maximum of 150°C and

maximum desorption temperatures of 250°C and

300°C for the tube and trap respectively. This was hot

enough to allow complete recovery of compounds up

to n-C26 (b.p. ~400°C)20. However, there was growing

interest in measuring the vapour concentration of

higher-boiling semi-volatiles such as PCBs, phthalates

and multi-ring PAHs

• Inertness: the predominantly stainless steel flow path

of early systems caused the degradation of many

reactive VOC species

• Internal standard addition had become an accepted

part of automated GC procedures generally, and TD

users were beginning to demand this option

• Whole-air sampling: There was growing interest in

ultra-volatile compounds such as C2 hydrocarbons and

freons, which are not quantitatively retained by

conventional sorbent tubes at ambient temperatures.

At the same time, demand for semi-continuous, near-

real-time monitoring of urban air pollutants with known

adverse health effects (specifically C2 to C9

hydrocarbons originating primarily from vehicle

exhaust emissions21,22 – so-called ‘ozone precursors’)

was also increasing. This led to thermal desorption

technology being adapted to allow the controlled

introduction of whole-air or gas samples directly into

the cooled focusing trap23 – see Section 3.7.

To address these limitations and respond to the new

demands, thermal desorption technology began to evolve

rapidly from the early 1990s. The most significant

changes were made in the following areas:

3.2 Optimisation of the focusing trap

While electrically-cooled/sorbent-packed focusing traps

remain the most robust and versatile platform for two-

stage thermal desorption, the technology has been

refined considerably since 1981. Key considerations

include construction material, internal diameter, sorbent

bed length, cooling efficiency, heating rate and

desorption efficiency. Packed with a sorbent bed 60 mm

long and 2 mm in diameter, Markes’ TD focusing traps

represent the state of the art. They are constructed of
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Figure 8: Direct thermal desorption of a sesame oil sample employing double splitting.
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Experimental conditions

System: TD-100™–GC/MS.
Sample: 7.5 mg sesame oil on a

glass-wool plug.
Tube: Glass, packed with a 1 cm

bed of Tenax® TA.
Tube desorption: 10 min at 300°C.
Trap: U-T11GPC/Tenax at 30°C.
Trap desorption: 320°C for 5 min.
Carrier gas: 12 psi He.
Trap flow: 20 mL/min.
Split flow: 60 mL/min (during tube

and trap desorption).
Split ratio: ~170:1.
Column: 30 m × 0.25 mm × 0.25 µm.
GC oven: 40°C (1 min hold), then

10°C/min to 300°C (10 min hold).
Scan range: 33–350 amu.



inert quartz and have a wide enough bore to prevent ice

blockage, yet can be heated at rates up to 100°C/s to

allow efficient desorption at flows down to 1.5 mL/min

for optimum sensitivity. The focusing trap is configured in

‘backflush’ mode, so that analytes enter and leave the

trap from the same end (Figure 9). This extends the

analyte volatility range (see TDTS 64). Examples of

results that can be routinely obtained for air monitoring

using the latest TD trapping technology are presented in

Markes’ Applications Guide on environmental

applications – see examples given in Figures 10 and 11. 

Trapping performance has also been optimised

considerably over recent years. Markes’ latest focusing

trap technology allows the entire 60 mm sorbent bed to

be cooled to –30°C without liquid cryogen, thus

significantly improving the retention of ultra-volatile

organics from air/gas samples, compared to earlier

systems – see TDTS 16 and 87, and also Figure 12. 

3.3 The evolution of heated valve technology for

thermal desorption

The essential functions of leak testing and pre-purging of

air to vent, plus the more recent requirements for

backflush desorption, dry-purging and internal standard

addition (to the sampling end of the tube), have all

reinforced the need for valving in the TD sample flow

path. Rotary valves are still widely used in commercial TD
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Figure 10: 100 mL landfill gas with trace target analytes and many major components identified.

Experimental conditions

System: ULTRA-UNITY™–GC/MS.
Tube: Silcosteel, packed with

Tenax–UniCarb™.
Tube desorption: 5 min at

200°C.
Trap: Multi-sorbent (‘sulfur’)

trap at –15°C, split flow
20 mL/min; trap flow
20 mL/min.

Trap desorption: 220°C with
80 mL/min split flow.

Flow path: 120°C.
Column: 60 m × 0.25 mm ×

1.4 µm.
GC oven: 40°C to 225°C at

10°C/min.
Scan range: 35–260 amu.

Figure 9: Illustration of two-stage thermal desorption,

incorporating backflush of the focusing trap.
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systems, but concerns regarding cold spots and

temperature limitations led Markes to develop inert, low-

volume valving specifically for thermal desorption. Using

this TD-specific valve means TD-100™ and UNITY™ 2

systems are compatible with high-boiling semi-volatiles

(e.g. up to n-C40/44 – see TDTS 53 and Figure 13) yet still

allow flow path temperatures to be set low enough for

quantitative recovery of the most labile species. Thiols

and CS (tear) gas for example, work best with TD flow

path temperatures at or below 125°C 24.

3.4 Tube sealing for automation

Early attempts to overcome the sorption and artefact

limitations of the original ATD 50 analytical tube seals

involved caps that were removed and replaced by the

thermal desorber during automatic operation. These

incorporated PTFE-coated O-rings to reduce friction and

make the automatic uncapping/recapping processes as
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Figure 11: Splitless analysis of 1 L × 1 ppb 62-component air toxics standard in a canister.
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Experimental conditions

System: UNITY™–CIA–GC/MS.
Trap: Multi-sorbent (‘air toxics’) trap at

25°C.
Trap desorption: 40°C/s to 320°C.
Flow path: 140°C.
Column: 60 m × 0.32 mm × 1.8 µm.
GC oven: 40°C to 230°C at 5°C/min.
Scan range: 35–300 amu.
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Figure 12: Cryogen-free retention of ultra-volatile analytes

from large volumes of air/gas: illustration with acetylene.
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reliable as possible. However, they were shown to be

prone to significant loss of volatiles over time25. Markes’

introduction of DiffLok™ capping technology, which

incorporates a very long, narrow gas flow path, provides a

much more robust solution. This patented ‘diffusion-

locking’ mechanism reduces analyte losses and artefact

ingress to negligible levels, even over extended periods

(e.g. a week) but still allows gas to flow unimpeded when

pressure is applied. This means that the integrity of

sampled and clean (desorbed) tubes can be rigorously

maintained without complicating the TD automation

process – i.e. without the need to uncap/recap tubes. 

3.5 Re-collection of split flow

An inherent drawback of all early thermal desorption

systems was that the technique was ‘one-shot’ – if

anything went wrong during the analytical procedure, no

sample remained to repeat the test. Quantitative

re-collection of TD sample split flow was first reported by

Jan Kristensson in 198814,26. Kristensson’s initial

implementation involved adapting a standard TD system

of the time, and was therefore unavoidably cumbersome.

Nevertheless, it showed the potential of split-flow

re-collection for overcoming the inherent one-shot

limitation of traditional TD technology and for confirming

analyte recovery and test results.

The first commercial implementation of quantitative split

flow re-collection for TD was developed in 1998 by a

team led by Peter Higham, then lead mechanical

engineer at Markes International. They configured the

new Markes heated valve so that both primary tube

desorption (‘inlet’) split flow and secondary trap

desorption (‘outlet’) split flow were directed to the same

‘re-collection’ tube (Figure 14). This overcame the old

one-shot limitation of thermal desorption for the vast
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Figure 13: Analysis of a sorbent tube loaded with 2 µL of an n-C6 to n-C44 hydrocarbon standard (500 ng/µL) using 2-stage TD

with a valve and with trap desorption in backflush mode.

Experimental conditions

System: UNITY™ 2 TD–trace GC/FID.
Tube: Stainless steel, packed with quartz wool and graphitised carbon black.
Tube desorption: 10 min at 370°C with 40 mL/min flow.
Trap: Multi-sorbent (quartz–carbon black) trap at 0°C.
Trap desorption: 370°C with 30 mL/min split flow and 3 mL/min constant column flow.
Flow path: 210°C.
Column: 30 m × 0.25 mm × 0.25 µm.
GC oven: 100°C (1 min hold) to 325°C at 15°C/min.

Figure 14: Operation of two-stage thermal desorber with

integrated low-volume TD-specific valve and the capability to

re-collect primary and/or secondary split flow on the same

tube.
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majority of applications – i.e. all single-split and double-

split methods. Furthermore, because re-collection

involved analytes passing through an extended version of

the TD flow path, carrying out a short sequence of repeat

analyses on a single standard allowed selective losses of

one or more analytes (relative to split ratio or to other

more stable/volatile compounds in the mix) to be readily

identified. 

Quantitative sample re-collection is now a TD function

that has become accepted as a standard requirement,

and is referenced in many international standards as an

important approach to method validation27,28. 

3.6 Electronic control of flows and pressures

While GC systems with conventional liquid injectors have

benefitted from electronic pneumatic control of carrier

gas and split flow for many years, most two-stage TD

procedures present a significantly more difficult technical

challenge. This is because the route (flow path) by which

carrier gas is supplied to the column alters depending on

the phase of operation. For example, at the start of trap

desorption, the flow to the column switches from a

simple bypass line to pass through the very different

impedance of a sorbent focusing trap. The trap then

heats, thus changing the impedance once again.

Maintaining a stable electronically-controlled carrier gas

pressure or flow to the head of the GC column under

these conditions requires very robust closed-loop

feedback. 

Despite this complexity, Markes pioneered

implementation of both precise electronic pneumatic

control of carrier gas flow/pressure and electronic mass

flow control of desorption and split flows for TD. This

enhanced complex analyses by stabilising (‘locking’) peak

retention times independent of split flow, trap

impedance, etc. (Figure 15). Without electronic

pneumatic control of carrier gas, late-eluting components

would be subject to significant retention time variation if

the analytical conditions changed. 

3.7 TD innovations for whole-air/gas sampling

(canisters/bags and on-line monitoring)

Recent advances in thermal desorption technology for

whole-air/gas monitoring have included optimisation of

cryogen-free focusing trap technology for retention of

ultra-volatile components (see Section 3.2), the

development of reciprocal twin-trap system

configurations for continuous on-line operation (the

TT24-7), extended sequencing capabilities (more

channels) and improved general analytical performance

(linearity, reproducibility, reduced carryover, etc.). 

On-line air/gas monitoring systems tend to be installed

on industrial plant or in environmental field monitoring

stations, and are thus often required to operate

unattended for extended periods of time. High liquid

cryogen consumption was a major limitation for the

earliest on-line TD–GC systems10, but this was addressed

as soon as the first Peltier-cooled systems became
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Figure 15: Using electronic carrier gas control to stabilise TD–GC(MS) retention times under different analytical conditions.
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available for on-line work23. More recently, the

optimisation of trap performance has played a major part

in extending the compatibility of cryogen-free on-line TD

technology even further, to include trace greenhouse

gases such as ultra-light perfluorinated compounds (see

TDTS 87). 

TT24-7 systems, which incorporate two reciprocally-

operated traps, offer on-line monitoring without any

sampling ‘blind spots’. These are often targeted at very

hazardous applications, for example in counter-terrorism

or for monitoring particularly dangerous chemical

processes – see Section 14. 

The first widely used standard method for air monitoring

using canisters was published by the US EPA in 1991 and

involved cryo-focusing29. Automated analytical technology

for whole-air/gas containers such as canisters or bags

has been slow to evolve since then. This situation is

finally beginning to change, and most modern canister

standards30,31 now specify (or at least include) the option

of cryogen-free sorbent trapping. Improved trap

performance, better designed (more uniformly heated)

sample flow paths and extended purging have also

served to reduce carryover32 and make modern canister-

based autosamplers more versatile and productive than

their predecessors. Markes’ CIA Advantage™ technology

is a good example.

4 Sampling options and the role of TD as

a front-end technology for GC

Sampling options associated with thermal desorption

have conventionally included vapour-monitoring, via

sorbent tubes/traps, canisters and bags7, and direct

desorption of homogeneous liquids or solids (see TDTS 9

and Figure 7). However, thermal desorption is also the

primary interface for many other GC ‘front-end’

technologies, namely purge-and-trap33,34, large-volume

injection, sorptive extraction and headspace–trap or

headspace–TD (HS–TD).

4.1 Headspace–TD

Traditional equilibrium headspace technologies for GC

are fundamentally static systems. They rely on target

compounds partitioning reproducibly between the sample

matrix and the vapour (headspace) phase under fixed

conditions of temperature and pressure, so that analyte

concentrations in the headspace are representative of

analyte concentrations in the sample matrix. Aliquots of

headspace vapour in the order of 1 mL volume are

typically transferred to the GC either via a simple syringe

or using rather more sophisticated mechanisms such as

gas loop or pressure balance. 

The addition of a focusing trap turns headspace into

what is essentially a stepwise dynamic process. It allows

larger volumes of headspace vapour to be

collected/focused over a longer period of time. Markes’

HS–TD systems allow the headspace vials to be

repressurised and resampled repeatedly (in multiple

cycles) before the focusing trap is finally thermally

desorbed to ‘inject’ all the retained vapours in one go.

The main advantages of HS–TD versus conventional

static headspace procedures are a 10–100-fold increase

in sensitivity (depending on analyte volatility and the

number of cycles), an extended volatility range

(conventional static headspace is intended to

preferentially increase the concentration of volatiles at

the expense of higher-boiling matrix components)

(Figure 16) and selective pre-purging of interferences

(water, ethanol, etc.). In effect, it allows headspace

procedures to approach purge-and-trap sensitivity levels

but with the practical advantages of disposable vials, no

foaming, and minimal risk of aerosol formation35.
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Experimental conditions

System: HS-5TD™–GC/MS.
Trap: Multi-sorbent (‘air

toxics’) trap at 25°C.
Vial temp: 40°C.
Headspace cycles: 10 vial

sampling cycles at
50 mL/min.

Trap purge: 3 min.
Trap desorption: 40°C/s to

320°C with 5 mL/min
split.

Flow path: 150°C.
Column: 60 m × 0.25 mm

× 1.4 µm.
GC oven: 40°C (5 min),

5°C/min to 180°C
(10 min) then 20°C/min
to 240°C.

Scan range: 29–400 amu

Figure 16: 200 ppb purgable VOC standard in drinking water analysed by conventional HS–GC/MS (black) and HS–TD–GC/MS

(blue).
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4.2 Solid-phase (micro-)extraction (SP(M)E) or

sorptive extraction (SE) for GC

Sorptive extraction is available in various commercial

formats comprising fibres, bars and Markes’ SPE-tD

cartridges. All are coated with sorbent or stationary

phase – most commonly polydimethylsiloxane (PDMS).

The technique is principally applied to higher-boiling

organics in the liquid phase and is thus a good

complement to headspace-trap – see TDTS 88 and

Figure 17. Organic compounds partition between the

sample matrix and the stationary phase on the

SP(M)E/SE device at a given temperature. The sampled

cartridge/fibre is then rinsed, dried and analysed using

thermal desorption (or solvent extraction) with GC(MS). 

Sorptive extraction is most commonly used for screening

(rather than absolute quantitation) because the limited

range of predominantly non-polar coatings is not

compatible with all analytes. Furthermore, the partition

system can be very sensitive to variations in sample

conditions – humidity, analyte concentration, matrix

composition, time, temperature, etc. Nevertheless,

SP(M)E/SE provides a useful extraction tool for complex

samples and is widely used for routine drug screening

and for monitoring persistent organic pollutants in foods,

beverages and other products derived from natural

sources36.

4.3 Large-volume injection

Large-volume injection technology is also frequently

based on TD. Some of the earliest studies of groundwater

and soil contamination, for example, described

‘Adsorption/Thermal Desorption’ and involved injecting

several millilitres of water onto Tenax tubes before they

were subsequently dried and analysed by TD–GC(MS)37.

Modern implementations are typically built on similar

principles, albeit in more automated and integrated

configurations.

4.4 Stand-alone sampling accessories

Numerous specialist ‘stand-alone’ sampling devices have

also been introduced for thermal desorption over recent

years38. Key examples are presented in Markes’ series of

Applications Guides. They include alveolar breath

samplers such as the Bio-VOC™ 39,40, materials emission

testing equipment such as FLEC® and the

Micro-Chamber/Thermal Extractor™ 41–43, and soil

probes like the VOC-Mole™ 44,45. 

4.5 Summary of the versatility of TD

The multiple roles played by thermal desorption in GC

sample introduction are best illustrated diagrammatically

(Figure 18). In its various manifestations, TD offers

compatibility with gas-, liquid- and solid-phase samples

and with GC-compatible organic analytes ranging in

volatility from C2 hydrocarbons and freons to n-C40 and

6-ring PAHs. Key TD applications include: air/gas

monitoring (including fugitive industrial emissions),

materials characterisation, odour and aroma profiling,

civil defence, product quality control, and testing

chemical emissions from everyday products released into

indoor air. 

In many respects, high-performance TD systems can be

thought of as versatile, readily-automated, programmable

split/splitless GC injectors. The desorption efficiency of

the focusing trap should equate to that of a well-designed

liquid inlet for GC in terms of peak shape, compatible

boiling range, stability, longevity, etc. In other words, the
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Figure 17: Analysing organic components in red wine using HS–TD (bottom trace) and SPE–TD (top trace) with GC/MS.
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performance of the thermal desorber should allow it to

be interfaced directly to the analytical column, using a

simple heated transfer line, without any additional form

of injector or focusing device.

5 Method development and optimisation

The fundamentals of TD method development and

optimisation have remained essentially the same since

the advent of backflush desorption of the focusing trap.

While more detailed information is provided in TDTS 21,

the following general guidelines may be useful: 

5.1 Sampling

As with any measurement procedure, it is essential to

make sure that samples are collected correctly.

Considerations for optimising sorbent selection for on- or

off-line collection of air/gas samples, with and without

specialist sampling accessories (breath, material

emissions, etc.) are presented in TDTS 5, 20 and 27

(amongst others). While the selected sorbents must be

strong enough to prevent breakthrough and loss of any

target compounds during sampling, they must also be

weak enough to allow quantitative recovery of all the

analytes of interest at safe temperatures during the

desorption phase – i.e. at temperatures that don’t

exceed the stability limits for the sorbent or compounds

of interest. It is also useful to minimise the retention of

interfering compounds, such as permanent gases and

water during the sampling process – e.g. by selecting

hydrophobic sorbents. Similarly, use of canisters, bags or

unheated, on-line air/gas manifolds must be restricted to

vapours that can readily be recovered from ambient

temperature containers/streams – this typically means

compounds more volatile than n-C9/10 (see TDTS 80).

Headspace–TD and sorptive extraction applications have

been extensively reported35,36, and associated optimised

sampling conditions for headspace–TD and sorptive

extraction are presented in relevant publications,

including TDTS 78, 88, 91, 94 and 96. The direct

desorption of materials also requires some specific

considerations. General guidelines are given below.

5.2 Optimising the analytical procedure

General considerations: As described in Section 1.1, TD

is essentially an extension of gas chromatography, with

key parameters including temperature, gas flow, time and

sorbent (stationary phase) selection. While thermal

desorption parameters vary widely from application to

application, it is possible to apply some general rules that

aid the development of robust methods. 

It is usually best to start by considering the analysis as a

whole: What are the objectives? What are the target

compounds and likely interferences? What is the

expected concentration range? What range of analyte

masses should be allowed to reach the column and

detector to best ensure optimal GC performance and

required detection levels? 

Figure 18: GC(MS) sample introduction options supported by thermal desorption.

Sorbent tube analysis –

primarily used for air monitoring

Specialist integrated samplers such

as HS–TD, purge-and-trap or LVI

Whole-air sampling – canisters or

on-line air/gas monitoring

Sample introduced straight to

focusing trap

Direct desorption of materials or

SPE-tD™ cartridges

Focusing trap

Using sorbent tubes with ancillary

sampling equipment, e.g. for breath,

soil gas or material emissions
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In the case of sorbent tubes, it is usually (but not always)

necessary to desorb everything that has been

trapped/collected on the primary sample while at the

same time quantitatively retaining the compounds of

interest on the focusing trap. Key considerations at this

stage include the volatility range of compounds of

interest, the maximum temperature of the sorbents and

the likely presence of interferences. If it is possible to

adjust the trapping/focusing parameters so that

compounds of interest will be quantitatively retained for

the duration of primary (tube) desorption while unwanted

interferences (CO2, water, ethanol for example) are

purged to vent, then this is a big bonus. 

Once primary desorption is complete, the objective of

secondary (trap) desorption is invariably to completely

desorb everything retained by the trap and transfer it to

the GC analytical column, usually in as small a volume of

carrier gas as possible.

Temperature: Selection of optimum and flow path

temperatures is usually straightforward, taking into

account both the volatility and thermal stability of the

compounds of interest and the temperature limits of the

tube and/or trap sorbents concerned. One commonly

misunderstood factor is that the energy required to break

the sorbent–sorbate bond and release retained analytes

into the gas stream is much higher than that required to

keep analytes in the vapour-phase as they pass through

the empty narrow-bore tubing that comprises the rest of

the TD system flow path. In fact, provided the rest of the

TD flow path is uniformly heated, inert and narrow-bore,

desorbed compounds will remain comfortably in the

vapour-phase in the stream of carrier gas at temperatures

well below that required for tube or trap desorption. This

is intuitive to most gas chromatographers: just as

analytes would be expected to elute from a 30 metre

coated capillary column at a temperature well below their

boiling point, so compounds will elute very readily from

the short, uncoated, narrow-bore internal flow path of a

TD at surprisingly moderate temperatures. For example,

re-collection and repeat analysis (Figure 14) was used to

validate recovery of the hydrocarbon standard shown in

Figure 13 through an automated TD system. The

experiment was carried out with the TD flow path and

transfer line set at only 210°C. Results demonstrate

negligible losses of n-C40 (b.p. ~550°C) and are shown in

Figure 1946,47. It is important to understand this,

because it allows relatively low flow path and transfer line

temperatures to be set for most applications, thus

enhancing recovery of reactive species24.

Flow and split ratio selection: The power of gas flow to

enhance the thermal desorption process is commonly

underestimated. Increasing flow can be a very useful

alternative to raising temperatures – for example, when

analysing reactive compounds such as explosives and/or

to minimise artefacts when using less stable sorbents

such as Chromosorb® 106 or PoraPak™ N. As a general

rule, doubling the desorption flow approximately halves

the desorption time.

Typical flow rates used in thermal desorption are in the

order of 20–200 mL/min for tube desorption,

10–100 mL/min for whole-air sampling, 2–50 mL/min

through the cold trap during focusing and 2–100 mL/min

during secondary (trap) desorption. 

Implementation of sample splitting often directly benefits

the thermal desorption process by allowing tube and/or

trap desorption flows to be set higher than (and

independently of) focusing or GC column flows

respectively – see above. It also extends the applicable

concentration range. Whole-air/gas sampling methods,

headspace–TD, and other procedures that transfer

unconcentrated analytes directly into the focusing trap,

are all generally restricted to selection of a single split,

i.e. during desorption of the focusing trap. This limits split

ratios to between zero and approximately 200:1 in these
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Figure 19: Quantitative recovery of high-boiling hydrocarbons validated using quantitative re-collection of thermal desorption

split flow and repeat analysis. Experimental conditions as for Figure 13.
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cases. However, all two-stage TD procedures, including

tube desorption, direct desorption, large-volume injection

and sorptive extraction–TD, benefit from the option of

double splitting. In this case the overall split ratio is the

product of the two individual split ratios, and milligram-

level samples can be reduced to a few hundred

nanograms on-column19.

Minimising interferences: Thermal desorption offers

several opportunities for selective elimination of common

GC interferences such as permanent gases, water48 and,

when applicable, volatiles such as methanol, ethanol and

acetic acid. Common options include selective retention

during sampling/focusing, dry-purging or pre-purging

prior to desorption and, occasionally, the use of specific

devices such as a Nafion dryer, e.g. for on-line monitoring

of very volatile non-polar compounds such as freons or

‘ozone precursors’ (see TDTS 26).

5.3 Direct desorption

Key considerations for direct desorption of materials or

sorptive extraction cartridges are presented in TDTS 9.

They include:

• Ensuring the flow path through the tube is not blocked

by sample material or the SP(M)E/SE sampling device 

• Ensuring the material/device is positioned securely in

the central, heated portion of the sample tube not in

the relatively cooler zones at either end of the tube

• Understanding the objective, i.e. is it the intention to

carry out complete extraction of the volatiles of

interest (e.g. for residual solvent studies) or simply to

obtain a representative VOC profile (e.g. for

characterising the aromas released by products

derived from natural sources)?

• Understanding the nature of the sample matrix –

maximum temperature, water content, etc.

For many solid and liquid samples, direct thermal

desorption allows both interfering volatiles and unwanted

higher-boiling matrix components to be excluded from the

analysis. In these cases, TD effectively combines sample

preparation/clean-up and selective extraction into one

fully-automated process, thus extending the lifetime of

capillary columns and other GC(MS) system components.

6 Calibration and validation

Thermal desorption procedures are generally calibrated

using external standard methods with the optional

addition of a gas-phase internal standard such as

deuterated toluene or bromofluorobenzene – see TDTS 7.

Theoretically, gas-phase standards should be used for

calibrating vapour-monitoring applications, but they can

be expensive and/or difficult to obtain at appropriate

concentrations. For example, certified cylinders of ppb-

level hydrocarbons for calibrating ozone precursor

systems retail at upwards of US$3000. 

Reliable gas standards are also notoriously difficult to

generate. Static standard atmospheres are prone to

analyte losses through surface sorption, condensation

and dissolution into any liquid water present inside the

container, even the thinnest surface film. (N.B. Many of

these same issues afflict air/gas samples collected in

modern canisters.) Dynamic standard-atmosphere

generation methods are much more reliable and are

described in several papers49–51. However, there are very

few laboratories in the world that have sufficiently

sophisticated apparatus, including continuous monitoring

equipment, to produce low-concentration (low ppm)

standard atmospheres that are truly traceable to primary

standards.

The most important international standard thermal

desorption methods therefore describe external standard

calibration using liquid solutions27,28,52,53. Standard

solutions are prepared so that injection of small volumes

(typically 0.2 to 2 µL) introduces the same analyte

masses that are expected to be retained by (or loaded

into) the TD tube during sampling. The preferred injection

method involves introducing the liquid standards through

what is essentially a simple unheated GC injector which

is connected to the sampling end of the sorbent tube as

if it was the injector end of a ¼″ packed column – see

TDTS 7. Carrier gas flows are typically set to something in

the order of 100 mL/min, and the syringe is usually

inserted through the septum and into the ‘injector’ so

that it just touches the sorbent-retaining material within

the tube (gauze, frit, quartz/glass wool etc.). Analytes

vapourise rapidly in the fast flow of carrier gas, and reach

the sorbent in the vapour phase, as they do during

sample collection.

After the aliquot of standard has been introduced in this

way, tubes are typically left in situ with the carrier gas

flowing for up to 5 minutes to allow selective purging of

solvent (typically methanol) if applicable. Calibration of

very light components is similar but involves gas

standards and gas syringes. If calibration is required over

a wide volatility range using multiple standards, liquid

standards containing higher-boiling stable components

are introduced first, with gas standards of the lightest

compounds being loaded last.

Note that with two-stage thermal desorption, it is not

usually important to load standards onto tubes packed

with the same sorbents that will be used for vapour

sampling. This is because the critical ‘analytical’ injection

is the second (trap) desorption. It is more important to

make sure the standard loading and calibration

procedure is simple/robust and to use selective purging

if possible to eliminate the carrier solvent. 

For obvious practical reasons, if the nature of the

analytes means it is not possible to use a solvent that

can be selectively purged prior to analysis, it is usually

best to minimise injection volumes (i.e. to <0.5 µL) and

to choose a solvent that gives a sharp, well-resolved peak

under the analytical conditions selected.



Traditional methods for validating analyte recovery

through a thermal desorption system were complex and

tedious. Users were generally recommended to carry out

a multi-level calibration using the thermal desorber and

then set up an equivalent liquid injection system (same

column, column flow, split ratio, etc.) and repeat the

process52. Aside from the time required, it is difficult to

exactly match column and split flows for two such

different GC injection systems, especially in the case of

double-split TD methods. The latest international

standard methods for thermal desorption have therefore

begun to recommend the use of quantitative re-collection

for repeat analysis as an alternative approach – see

TDTS 24 and Figures 14 and 19.

7 An introduction to thermal desorption

applications

Having concentrated thus far on describing the

necessary functions for thermal desorption and how to

optimise methods, we can now begin to address the

application range. But first, it is worth briefly considering

its limitations.

Most thermal desorption systems do not provide the best

GC interface option for:

• Inorganic gases such as O2, O3, N2, CO2, NOx, SOx and

NH3 (there are notable exceptions including N2O, H2S

and SF6, which can all be conveniently monitored

using TD methods)

• Methane: This is hard to trap quantitatively, even on

the most efficiently cooled sorbent traps. However, it is

often present in such abundance (relative to other

organic vapours) that it can typically be monitored

without pre-concentration, e.g. using conventional

flame ionisation detectors

• Organic compounds that are not compatible with

conventional GC analysis

• Non-volatiles, i.e. compounds less volatile than

n-C40/44, didecyl phthalate or 6-ring polyaromatic

hydrocarbons (PAHs)

• Organics retained in a thermally unstable sample

matrix.

Apart from this limited number of exceptions, thermal

desorption can enhance/facilitate a wide range of GC

applications, especially those that present a ‘challenge’

to conventional inlet technology, i.e. liquid autosamplers,

static headspace or gas sample valves. Suitable analytes

include any GC-compatible organic compounds within the

constraints listed above.

8 Air monitoring

Air monitoring is the first application everyone thinks of in

connection with thermal desorption, but it is a broad field

which can be subdivided into several distinct areas7,38.

The following text summarises these different areas and

presents some topical examples.

8.1 Workplace air monitoring

Monitoring personal (inhalation) exposure to toxic

chemicals for compliance with workplace health & safety

regulations was one of the very first applications of

thermal desorption. Samples are typically collected using

pumped or diffusive sorbent tubes according to various

national and international standard methods27,52,54–56.

Time-weighted average measurements, e.g. over an

8-hour shift, are then assessed against threshold limit

values (TLVs), sometimes called ‘Occupational Exposure

Limits’ (OELs), to check compliance. While vast

improvements in workplace health & safety have been

implemented in most industrialised countries over recent

years, the developing world still struggles to keep

personal exposure levels below safe limits. Additional

information on chemical toxicity has also led to the

continued re-evaluation and reduction of many limit

levels, thus driving the ongoing need to monitor personal

exposure at lower and lower concentrations.

There are many excellent publications reporting on use of

analytical thermal desorption for occupational

hygiene57,58. One important point is that best practice

typically requires average monitoring results to be well

below prescribed limit levels (e.g. one tenth). This is

because differences in behaviour between individuals

generate such a wide range of results (for example, over

1 or 2 orders of magnitude1) that it is only when the

average falls well below the OEL that it is safe to assume

no workers are being exposed to unsafe levels. 

Related TD applications include biological monitoring –

i.e. measuring chemical concentrations in the blood,

urine, or breath of workers as a means of assessing their

chemical exposure via all possible routes (ingestion and

skin absorption, as well as inhalation40,59,60). Generally

speaking, subjects prefer to provide a breath sample,

rather than blood or urine, and another benefit of this

non-invasive approach is that it doesn’t require trained

medical personnel40. With sufficient data, guideline

‘acceptable breath concentration’ levels can be set for

specific processes or tasks. However, results are more

typically interpreted in relative terms – e.g. to make sure

exposure levels don’t increase over time or to identify

anomalies across a group of workers all supposedly

doing the same job. Guidance notes are available to help

interpret breath monitoring data for some common skin-

absorbed compounds61.

8.2 The diagnostic potential of breath analysis

While perhaps not a mainstream air monitoring

application, there is also increasing interest in the

diagnostic potential of VOCs in breath39,62. Many

metabolic processes and disease states produce specific

indicative VOCs or patterns of VOCs – e.g. diabetes and

stress. The diagnostic potential of breath has been

extensively studied for lung/respiratory conditions (lung

cancer, asthma, TB, etc.)39,62–65, and has even been

investigated for gut disorders and mental health

conditions.
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Other applications for monitoring VOCs in breath have

included: 

• Investigations of the permeability of human skin to

volatile halogenated species at elevated (bath/shower)

temperatures60

• Studies of halitosis or breath odour66

• Identification of compounds that can be used as

reliable indicators of smoking67,68.

8.3 Ambient outdoor and indoor air monitoring

TD–GC/MS has been the analytical method of choice for

ambient air monitoring applications for over 20 years. A

wide variety of sampling options are applied to this field

depending on monitoring objectives. On-line or near-real-

time monitoring systems are used for round-the-clock

monitoring of key pollutants such as ozone

precursors22–24,69,70 in urban air (see TDTS 16 and

Figure 20) and odorous sulfur compounds (hydrogen

sulfide, methane thiol, dimethyl sulfide, dimethyl

disulfide) near landfill sites and sewage treatment

works71,72 (see TDTS 32). Off-line sampling options

include both sorbent tubes73,74 and whole-air sampling

into canisters75 (see TDTS 80). Applications for whole-air

sampling options such as canisters include the more

volatile ‘air toxic’76 species and ultra-volatile trace

greenhouse gases – CF4, C2F6, SF6, etc.77 (see TDTS 87).

Generally speaking, most indoor and outdoor air

monitoring applications are more conveniently sampled

using pumped sorbent tubes7,17,27,38,54,76,78–81. 

Some detailed studies of air pollution in large cities have

been carried out using diffusive sampling onto sorbent

tubes. The low cost of passive (diffusive) sampling

facilitates the collection of large numbers of samples,

allowing accurate mapping of pollution isopleths

(Figure 21)82.
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Figure 20: On-line monitoring of ‘ozone precursors’ (C2 to C9 hydrocarbons) using TD–GC with dual column/Deans switch

configuration and dual FID.
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8.4 Industrial (fugitive) emissions

Thermal desorption has always been popular for

monitoring around the perimeter of industrial plants as a

check on the impact of industrial emissions. Again, the

simplicity of diffusive monitoring means that 10 or 20

samplers can be cost-effectively deployed around a site,

allowing accurate mapping of pollution/contamination

levels under different wind and weather conditions83.

While most bulk organic vapour measurements in

industrial emissions (stack or flue gases) are made using

sensors (continuous emission monitoring (CEM)

technology), lower-level toxic organics are measured

using sorbent tubes with either solvent extraction or

thermal desorption. Key test methods have included EPA

Methods 0030, 0031 and 5041A in the US, and EN

13649 in Europe84. While originally restricted to solvent

extraction, EN 13649 is currently being revised to include

thermal desorption, in response to demand from

industry.

8.5 Atmospheric research

Recent fears about the impact of air pollution on climate

and the stratospheric ozone layer have led to numerous

national and international research projects into

atmospheric pollution. Investigated issues have included

global background pollution (monitoring some of the

cleanest air on earth85,86), atmospheric chemistry,

biogenic emissions87,88, and measurements of

air–seawater interactions89.

These studies typically involve vapour concentration

measurements at ppt or even ppq concentrations,

requiring the best available TD–GC technology coupled

with high-sensitivity MS detection (e.g. negative-ion

chemical ionisation (NCI), triple-quadrupole, time-of-flight).

Preferred sampling options include pumped sorbent

tubes or canisters86, depending on target analyte range. 

8.6 Soil gas and vapour intrusion into buildings

As the human population continues to expand, there is

increasing pressure to redevelop disused industrial land

rather than build on ‘greenfield’ sites. However, as in the

case of the infamous Love Canal incident mentioned in

Section 2, there is always concern that the residue from

old chemical processes, or leaks from disused

chemical/fuel storage tanks, may remain in the soil.

Redevelopment of industrial land therefore requires

detailed assessment and remediation of any identified

contamination. Even after remediation (clean-up), long-

term monitoring of soil gas, or air from inside buildings

that are developed on the site, may be required to make

sure that the risk from any residual pollution remains low.

Occasionally it is necessary to adapt building

construction to minimise risk of vapour intrusion – for

example, by installing impermeable membranes in the

basement. 

The US has led the way in this field, and many related

monitoring methods are now under development, for

example within ASTM. Cited soil gas (or ‘under-slab’)

sampling approaches include using canisters (limited to

compounds more volatile than n-C9/10) and active or

passive sampling onto sorbent tubes (compatible with a

wider volatility range). In both cases, analysis is by

thermal desorption7,90–92.

8.7 Water odour

A few odorous organic compounds – e.g. geosmin,

2-methylisoborneol and the trichloroanisoles – are

responsible for a high proportion of complaints about

drinking water quality. They are typically detectable down

to 10 ppt by the human nose, and while they don’t

present an actual health hazard at these levels, their

musty, earthy smell is a real concern to consumers.

Conventional GC sampling methods such as static

headspace or purge-and-trap do not offer sufficient

sensitivity for this demanding application, and it is one of

the areas where sorptive extraction or HS–TD

(headspace–trap) have recently been found to present a

potentially useful automatic alternative. Detection limits

in the order of 1–2 ppt have been reported35 (Figure 22).

Benzene concentration (µg/m3)

9.0 8.0 7.0 6.0 5.0 4.0 3.0

Figure 21: Mapping criteria pollutants in urban air around

Rouen, France, using diffusive sampling over a 5-day period.
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8.8 Monitoring tracer gases

Tracer gases typically comprise perfluorinated

compounds such as sulfur hexafluoride or

perfluoromethylcyclohexane, because they don’t occur

naturally and are readily detected at low levels by GC

methods (e.g. by using electron capture detection or

GC/MS in NCI mode). Sources of tracer gases are placed

in various locations in buildings or vehicles. On- or off-line

TD–GC methods are then used to monitor the tracer gas

concentrations as they change over time, thus allowing

ventilation efficiency to be evaluated. Both passive and

active sampling methods have been applied93,94.

It is interesting to note that halogenated organic

compounds are now known to play a key role in ozone

depletion (i.e. damaging the ozone layer) and to have

very high global warming potential (5000 to 10,000

times more than that of CO2). They also have a long

half-life in the atmosphere. SF6, for example, can now be

detected around the planet at ~6 ppt and Freon® 113 at

around 75 ppt (Figure 23). While these levels do not

present any immediate or significant environmental risk,

scientists are nevertheless concerned to make sure their

research does not contribute to global pollution levels.

Use of tracer gases has therefore been minimised over

recent years.

For more information on all TD applications relating to

environmental monitoring, see Markes’ Applications

Guide I.

Figure 22: 5-ppt-level odorants in drinking water analysed by TD–GC/MS (SIM).
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HS-TD analysis: 10 HS vial sampling

cycles at 50 mL/min.
Trap purge: 2 min.
Trap desorption: 50°C/s to 300°C

splitless.
Flow path: 160°C.
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Figure 23: Comparison of TD–GC/MS data obtained for the

analysis of carbon tetrachloride and Freon® 113 in 200 mL

forest air. Blue: Quad scan data. Red: Quad SIM data. Black:

TOF data. Quad data (scan and SIM) are expanded by a factor

of 500 relative to the TOF data.

Experimental conditions

System: TD-100™–GC/MS; GC–BenchTOF-dx™.
Tube: Stainless steel, packed with carbon black and carbon

molecular sieves.
Tube desorption: 10 min at 320°C.
Trap: Multi-sorbent (‘air toxics’) trap at +25°C.
Trap desorption: 320°C at 40°C/s with 5 mL/min split.
Flow path: 140°C.
Column: 60 m × 0.32 mm × 1.8 µm.
GC oven: 35°C to 230°C at 5°C/min.
Quad MS: 20–300 amu (scan).
SIM ions: Group 1: 56, 67, 93, 151; Group 2: 57, 78, 106; Group 3:

58, 91, 117.
Masses acquired using TOF-MS: 20–300 amu.
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9 Chemical emissions from everyday

products

Fears relating to global warming have also driven new

regulations relating to the energy performance of

buildings95. Unfortunately, this well-intentioned legislation

has had the unwanted side-effect of significantly

reducing building ventilation levels and impacting indoor

air quality. Whereas air change rates in north European

or US housing stock were traditionally in the order of 1 or

2 per hour, this has been reduced to 0.2 air changes per

hour or even lower in some new homes/offices96,97.

Reports of adverse health effects have therefore led to

increased focus on controlling the sources of pollutants,

including chemical emissions from products used

indoors98. Construction products, decorative materials,

car interior trim components, furniture and cleaning

products have all come under the spotlight. Even natural

materials that have been used for centuries in traditional

housing may compromise air quality when installed in

modern air-tight dwellings. 

New regulations99–101, test protocols102–104 and analytical

methods105–107 have been developed to address these

concerns. Those relating to vapour-phase organic

chemicals predominantly specify use of sorbent tubes

with subsequent TD–GC/MS analysis28,108 *.

Reference methods for material emissions testing

generally specify small environmental chambers (typically

20–1000 L volume) or test cells, both of which can be

used to evaluate chemical emissions from products and

materials under simulated real-use conditions. Samples

are usually prepared so that only the surface exposed to

the indoor environment is exposed in the test chamber or

cell. Pure humidified air is then driven into the chamber

under specified conditions of temperature, humidity,

time, etc. After a given period, the exhaust air is sampled

and analysed as described above to measure the area-,

mass- or component-specific chemical emission rate.

Tests are usually carried out over an extended period

(typically 3, 7, 14 or 28 days) to simulate airborne

concentrations soon after product installation or building

occupation – see TDTS 55, 56 and 70–72.

Faster emission screening methods using micro-

chambers have been developed recently111,112 to

complement long-term reference tests and to provide

industry with a practical tool for routine in-house use (see

TDTS 67–69, 89 and 90). Micro-chambers are also used

in combination with sorbent tubes and TD–GC/MS to

measure emitted organic vapours (Figure 24) or with

DNPH cartridges and subsequent HPLC analysis for

formaldehyde emissions.

There are numerous publications and reports describing

emission tests from construction products and car

trim113,114. Other everyday products which are commonly

subjected to emissions testing include furniture,

furnishings and toys (Figure 25). Note that, even though

the toy emission profiles shown in Figure 25 were

obtained at relatively low temperatures (40 and 90°C

respectively) they still show emission of significant levels

of key SVOCs – including phthalates, several of which are

now designated ‘Substances of Very High Concern’ under

REACH†, and bisphenol A, which is a known endocrine

disruptor. 

Figure 24: Screening chemical emissions from plasterboard

(dry wall) using test chambers/micro-chambers or emission

cells with sorbent tubes and TD–GC/MS.

Experimental conditions

System: Micro-Chamber/Thermal Extractor™ with TD-100™–GC/MS.
Chamber temperature and flow: 50°C and 100 mL/min dry air.
Equilibration time: 20 min.
Vapour sampling time: 15 min, onto a stainless steel tube packed

with Tenax® TA.
Tube desorption: 5 min at 280°C.
Trap: Multi-sorbent quartz–Tenax–Carbograph™ 5TD trap at +25°C.
Trap desorption: 300°C with 30 mL/min split flow.
Flow path: 150°C.
Column: 60 m × 0.25 mm × 0.5 µm.
GC oven: 40°C to 225°C at 10°C/min.
Scan range: 35–300 amu.

† REACH: European Directive [2006/121/EC] on the

Registration, Evaluation, Authorisation and restriction of

CHemicals.

* Formaldehyde is the primary exception to this. It can be

analysed by TD–GC(MS), but is so reactive and prone to

hydrolysis that it is very difficult to store in its free state. Most

reference methods therefore specify sampling using cartridges

impregnated with dinitrophenylhydrazine (DNPH). This reacts

with the formaldehyde to form a more stable derivative, which

is then analysed by solvent extraction and HPLC109,110Time (min)
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Emissions testing is now being implemented more widely

within the manufacturing industry to ensure consumer

safety and to take advantage of market demand for

low-emission products. Specific applications include

quality control of production, development of new

low-emission product ranges, monitoring raw materials,

and comparison against best-in-class competitors.

Similar procedures are used for quality control of volatile

and semi-volatile chemical emissions from sensitive

electronic components such as PC hard-drives.

For more information on TD applications relating to

chemical emissions from materials, see Markes’

Applications Guide II.

10 Chemical warfare agents and civil

defence

While in many ways a simple extension of air monitoring,

use of thermal desorption for detection of extremely toxic

chemical agents is now considered a field in its own

right. Example applications include:

• Monitoring agent storage and destruction facilities – to

ensure the safety of personnel and protect the nearby

environment

• Continuous monitoring of critical civilian locations –

transport hubs, key government buildings, etc.

• Studies of decontamination technology and protective

coatings, e.g. paints designed to prevent agent from

penetrating into the fabric of buildings or machinery to

simplify decontamination in the event of a chemical

attack

• Battlefield protection – using sorbent tubes with

TD–GC(MS) to evaluate protective equipment –

e.g. monitoring the permeation of agent through

masks and clothing

• First responders – teams equipped with mobile

laboratories and trained to be the first on the scene in

the event of a major chemical incident.

Many of the most toxic chemical warfare agents present

a major analytical challenge, because of the low

detection limits required (e.g. 0.0006 µg/m3 for general

population exposure) and because of the reactivity

and/or ‘stickiness’ of the compounds themselves.

Early TD technology was not compatible with many of the

highest-boiling or most reactive CW agents. VX, for

example, was traditionally monitored by sampling the air

Figure 25: Screening volatile and semi-volatile chemical

emissions from children’s toys.

Time (min)

A
b

u
n

d
a

n
ce

 (
×

 1
0

–
7
)

2 4 6 8 10 12 14
0

1

2

3

16 18

1

3

5

7
9

2

4

6

8

1 Toluene
2 Ethylbenzene
3 p-Xylene
4 o-Xylene
5 Cyclohexanone
6 Trichlorodecane
7 Diethyl phthalate
8 Dibutyl phthalate
9 Dioctyl phthalate

Toy A – Incubation at 40°C

Time (min)

A
b

u
n

d
a

n
ce

 (
×

 1
0

–
6
)

2 6 10 14
0

1

2

3

18 22

1

2 4

Toy B – Incubation at 90°C

26 30

1 Styrene
2 Aniline
3 Limonene
4 Bisphenol A

Experimental conditions

System: Micro-Chamber/Thermal Extractor™.
Chamber temperature and flow: 40°C and 100 mL/min flow (top

chromatogram); 90°C and 50 mL/min flow (bottom chromatogram).
Equilibration time: 20 min.
Vapour sampling time: 15 min in each case.
Similar analytical conditions to Figure 24.

Figure 26: TD–GC/FPD analysis of 45 pg free-VX on-tube.

Experimental conditions

System: UNITY™ 2 TD–GC/FPD.
Tube: Silcosteel packed with Tenax® TA.
Tube desorption: 8 min at 300°C.
Trap: Multi-sorbent quartz–Tenax trap at +20°C.
Trap desorption: 300°C (splitless).
Flow path: 200°C.
Column: 30 m × 0.25 mm × 0.5 µm.
GC oven: 60°C to 250°C at 20°C/min.
FPD: 250°C, H2 150 mL/min, air 110 mL/min, N2 55 mL/min.
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through silver fluoride pads to produce the more volatile

‘G-analogue’115. However, the performance of this

conversion process was rarely 100% efficient and tended

to diminish as the pads aged, leading to risk of under-

reporting. The latest on- and off-line thermal desorption

technology is compatible with free-VX even at the lowest

levels (Figure 26), thus removing the need for

derivatisation and reducing analytical uncertainty.

Much of the impetus for developing twin-trap TD

configurations also came from chemical agent monitoring

applications. Twin-trap systems allow air or gas streams

to be sampled continuously, thus generating near-real-

time data without any unsampled time or ‘blind spots’.

While air is being drawn into trap A, trap B is desorbed

and analysed. Once trap B has cooled, it can be switched

to sampling, thus allowing trap A to be desorbed. Data

shown in Figure 27 illustrates continuous monitoring of

the chemical agent sarin (GB) using one such system.

Typical applications for this kind of technology include

continuous monitoring of government buildings against

terrorist attack and process monitoring at agent

destruction (‘demil’) facilities to ensure the safety of site

personnel.

For more information on TD applications relating to

chemical agents, see Markes’ Applications Guide III.

11 Direct desorption of residual volatiles

TD–GC/MS is now widely applied for measurement of

residual volatiles and VOC content. As described in

TDTS 9, many relatively dry and homogeneous materials

can be conveniently weighed into empty sample tubes or

tube liners (Figure 7) for analysis by gas extraction

(dynamic headspace) process. Direct (thermal)

desorption works best with materials that have a high

surface area to mass ratio (powders, granules, fibres, or

films). The power and simplicity of direct TD relative to

conventional static (equilibrium) headspace methods is

that no additional dissolution or salting-out steps are

required, and that it does not rely on partition

coefficients or equilibria. Furthermore, complete (or

nearly complete) extraction is often possible in one run,

thus simplifying calibration. 

Another advantage of direct thermal desorption is that it

can be applied to much smaller sample sizes (e.g. 2 or

3 mg rather than the 2 or 3 g often required for

conventional headspace). This makes it suitable for some

forensic applications (see Section 13) and for measuring

residual solvents when sample amounts are limited, e.g.

prototype pharmaceuticals. 

A lot of direct desorption applications fall under the

general header of manufacturing QA/QC. Materials

suitable for this approach include:

• Pharmaceutical powders and medicinal ointments –

see TDTS 91 and Figure 2815

• Soap powders

• Textiles and treated leather – see TDTS 40 (Figure 29)

• Paints and adhesives – see TDTS 57 

• Polymers in powder, granule, film or fibre form15

• Packaging materials116

• House dust117.

For more information on TD applications relating to direct

desorption, see Markes’ Applications Guide II.
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Figure 27: Using twin-trap thermal desorption equipment (Markes’ TT24-7™) for continuous, near-real-time monitoring of the

chemical warfare agent sarin (GB) in a dynamically generated standard atmosphere (see reference 54).
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12 Food, flavour, fragrance and odour

profiling

Direct thermal desorption can also be applied to the

characterisation of aroma and fragrances. Relevant

applications include the profiling of dried foodstuffs, such

as spices, instant coffee, cocoa powder and tobacco. In

this case, the intention is not to get complete extraction

but to obtain a characteristic chromatographic profile.

Temperatures are typically kept low to prevent denaturing

the sample.

Direct TD (dynamic headspace) fulfils a different purpose

than conventional equilibrium headspace for this type of

work. Whereas standard headspace selectively

concentrates the most volatile constituents, thermal

desorption allows analysis of a wider, more

representative profile of the overall aroma (odour),

including both volatile and less volatile components. The

technique is also very sensitive, accentuating even minor

differences in composition (e.g. 5% less of one ingredient

and 10% more of another), thus allowing very precise

quality control118,119.

HS–TD and sorptive extraction (see Section 4.2)

complement direct thermal desorption by providing tools

that can be used to study organic volatiles and semi-

volatiles in drinks such as wine, beer, fruit juices (see

TDTS 88 and 94) and food extracts35,120,121. When

applied together, these approaches provide a

comprehensive profile of organic chemicals in products

derived from natural materials (Figure 17).

Figure 28: Direct desorption of residual solvents and/or

active ingredients from pharmaceutical preparations.
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Experimental conditions

System: Direct TD–GC/MS using a UNITY™
system.

Sample: 1.5 mm × 10 mm sections of
control and discoloured leather.

Desorption: 150°C for 5 min.
Flow: 60 mL/min carrier gas (split 50:50).
Trap: Tenax®/Carbograph™ 1 at –10°C.
Trap desorption: 300°C with 30 mL/min

split flow and 2 mL/min column flow.
Flow path: 200°C.
Column: 30 m × 0.32 mm × 1.0 µm.
GC oven: 60°C (5 min hold) to 280°C at

10°C/min.
Scan: 45–350 amu.
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Figure 29: Direct desorption of discoloured and control samples of white leather. The control sample shows detergent residue

and much lower levels of natural oils.
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Conventional on- or off-line sorbent sampling modes of

thermal desorption are also extensively applied to

monitoring fragrance, aroma and odour profiles in air. 

Overall, this is a growing field with many interesting

applications and research opportunities. Many examples

are included in Markes’ Applications Guide IV. Highlights

include:

• Accelerated food shelf-life studies, sometimes using

similar micro-chamber technology to that applied to

material emissions testing (see TDTS 95)

• The composition of air freshener profiles and the

kinetics of fragrance decay

• Identification of crop emissions, plant species and

plant health122–124

• Monitoring flavour/aroma quality in genetically

modified foods125

• Studies of insect–plant interactions and

pheromones126

• Identifying moulds, fungi and bacteria127

• Tracking sources of taint and off-odour

• Studies of human body odour and bad breath128,129.

For more information on TD applications relating to food,

flavour, fragrance and odour profiling, see Markes’

Applications Guide IV.

13 Forensic applications

The big advantage of thermal desorption as a GC sample

introduction technology for forensic applications is that it

requires little or no manual sample preparation. This is

important for forensic science because it means that

there is less risk of compromising data and thus of

evidence being challenged in court. Relevant application

examples are as follows: 

13.1 Accelerants in fire debris

Thermal desorption is often used to determine the

presence or absence of ‘accelerants’ (i.e. fuels such as

gasoline or kerosene) in burnt residue from the scene of

suspected cases of arson130. Typically the fire debris is

collected in inert containers like metal cans or nylon

bags. Pumps or large gas syringes are then used to draw

the headspace vapours through well-conditioned sorbent

tubes. The volume of vapour sampled varies considerably

because the only objective in this case is to determine

whether or not accelerants are present. Small volumes

(20–50 mL) are therfore sufficient if the sample smells

of fuel.

Thermal desorption offers several advantages over

conventional static headspace methods for this

application. Firstly, it is not limited to specific container

sizes (e.g. headspace vials). Thus it allows larger, more

representative samples of the fire debris to be analysed,

giving enhanced sensitivity and better reliability.

Moreover, the presence of significant quantities of liquid

water in many fire residue samples can present a

challenge to detection of trace levels of higher-boiling

accelerants using conventional HS. In comparison, the

dynamic sampling process of TD allows both selective

elimination of water and enhanced detection of less

volatile compounds.

13.2 Drugs of abuse

Many drug-related GC/MS applications benefit from the

versatility of thermal desorption. Examples include direct

desorption of house dust from the scene of a crime

(Figure 30), direct desorption of bank notes131 and

detection of amphetamine ‘factories’ by monitoring the

air for indicative solvents. The example shown in

Figure 30 is interesting, not only because the levels of

drugs were so high in this case (the dust was found to be

nearly 3% heroin/cocaine) but also because

phenobarbital, an anti-epileptic treatment for dogs, was

identified at the same time. Were the police able to use

this finding to narrow their investigations to drug dealers

who’d recently visited the local vet?!

Sorptive extraction combined with TD–GC/MS also

provides a convenient analytical approach for detecting

proscribed substances in biological fluids132.

13.3 Explosives and shotgun propellant residues

Explosive vapours present a significant challenge even to

conventional GC(MS) analysis. These highly reactive

compounds are very sensitive to any slight deterioration

in system performance – injector activity, column age,

detector contamination, etc. It is therefore a testament to

the performance of Markes’ TD technology that two-stage

thermal desorption of trace-level DNT and TNT is now

considered routine, and that even more challenging

Figure 30: Direct desorption of proscribed drugs in house

dust.

Experimental conditions

System: Direct TD–GC/MS using an ULTRA-UNITY™ system.
Sample: ~5 mg dust in glass tubes supported by quartz wool plugs.
Desorption: 150°C for 10 min.
Flow: 50 mL/min carrier gas.
Trap: Quartz–Tenax® at +20°C.
Trap desorption: 40°C/s to 250°C with 30 mL/min split flow and

2 mL/min column flow.
Flow path: 150°C.
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compounds such as RDX and PETN can be detected at

trace levels (Figure 31). Use of thermal desorption to

detect and characterise (‘fingerprint’) residual propellant

on spent shotgun cartridges has also been reported, and

can be used to link individual cartridges or weapons to

specific crimes (see TDTS 58).

13.4 Characterisation of materials

Many materials can be reliably characterised from their

VOC profile. Key examples include paper, ink and natural

materials such as plants and their fossilised

derivatives122,133.

Figure 32 shows direct desorption of organic

volatiles/semi-volatiles from paper with and without

writing. Investigations like this may be used to link

documents to a particular paper source and/or specific

ink/pen (‘forensication’). The extent of selective losses of

the most volatile constituents in the ink can also be

useful in estimating the age of a document.

For more information on forensic applications of thermal

desorption, see Markes’ Applications Guide III.

14 Monitoring chemical processes

The concentrating power of thermal desorption makes it

invaluable for detecting leaks in dangerous industrial

chemical processes. Key examples include chemical

agent destruction facilities and monitoring chemical

syntheses that generate lethal by-products such as

bis(chloromethyl) ether134. In these cases, continuous or

very regular monitoring is necessary to ensure the safety

of plant personnel. 

TD–GC/MS systems are also increasingly used for routine

product quality control and development of low-emission

materials. Relevant industries include construction

products, electronic components, manufacturers of car

interior trim, carpeting, furniture, decorative materials

and consumer products (air fresheners, domestic

cleaning agents, etc.) – see Section 9.

w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Page 26TDTS 12

Figure 31: Using TD–GC/MS for detection of trace explosive

vapours in air.

Experimental conditions

System: UNITY™ 2 TD–GC/FPD.
Tube: Silcosteel, packed with quartz wool and Tenax® TA.
Tube desorption: 3 min at 180°C, followed by 2 min at 210°C
Trap: Multi-sorbent quartz–Tenax at +20°C.
Trap desorption: 300°C at 20°C/s with 50 mL/min split flow and

3 mL/min column flow.
Flow path: 180°C.
Column: 30 m × 0.25 mm × 0.5 µm.
GC oven: 60°C to 250°C at 20°C/min.
Scan range: 35–300 amu.
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Figure 32: Direct desorption of documents for forensic

characterisation of paper and inks.

Experimental conditions

System: Direct TD–GC/MS using a UNITY™ system.
Sample: ~2 mm × 20 mm sections of paper (with and without ink).
Desorption: 100°C for 5 min.
Flow: 30 mL/min carrier gas.
Trap: Tenax®/Carbograph™ 1 at +25°C.
Trap desorption: 300°C with 20 mL/min split flow.
Flow path: 200°C.
Column: 30 m × 0.32 mm × 1.0 µm.
GC oven: 60°C (5 min hold) to 280°C at 10°C/min.
Scan range: 45–350 amu.
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Other examples of TD implementation for industrial/

process applications include:

• Monitoring trace impurities in CO2 supplying the food

and beverage industries

• Monitoring tracer gases for leak detection in critical

fuel pipes or lines

• Control of monoethylene glycol (MEG) and other

additives to domestic fuel gas supplies – see TDTS 43.

When used to monitor trace organic impurities in process

gas streams such as CO2, thermal desorption may

sometimes be coupled directly to real-time detectors

such as sensors (‘e-nose’ technology) or process mass

spectrometry. The GC can sometimes be eliminated in

these cases, provided the process gas stream is well-

characterised, and as long as the range of failure modes

and potential contaminants are well known – see Section

15.2. Excluding the GC allows cycle times to be

minimised and facilitates rapid detection/notification of

any contaminants exceeding control levels.

15 GC-related technologies

complementing TD

The concentration power and application range of

thermal desorption is enhanced by a number of recent

developments in other GC-related fields. Some of the

most important examples are discussed below. 

15.1 Mass spectrometry

Many of the recent developments in GC/MS are directly

relevant to thermal desorption. Triple-quadrupole mass

spectrometers, for example, are well suited to TD

applications that require detection of specific target

compounds at ultra-low levels77,86,89. However, given that

TD is predominantly used for uncharacterised samples

and/or for screening large numbers of compounds, the

development of GC-compatible time-of-flight (TOF) mass

spectrometers, which offer both high sensitivity AND full

spectral information, is particularly exciting. 

Sensitivity: As TOF technology does not involve scanning,

it should theoretically offer 2 or 3 orders of magnitude

better sensitivity than conventional quadrupole MS

systems operating in scan mode (depending on mass

range). Actual GC/TOF sensitivity varies significantly from

instrument to instrument, but modern systems like

ALMSCO’s BenchTOF-dx™ are able to provide full spectral

information at levels approaching single-ion detection

limits on a regular quadrupoles – see Figure 23. This

aids quantitative and qualitative analysis of toxic or

odorous analytes at the lowest possible levels, and it is

thus a perfect detector for many thermal desorption

applications. 

Using high-sensitivity MS detectors can also benefit

routine work by allowing collection of smaller samples

without compromising method detection limits. For

example, 100 mL of air analysed by TD–GC/TOF may

provide as much qualitative and quantitative information

as 10 L of air analysed using a conventional quad-MS-

based system. Quick/easy low-volume ‘grab’ sampling

options135 and short-term diffusive monitoring can both

significantly simplify air monitoring.

Another advantage of the high-sensitivity of BenchTOF-dx

as a complement to TD is that it facilitates

implementation of more robust and VOC-relevant

configurations of comprehensive GC (GC×GC). While the

immense resolving power of GC×GC has already been

usefully applied to particularly complex thermal

desorption applications such as breath and atmospheric

research88,136, most system configurations have, until

recently, been based on thermally-modulated GC×GC

technology. This uses intermittent cooling and heating to

achieve a two-dimensional separation, and works best in

expert hands137. More robust flow-modulated GC×GC

technology is a better option for thermal desorption

because it can accommodate volatile compounds138.

However, as it requires flows in the order of 20 mL/min,

implementation with MS has been limited by sample

splitting. Given that BenchTOF-dx offers roughly 100

times better sensitivity than regular quad-MS systems

operating in scan mode, the necessity to split is no

longer so much of an issue – flow-modulated TD–GC×GC

systems linked to BenchTOF-dx can still readily exceed

standard TD–GC/MS method performance requirements

without compromising the collection of full spectral

information. 

Speed: TOF is the preferred MS technology for fast GC

and GC×GC operation because it generates in the order

of 10,000 full spectra per second (typically from 10 to

1500 amu and above) without scanning. This eliminates

the spectral skew that can sometimes be observed when

using conventional quadrupole MS systems to scan fast

peaks, and improves signal-to-noise ratios. The high data-

collection rate of TOF also allows more efficient

application of ‘data-mining’ algorithms such as spectral

deconvolution, which are increasingly important for TD

applications – see Section 15.2.

Mass resolution and stability: Some of the most recently

introduced GC/TOF technologies offer high mass

resolution (e.g. to 5 ppm), enabling individual compounds

to be identified from their accurate mass. These systems

are typically at the high end of the cost scale and may

not offer the best available sensitivity, but they do

provide an invaluable tool for some important

environmental applications such as distinguishing the

most toxic PCBs or dioxins within complex mixtures of

congeners.

However, while accurate mass is rarely a critical issue for

the primarily (semi-)volatile-related applications of

thermal desorption, mass resolution below 1 amu (e.g.

0.1 or 0.01 amu) can be a real advantage, provided it is

combined with long-term mass stability. ALMSCO’s

BenchTOF-dx offers this important combination of sub-
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unit mass resolution and long-term stability. This means

it offers selective and reliable elimination of bulk

interferences (Figure 33), thus enhancing identification

of trace toxic or odorous compounds. Relevant TD

applications include environmental research, chemical

agent detection and odour profiling. 

15.2 Real-time organic vapour monitors such as

sensors or process mass spectrometry

On-line TD configurations are occasionally coupled

directly to technology for direct measurement of organic

vapours – i.e. without a GC interface. Key examples

include process mass spectrometry or organic vapour

sensors (sometimes called ‘e-noses’). In both cases TD

improves detection limits (typically by three orders of

magnitude) and allows selective elimination of bulk

interferences such as air, water and ethanol which could

otherwise swamp (mask) the detector response to the

compounds of interest. 

Near-real-time TD configurations involving direct read-out

detectors work best for monitoring stable, well-

characterised samples such as industrial gas streams or

processes. They are well suited for ensuring vapour

composition is within control limits and for detecting

significant variations. However, when a deviation is

detected, conventional TD–GC/MS invariably offers the

most flexible and powerful analytical option for

investigating the cause.

15.3 GC/MS data-mining software

Many TD applications generate complex organic profiles

(Figure 24), with the odorous or toxic compounds of

interest frequently comprising the smallest components

in a chromatogram. New MS technologies such as

BenchTOF-dx can help by generating accurate (classical)

spectra at increased data acquisition rates and with

sub-unit mass resolution to eliminate interferences.

However, without the benefit of advanced/automated

processing functionality such as spectral deconvolution;

data analysis remains a skilled and time-consuming task. 

Many powerful and automated data-mining software

packages are now available commercially, and can be

applied to enhance TD–GC/MS data analysis post-run.

Some of these compensate for variable background
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Figure 33: Applying sub-unit mass resolution to minimise chromatographic background and enhance the signal-to-noise ratio in

TD–GC/TOF MS analysis of trace components: detection of 1 pg dichlobenil in unprocessed apple extract using an

Agilent 7890 GC in conjunction with ALMSCO’s BenchTOF-dx™.



signals (see TDTS 83 and 85), while others comprise

spectral deconvolution algorithms that ‘separate’

(deconvolute) co-eluting compounds by evaluating the

rate of change of individual mass ions (see TDTS 66 and

90). Spectral deconvolution identifies the numbers of

components present in a single chromatographic peak

and assigns individual mass ions and peak profiles to

respective constituents. 

One of the original and most widely used spectral

deconvolution packages for GC/MS was originally

developed by NIST in the US and is now available free of

charge under the tradename AMDIS (Automated Mass

spectral Deconvolution and Identification System).

However, applying AMDIS is a complex manual process,

and other more automated options such as TargetView™

(ALMSCO) have since become available. TargetView

offers a unique and powerful combination of spectral

deconvolution algorithms and principal components

analysis. It can be applied to screen complex TD–GC/MS

total ion data sets (such as that shown in Figure 24) for

multiple trace target analytes – see Figure 34. Results

are produced automatically within minutes, and are at

least as reliable as those that can be generated manually

by a GC/MS expert over several hours.

16 Final observations

Thermal desorption is unequalled among GC front-end

technologies, and adoption of TD–GC(MS) methods is

accelerating, both generally and in key areas such as

material emissions testing. The question remains,

however, as to why it has taken almost 30 years for

serious expansion to begin. While you might expect at

least one in ten GC(MS) systems to benefit significantly

from interfacing to TD given the application range

(considerably more if you consider all the TD-associated

procedures such as purge-and-trap, headspace trap and

sorptive extraction) why is it that actual take-up is still

only a fraction of this?

Probably the most significant limiting factor historically

has been availability. Modern, high-performance TD

technology was not offered by many of the mainstream

GC(MS) manufacturers until very recently. Now that good

TD technology is more widely available, this is beginning

to lead to a better general understanding of how to get

the most out of the technique and a much broader

appreciation of its versatility and application potential –

gone are the days when thermal desorption was pigeon-

holed into a narrow range of VOC air-monitoring applications. 

Recent technical advances such as addressing the one-

shot limitation and implementing robust automation

(cryogen-free operation, reliable tube sealing, etc.) have

also made it possible for regulators to rely more heavily

on TD–GC-based methods, both for service laboratories

and for quality control of manufacturing. Going forward, it

is possible to see that growth in TD–GC/MS applications

will accelerate even faster, both in the area of

pre-packaged ‘ruggedized’ systems for regulated

industrial applications and, in combination with some of

the new GC/MS technologies, for advanced research.
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Figure 34: Application of TargetView™ to detect trace levels of 1,3,5-trimethylbenzene in a composite peak within the complex

TD–GC/MS emission profile of a plasterboard sample (see Figure 24).



17 References

1. E.A. Woolfenden, Practical aspects of monitoring

volatile organics in air, in Quality Assurance in

Environmental Monitoring: Instrumental Methods

(ch. 5), ed. G. Subramanian, VCH, 1995.

2. ISO 16200-1: Workplace air quality – Sampling and

analysis of volatile organic compounds by solvent

desorption/gas chromatography. Part 1: Pumped

sampling method.

3. B. Callan, K. Walsh and P. Dowding, Industrial

hygiene VOC measurement interference, Chemistry

& Industry, 1993, 5: 250–252.

4. D. Coker, Personal monitoring techniques for gases

and vapours, International Environment and Safety

Journal, April 1979, pp. 43–44.

5. Annual report of the UK Health & Safety Executive,

ISBN 0-11-883285-9, 1978.

6. P.A. Hollingdale-Smith and A. Bailey, Passive

samping and dosimetry, in Trace-organic sample

handling, Methodological Surveys (A), Volume 10:

Analysis, Ellis Horwood Ltd.

7. E.A. Woolfenden, A review of sorbent-based

sampling methods for volatile and semi-volatile

organic compounds in air. Part 1 – Sorbent-based

air monitoring options, Journal of Chromatography

A, 2010, 1217: 2674–2684.

8. J. Manura, Selection of GC guard columns for use

with GC cryo-trap, Application Note 24a, Scientific

Instrument Services Inc., 1999.

9. B. Kolb, Headspace sampling with capillary

columns, Journal of Chromatography A, 1999, 842:

163.

10. M.W. Holdren and D.L. Smith, Performance of

automated gas chromatographs used in the 1990

Atlanta ozone study, Proceedings of the 1991 US

EPA/AWMA International Symposium, Measurement

of Toxic and Related Air Pollutants, Air and Waste

Management Association, Pittsburgh, USA, 1991. 

11. D.T. Coker, N. van den Hoed, K.J. Saunders and P.E.

Tindle, A monitoring method for gasoline vapour

giving detailed composition, The Annals of

Occupational Hygiene, 1989, 33: 15–26.

12. J. Kristensson and M. Widen, Development and

evaluation of a diffusive sampler for measurements

of anaesthetic gases, in Diffusive sampling – An

alternative approach to workplace air monitoring,

ed. A. Berlin, R.H. Brown and K.J. Saunders, Royal

Society of Chemistry, 1987, pp. 423–426.

13. J. Kristensson, Diffusive sampling and GC analysis

of volatile compounds (PhD Thesis), Stockholm

University, 1987.

14. E.A. Woolfenden, A novel approach to the

determination of volatile organics in

pharmaceuticals, polymers and food stuffs,

Proceedings of the Pittsburgh Conference, New

York, 1990. 

15. A.P. Bianchi and M.S. Varney, Sampling and analysis

of volatile organic compounds in estuarine air by

gas chromatography and mass spectrometry,

Journal of Chromatography A, 1993, 643: 11–23.

16. V.M. Brown, D.R. Crump and D. Gardiner,

Measurement of volatile organic compounds in

indoor air by a passive technique, Environmental

Technology, 1992, 13: 367–375.

17. R. Janson and J. Kristensson, Sampling and analysis

of atmospheric monoterpenes (Report CN-79), Dept.

of Meteorology, Stockholm University, 1991.

18. PerkinElmer Thermal Desorption Application Note

No. 20: The determination of residual Freon 11 in

dried vegetable matter, PerkinElmer Corp., USA.

19. PerkinElmer Thermal Desorption Application Note

No. 26: The thermal desorption of volatiles from

food packaging film, PerkinElmer Corp., USA.

20. E.A. Woolfenden and G.M. Broadway, An overview of

sampling strategies for organic pollutants in

ambient air, LCGC International, 1986, 5: 28–35.

21. L. Purdue, Technical assistance document for

sampling and analysis of ozone precursors, US

Environmental Protection Agency, EPA/600-8-

91/215, 1991.

22. D. Kotzias, J. Hjorth, M. Duane and J.V. Eijk,

Sampling and analysis of selected volatile organic

compounds (VOC) relevant for the formation of

photochemical oxidants, Proceedings of the

conference ‘Reactivite chimique de l’atmosphere et

measure des polluants atmospheriques’, Grenoble,

France, 1990.

23. J. Gibich, L. Ogle and P. Radenheimer, Analysis of

ozone precursor compounds in Houston, Texas

using automated, continuous gas chromatographs,

Proceedings of the AWMA Conference ‘Measuring

Toxic and Related Air Pollutants’, USA, May 1994,

pp. 164–191.

24. R. Muir, W.A. Carrick and D.B. Cooper, Application of

central composite design in the optimisation of

thermal desorption parameters for the trace level

determination of the chemical warfare agent

chloropicrin, The Analyst, 2002, 127: 1198–1202.

25. P. Perez-Ballesta, Losses from ATD-400, The

Diffusive Monitor (issued by HSE/CAR WG5), 1997,

issue 9.

26. J. Kristensson, Repeat Analysis, The Diffusive

Monitor (issued by UK HSE/CAR WG5), 1988,

issue 1, p. 3.

w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Page 30TDTS 12



27. ASTM D6196: Standard practice for selection of

sorbents, sampling and thermal desorption analysis

procedures for VOCs in air (and material emissions

chambers).

28. FDIS 16000-6: Indoor air – Part 6: Determination of

VOCs in indoor and test chamber air by active

sampling on Tenax TA sorbent, thermal desorption

and gas chromatography using MS/FID.

29. US EPA Compendium Method TO-14: The

determination of volatile organic compounds in

ambient air using Summa passivated canister

sampling and gas chromatographic analysis, 1988.

30. US EPA Compendium Method TO-15: Determination

of volatile organic compounds in air collected in

specially-prepared canisters and analyzed by gas

chromatography/mass spectrometry, 1999.

31. ASTM D5466: Standard test method for

determination of volatile organic chemicals in

atmospheres (canister sampling methodology).

32. S. Davies, M. Bates, D. Wevill, L. Kelly and K.

Thaxton, One system for trace and high level air

monitoring: The future of ambient air and soil gas

analysis, Proceedings of Pittcon, 2011. 

33. US EPA Method 524.2: Measurement of purgable

organic compounds in water by capillary column

GC/MS, 1995. 

34. US EPA Method 8260B: Volatile organic compounds

in solid waste by GC/MS, 1996.

35. L. Kelly and E.A. Woolfenden, Enhanced GC-MS

aroma profiling using thermal desorption

technologies, Separation Science, 2008, 1: 16–23.

36. N. Bukowski, Accurate and reliable analysis of beer

using time-of-flight technology for gas

chromatography, American Laboratory, April 2010.

37. J.F. Pankow, M.P. Ligocki, M.E. Rosen, L.M. Isabelle

and K.M. Hart, Adsorption/Thermal desorption with

small cartridges for the determination of trace

aqueous semivolatile organic compounds, Analytical

Chemistry, 1987, 60: 40–47.

38. E.A. Woolfenden, A review of sorbent-based

sampling methods for volatile and semi-volatile

organic compounds in air. Part 2 – Sorbent

selection and other aspects of optimizing air

monitoring methods, Journal of Chromatography A,

2010, 1217: 2685–2694.

39. M. Philips, Breath tests in medicine, Scientific

American, July 1992, pp. 74–79.

40. D. Dyne, J. Cocker and H.K. Wilson, A novel device

for capturing breath samples for solvent analysis,

Science of the Total Environment, 1997, 199:

83–89.

41. L. Gunnarsen, P.A. Nielsen and P. Wolkoff, Design

and characterization of the CLIMPAQ chamber for

laboratory investigations of materials, pollution and

air quality, Indoor Air, 1994, 4: 56–62.

42. P. Wolkoff, An emission cell for measurement of

volatile organic compounds emitted from building

materials for indoor use – the field and lab,

Gefahrstoffe-Reinhaltung der Luft, 1996, 56:

151–157.

43. T. Schripp, B. Nachtwey, J. Toelke, T. Salthammer, E.

Uhde, M. Wensing and M. Bahadir, A microscale

device for measuring emissions from materials for

indoor use, Analytical & Bioanalytical Chemistry,

2007, 387: 907–1919.

44. K.J. Saunders, Air monitoring goes underground,

The Diffusive Monitor (published by HSE/CAR WG5),

1989, issue 3.

45. J. Kristensson, Soil-probe, The Diffusive Monitor

(published by HSE/CAR WG5), 1991, issue 4.

46. E. Wauters, P. Van Caeter, G. Desmet, F. David, C.

Devos and P. Sandra, Improved accuracy in the

determination of polycyclic aromatic hydrocarbons

in air using 24 h sampling on a mixed bed followed

by thermal desorption capillary gas chromatography–

mass spectrometry, Journal of Chromatography A,

2008, 1190: 286–293.

47. M. Bates, P. Bruno, M. Caputi, M. Caselli, G. de

Gennaro and M. Tutino, Analysis of polycyclic

aromatic hydrocarbons (PAHs) in airborne particles

by direct sample introduction thermal desorption

GC/MS, Atmospheric Environment, 2008, 42:

6144–6151.

48. D. Helmig and L. Vierling, Water adsorption capacity

of the solid adsorbents Tenax TA, Tenax GR,

Carbotrap, Carbotrap C, Carbosieve SIII, and

Carboxen 569 and water management techniques

for the atmospheric sampling of volatile organic

tracer gases, Analytical Chemistry, 1995, 67:

4380–4386.

49. UK Health & Safety Executive, Methods for the

determination of hazardous substances no. 4:

Generation of test atmospheres of organic vapours

by the permeation tube method. Apparatus for

laboratory use, 1981.

50. T. Hafkenscheid and F. Langellan, Dynamically

generated standard atmospheres: A support for air

monitoring, Proceedings of the conference

‘Measuring air pollution by diffusive sampling’,

Montpellier, 2001.

51. J.H. Buchanan, L.C. Buettner, A.B. Butrow and D.E.

Tevault, Vapor pressure of VX (Report No. ECBC-TR-

068), Edgewood Chemical Biological Center, 1999.

w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Page 31TDTS 12



52. EN ISO 16017: Air quality – Sampling and analysis

of volatile organic compounds in ambient air, indoor

air and workplace air by sorbent tube/thermal

desorption/capillary gas chromatography. (Part 1:

Pumped sampling; Part 2: Diffusive sampling).

53. US EPA Compendium Method TO-17: Determination

of volatile organic compounds in ambient air using

active sampling onto sorbent tubes, 1999.

54. NIOSH 2549: Volatile organic compounds –

(screening) using multibed sorbent tubes, thermal

desorption, gas chromatography and mass

spectrometry.

55. MDHS 72: Volatile organic compounds in air.

Laboratory method using pumped solid sorbent

tubes, thermal desorption and gas chromatography,

February 1992.

56. MDHS 80: Volatile organic compounds in air.

Laboratory method using diffusive solid sorbent

tubes, thermal desorption and gas chromatography,

August 1995.

57. Clean air at work: New trends in assessment and

measurement for the 1990s, Proceedings of the

Luxembourg Symposium, ed. R.H. Brown, M. Curtis,

K.J. Saunders and S. Vandendriessche, Royal

Society of Chemistry, September 1991, ISBN:

0-85186-217-9.

58. A.A. Grote and E.R. Kennedy, Workplace monitoring

for VOCs using thermal desorption-GC-MS, Journal

of Environmental Monitoring, 2002, 4: 679–684.

59. K. Jones, J. Cocker, L.J. Dood and I. Fraser, Factors

affecting the extent of dermal absorption of solvent

vapours: A human volunteer study, Annals of

Occupational Hygiene, 2003, 47: 145–150.

60. S.M. Gordon, L.A. Wallace, P.J. Callahan, D.V. Kenny

and M.C. Brinkman, Effect of water temperature on

dermal exposure to chloroform, Journal of the

National Institute of Environmental Health Sciences,

1998, 106: 337–345.

61. Suite of UK Health & Safety Laboratory Guidance

Notes for biological monitoring via breath

(http://www.hsl.gov.uk/online-ordering/analytical-

services-and-assays/biological-monitoring/breath-

sampling-for-solvents.aspx).

62. S.M. Gordon, J.P. Szidon, B.K. Krotoszynski, R.D.

Gibbons and H.J. O’Neill, Volatile organic

compounds in exhaled air from patients with lung

cancer, Clinical Chemistry, 1985, 31: 1278–1282.

63. J.W. Dallinga, C.M.H.H.T. Robroeks, J.J.B.N. van

Berkel, E.J.C. Moonen, R.W.L. Godschalk, Q. Jöbsis,

E. Dompeling, E.F.M. Wouters and F.J. van Schooten,

Volatile organic compounds in exhaled breath as a

diagnostic tool for asthma in children, Clinical and

Experimental Allergy, 2010, 40: 68–76.

64. M. Phillips, R.N. Cataneo, R. Condos, G.A.R.

Erickson, J. Greenberg, V.L. Bombardi, M.I. Munawar

and O. Tietje, Volatile biomarkers of pulmonary

tuberculosis in the breath, Tuberculosis, 2007, 87:

44–52.

65. J.J.B.N. van Berkel, J.W. Dallinga, G.M. Möller, R.W.L.

Godschalk, E. Moonen, E.F.M. Wouters and F.J. van

Schooten, A profile of volatile organic compounds in

breath discriminates COPD patients from controls,

Respiratory Medicine, 2010, 104: 557–563.

66. S.K. Pandey and K.-H. Kim, Human body odor

components and their determination, Trends in

Analytical Chemistry, 2011, 30: 784–796. 

67. S.M. Gordon, Identification of exposure markers in

smokers’ breath, Journal of Chromatography A,

1990, 511: 291–302.

68. S.M Gordon, Application of continuous breath

sampling to determine VOC dose and body burden:

Some VOC Markers of ETS Exposure, EPA Contract

68-D4-0023, 1998.

69. J. Roukos, H. Plaisance, T. Leonardis, M. Bates and

N. Locoge, Development and validation of an

automated monitoring system for oxygenated

volatile organic compounds and nitrile compounds

in ambient air, Journal of Chromatography A, 2009,

1216: 8642–8651.

70. H.T. Nguyen, K.-H. Kim and M.-Y. Kim, Volatile

organic compounds at an urban monitoring station

in Korea, Journal of Hazardous Materials, 2009,

161: 163–174.

71. K.-H. Kim, Some insights into the gas

chromatographic determination of reduced sulfur

compounds (RSCs), Environmental Science &

Technology, 2005, 39: 6755–6769.

72. K.-P. Song et al., A Study of quality assurance /

quality control between institutions for reduced

sulfur compounds in the ambient air using

cryofocusing thermal desorber with GC/PFPD,

Korean Journal of Odor Research and Engineering,

2007, 6: 33–39.

73. N.T. Plant and M.D. Wright, European diffusive

sampling initiative: World survey for BTX by diffusive

sampling, UK Health & Safety Laboratory Report:

IACS 97/16, 1998.

74. M.R. Ras, R.M. Marcé and F. Borrull,

Characterization of ozone precursor volatile organic

compounds in urban atmospheres and around the

petrochemical industry in the Tarragona region,

Science of the Total Environment, 2009, 487:

4312–4319.

75. S.A. Batterman, G.-Z. Zhang and M. Baumann,

Analysis and stability of aldehydes and terpenes in

electropolished canisters, Atmospheric

Environment, 1998, 32: 1647–1655.

w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Page 32TDTS 12

http://www.hsl.gov.uk/online-ordering/analytical-services-and-assays/biological-monitoring/breath-sampling-for-solvents.aspx
http://www.hsl.gov.uk/online-ordering/analytical-services-and-assays/biological-monitoring/breath-sampling-for-solvents.aspx
http://www.hsl.gov.uk/online-ordering/analytical-services-and-assays/biological-monitoring/breath-sampling-for-solvents.aspx


76. E.H. Daughtrey, K.D. Oliver, J.R. Adams, K.G.

Kronmiller, W.A. Lonneman and W.A. McClenny, A

comparison of sampling and analysis methods for

low-ppbC levels of volatile organic compounds in

ambient air, Journal of Environmental Monitoring,

2001, 3: 166–174.

77. D. Wevill, The use of a thermal desorption system

as a cryogen-free method for the monitoring of trace

greenhouse gases in air, Labmate UK, September

2009.

78. M.D. Wright, N.T. Plant and R.H. Brown, Storage

stability study of TO-14 compounds on single and

multi-bed carbon thermal desorption tubes, UK

Health & Safety Laboratory Report IACS 98/02,

1999.

79. S. Baek, Y. Kim and R. Perry, Indoor air quality in

homes, offices and restaurants in Korean urban

areas – indoor/outdoor relationships, Atmospheric

Environment, 1997, 31: 529–544.

80. V.M. Brown, S.K.D. Coward, D.R. Crump, J.W.

Llewellyn, H.S. Mann and G.J. Raw, Indoor air quality

in English homes – VOCs, Proceedings of the 9th

international conference on indoor air quality and

climate, 2002, pp. 477–482.

81. P.A. Clausen and P. Wolkoff, Evaluation of automatic

thermal desorption–capillary GC for determination

of semivolatile organic compounds in indoor air,

Journal of High Resolution Chromatography, 1997,

20: 99–108.

82. E. De Saeger and P. Perez-Ballesta, BTX monitoring

campaign in Brussels, The Diffusive Monitor

(published by HSE/CAR WG5), 1995, issue 7, pp. 7–8.

83. Energy Institute: Protocol for the determination of

the speciation of hydrocarbon emissions from oil

refineries, 2004 (new ISBN: 9780852934050; old

ISBN: 085293405X).

84. prEN 13649: Stationary source emissions –

Determination of the mass concentration of

individual gaseous organic compounds, 2011.

85. P. Ciccioli, E. Brancaleoni, A. Cecinato and R.

Sparapani, Identification and determination of

biogenic and anthropogenic volatile organic

compounds in forest areas of Northern and

Southern Europe and a remote site of the Himalaya

region by high-resolution gas chromatography–mass

spectroscopy, Journal of Chromatography A, 1993,

643: 55–69.

86. N. Schmidbauer and M. Oehme, Comparison of

solid adsorbent and stainless steel canister

sampling for very low ppt-concentrations of aromatic

compounds (>C6) in ambient air from remote areas,

Fresenius’ Zeitschrift für Analytische Chemie, 1988,

331: 4–19.

87. D. Helmig, Air analysis by gas chromatography,

Journal of Chromatography A, 1999, 843:

129–146.

88. X. Xu, L.L.P. van Stee, J. Williams, J. Beens, M.

Adahchour, R.J.J. Vreuls, U.A.Th. Brinkman and J.

Lelieveld, Comprehensive two-dimensional gas

chromatography (GC × GC) measurements of

volatile organic compounds in the atmosphere,

Atmospheric Chemistry and Physics, 2003, 3:

665–682.

89. R. Chance, A.R. Baker, F.C. Küpper, C. Hughes, B.

Kloareg and G. Malin, Release and transformations

of inorganic iodine by marine microalgae, Estuarine,

Coastal and Shelf Science, 2009, 82: 406–414.

90. H. Hayes, D.J. Benton, S. Grewal and N. Khan,

Evaluation of sorbent methodology for petroleum-

impacted site investigations, A&WMA Conference

‘Vapour Instrusion: Learning from the Challenges’,

Providence, RI, USA, 26–28 September 2007.

91. ASTM WK 23766: Standard practice for active soil

gas sampling for direct-push or manual-driven hand

sampling equipment.

92. ASTM WK 20609: Standard practice for passive soil

gas sampling in the vadose zone for source

identification, spatial variability assessment,

monitoring and vapour intrusion evaluations.

93. H.J.Th. Bloemen, T.T.M. Balvers, A.P. Verhoeff, J.H.

Van Wijnen, P. van der Torn and E. Knol, Ventilation

rate and exchange of air in dwellings – development

of a test method and pilot study, Netherlands

National Institute for Public Health and

Environmental Hygiene, 1992.

94. D. Helmig and L. Vierling, Water adsorption capacity

of the solid adsorbents Tenax TA, Tenax GR,

Carbotrap, Carbotrap C, Carbosieve SIII, and

Carboxen 569 and water management techniques

for the atmospheric sampling of volatile organic

tracer gases, Analytical Chemistry, 1995, 67:

4380–4386.

95. EC directive on Energy Performance of Buildings,

(EPBD)2002/91/EC. 

96. California Air Resources Board: Ventilation and

indoor air quality in new homes, CEC-500-2009-

085, 2009.

97. P. Wargocki et al., Ventilation and health in non-

industrial indoor environments: Report from a

European, multi-disciplinary scientific consensus

meeting (EUROVEN), Indoor Air, 2002, 12:

113–128. 

98. M. Larson, J. Sundell, B. Kolarik, L. Hagerhed-

Engman and C.-G. Bornehag, The use of PVC

flooring material and the development of airway

symptoms among young children in Sweden (Paper

862), Proceedings of Indoor Air 2008, Copenhagen,

Denmark.

w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Page 33TDTS 12



99. European Construction Product Regulation, EC

305/2011.

100. International Green Construction Code, Public

Version 2, 2010.

101. Japanese Ministry of Health, Labour and Welfare –

Recommendations of the Committee on Sick House

Syndrome. 

102. Health-related evaluation procedure for volatile

organic compound emissions from building

products, AgBB/DIBt, DIBt-Mitteilungen, 2000 (last

updated 2008), see

http://www.umweltbundesamt.de.

103. ANSI/ASHRAE/USGBC/IES Standard 189.1:

Standard for the design of high performance green

buildings, 2009.

104. BIFMA Standard M7.1: Revised standard test

method for determining VOC emissions from office

furniture systems, components and seating, 2010.

105. Japanese Industrial Standard A 1901:

Determination of the emission of volatile organic

compounds and aldehydes for building products –

small chamber method.

106. California Department of Public Health: Standard

method for the testing and evaluation of VOC

emissions from indoor sources using environmental

chambers (Version 1.1), February 2010 (Reference

CA Spec 01350, CA/DHS/EHLB/R-174).

107. TC351 WG2: Construction products – Assessment

of emissions of regulated dangerous substances

from construction products – Determination of

emissions into indoor air. 

108. European Collaborative Action on Indoor Air Quality

Report Number 18: Evaluation of VOC emissions

from building products, Environment Institute of the

Joint Research Centre of the European Commission,

1997 (Ref: EUR 17334 EN).

109. ISO 16000-3: Indoor air – Part 3: Determination of

formaldehyde and other carbonyl compounds –

Active sampling method.

110. ASTM D5172: Test method for determination of

formaldehyde and other carbonyl compounds in air

(active sampler methodology).

111. ASTM D7706: Standard practice for rapid screening

of VOC emissions from products using micro-scale

chambers.

112. ISO DIS 12219-3: Indoor air of road vehicles –

screening method for the determination of the

emissions of VOCs from vehicle interior parts and

materials – micro-scale chamber method, 2011.

113. M. Lor, K. Vause, K. Dinne, E. Goelen, F. Maes, J.

Nicolas, A.-C. Romain and C. Degrave, Final report –

Horizontal evaluation method for the

implementation of the construction products

directive, HEMICPD, Belgium, 2010.

114. M. Pharaoh, Final report – Work on the correlation

between the VDA 276 test and micro-chamber

testing (PARD Extension Report), Warwick

Manufacturing Group, University of Warwick, 2009. 

115. R.M. Black and B. Muir, Derivatisation reactions in

the chromatographic analysis of chemical warfare

agents and their degradation products, Journal of

Chromatography A, 2003, 1000: 253–281.

116. M. Ezrin and G. Lavigne, Analysis of organic

compounds in recycled dairy-grade HDPE by thermal

desorption with GC/MS, SPE Recycling Division 2nd

Annual Recycling Conference, 1995, pp. 104–110.

117. P. Wolkoff and C.K. Wilkins, Indoor VOCs from

household floor dust: Comparison of headspace

with desorbed VOCs: Method for VOC release

determination, Indoor Air, 1994, 4: 248–254.

118. E.A. Woolfenden, Controlling Quality, Food

Processing, January 1989, pp. 33–35.

119. S. Eri, B.K. Khoo, J. Lech and T.G. Hartman, Direct

TD–GC and GC/MS profiling of hop (Humulus

lupulus L.) essential oils in support of varietal

characterisation, Journal of Agricultural and Food

Chemistry, 2000, 48: 1140–1149.

120. N. Watson and E. A. Woolfenden, Complementary

techniques used for enhancing GC/MS analysis of

flavour and fragrance components in consumer

beverages, Proceedings of the HTC-11 Conference,

Belgium, 2010.

121. H.-S. Lee et al., A comparison between high

hydrostatic pressure extraction and heat extraction

of ginsenosides from ginseng (Panax ginseng CA

Meyer), Journal of the Science of Food and

Agriculture, 2011, 91: 1466–1473.

122. J. Barberio and J. Twibell, Chemotaxonomy of plant

species using headspace sampling, thermal

desorption and capillary GC, Journal of High

Resolution Chromatography, 1991, 14: 18–20.

123. G.W. Robertson, D.W. Griffiths, W. MacFarlane

Smith and R.D. Butcher, The application of thermal

desorption–gas chromatography–mass

spectrometry to the analyses of flower volatiles from

five varieties of oilseed rape (Brassica napus spp.

oleifera), Photochemical Analysis, 1993, 4:

152–157.

124. R.M.C. Janse et al., Health monitoring of plants by

their emitted volatiles: trichome damage and cell

membrane damage are detectable at greenhouse

scale, Annals of Applied Biology, 2009, 154:

441–452.

w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Page 34TDTS 12

http://www.umweltbundesamt.de


125. D.W. Griffiths, G.W. Robertson, A.N.E. Birch and

R.M. Brennan, Evaluation of thermal desorption and

solvent elution combined with polymer entrainment

for the analysis of volatiles released by leaves from

midge (Dasineura tetensi) resistant and susceptible

blackcurrant (Ribes nigrum L.) cultivars,

Phytochemical Analysis, 1999, 10: 328–334.

126. A. Kessler and I.T. Baldwin, Defensive function of

herbivore-induced plant volatile emissions in nature,

Science, 2001, 291: 2141–2144.

127. K. Wilkins, K. Larsen and M. Simkus, Volatile

metabolites from mould growth on building

materials and synthetic media, Chemosphere,

2000, 41: 437–446.

128. S.K. Pandey and K.-H. Kim, Human body-odor

components and their determination, Trends in

Analytical Chemistry, 2011, 30: 784–796.

129. S. van den Velde, M. Quirynen, P. van Hee and D.

van Steenberghe, Halitosis associated volatiles in

breath of healthy subjects, Journal of

Chromatography B, 2007, 853: 54–61.

130. G.P. Jones, Evaluation of a fully automated thermal

desorption device for the headspace screening of

fire debris, Science Miscellany & Forensic Fillips,

1986, 141–148.

131. J.F. Carter, R. Sleeman and J. Parry, The distribution

of controlled drugs on banknotes via counting

machines, Forensic Science International, 2003,

132: 106–112.

132. B. Tienpont, F. David, A. Stopforth and P. Sandra,

Comprehensive profiling of drugs of abuse in

biological fluids by stir-bar sorptive extraction-

thermal desorption-capillary GC/MS, LC-GC Europe,

December 2003, pp. 2–10.

133. M. Vîrgolici et al., Thermal desorption/gas

chromatography/mass spectrometry approach for

characterization of the volatile fraction from amber

specimens: A possibility of tracking geological

origins, Journal of Chromatography A, 2010, 1217:

1977–1987.

134. R.P. Galvin and M. House, Atmospheric monitoring

of bischloromethylether at low ppb levels using an

automated system, Environmental Technology

Letters, 1988, 9: 563–570.

135. J. Dallüge, L.L.P. van Stee, X. Xub, J. Williams, J.

Beens, R.J.J. Vreuls and U.A.Th. Brinkman,

Unravelling the composition of very complex

samples by comprehensive gas chromatography

coupled to time-of-flight mass spectrometry.

Cigarette smoke, Journal of Chromatography A,

2002, 974: 169–184.

136. N. Watson, Making sorbent tube sampling easier;

the development of a new type of ‘grab’ sampler,

Proceedings of the Air & Waste Management

Association Conference ‘Beyond all Borders’, June

2011.

137. R.B. Gaines and G.S. Frysinger, Temperature

requirements for thermal modulation in

comprehensive two-dimensional gas

chromatography, Journal of Separation Science,

2004, 27: 380–388.

138. G. Semard, C. Gouin, J. Bourdet, N. Bord and V.

Livardis, Comparative study of differential flow and

cryogenic modulator systems for comprehensive

two-dimensional GC systems for the detailed

analysis of light cycle oil, Journal of Chromatography

A, 2011, 1218: 3146–3152.

Trademarks

Air Server™, Bio-VOC™, CIA Advantage™, DiffLok™, HS5-

TD™, Micro-Chamber/Thermal Extractor™, SPE-tD™,

TargetView™, TD-100™, ULTRA-UNITY™, UniCarb™,

UNITY™ and VOC-Mole™ are trademarks of Markes

International Ltd, UK.

BenchTOF-dx™ is a trademark of ALMSCO International

(a division of Markes International Ltd, UK).

Carbograph™ is a trademark of LARA s.r.l., Italy.

Chromosorb® is a trademark of Manville Corporation,

USA.

FLEC® is a registered trademark of Chematec, Denmark.

Freon® is a registered trademark of E. I. du Pont de

Nemours and Company, USA.

PoraPak™ is a trademark of Waters Associates Inc., USA.

Tenax® is a registered trademark of Buchem B.V., The

Netherlands.

w
w

w
.m

a
r
k
e
s
.c

o
m

Markes International Ltd  T: +44 (0)1443 230935    F: +44 (0)1443 231531    E: enquiries@markes.com

Page 35TDTS 12

Version 2

April 2012

Applications were performed under the stated analytical conditions.

Operation under different conditions, or with incompatible sample

matrices, may impact the performance shown.


