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From the dawn of recorded history, people worldwide have possessed knowledge of how to 

use toxic chemicals found in their environment for hunting and defence. Brightly coloured 

Columbian frogs of the genera Phyllobates, Dendrobates, Epipedobates and Minyobates, and 

Australian frogs of the genus Pseudophryne, as well as Mantella frogs of Madagascar, secrete 

toxins from their skins when stressed or under attack (Daly, 1998). The natives of these lands 

called them ‘poison dart frogs’ and applied the excreted deadly alkaloids to arrows and blow 

darts, enabling their lightly constructed weapons to subdue larger animals. Sun (‘bushman’) 

hunters from the northern Kalahari have been using toxic substance derived from the larvae 

and pupae of Chrysomelidae beetles of the genus Diamphidia (Woollard et al., 1984). Sixteenth 

century European travellers to South America observed natives preparing a dried extract from 

the plant Chondrodendron tomentosum. Known locally as ‘ourare’, ‘urare’ and ‘urari’, these 

toxins, which we know as curare, act as an antagonist to the neurotransmitter acetylcholine 

preventing muscle contraction and resulting in potentially fatal paralysis (Wenningmann and 

Dilger, 2001). These are but a few examples amongst the plethora of naturally occurring toxins 

used by tribal people not only for food gathering, but also in tribal skirmishes and against 

newcomers.  

Coming of the twentieth century witnessed an immense increase in destruction caused by 

warfare. The search for ever more potent weapons eventually lead to the development and 

refinement of chemical weapons. Natural toxins were early regarded as expensive to produce 

on a mass scale and non-compatible with modern weapon delivery systems. Instead, the 

chemical weapon development focused on chemicals and derived synthetic products normally 

used in the chemical industry. The idea of deploying chemical weapons in modern warfare had 

not been embraced at first. The Scottish scientist Sir Lyon Playfair proposed to the British 

high command to place cyanide in artillery shells and shoot them into enemy trenches during 

the Crimean War in 1855 (Gersbeck, 2014). His suggestion was rejected as inhumane. The 

First Hague Conference held at The Hague (Figure 1) in the Netherlands in 1899, resulted in 

a first international declaration prohibiting the use of projectiles “the sole object of which is 

the diffusion of asphyxiating or deleterious gases”. The declaration was ratified by all major 

powers, except the United States of America (Overheid.nl, 2014). 
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Despite the Declaration, Germany, one of its signatories, released chlorine gas from cylinders 

against the Allies entrenched around Langemarck, near Ypres, Belgium, on 22nd April 1915. 

Chlorine cylinders, quite common in the industry, thus became the world’s first “weapon of 

mass destruction”. The race to find suitable chemicals for use in the newly discovered chemical 

warfare started on both sides. Known industrial noxious chemicals and some less known 

originating from research laboratories were screened. Prominent chemists like Nobel laureate 

Fritz Haber, future Nobel laureates James Franck, Gustav Hertz, and Otto Hahn from the 

German side, and Nobel laureate Victor Grignard from the French side, joined the search. By 

the end of World War I, several different types of toxic chemicals, including mustard gas (bis(2-

chloroethyl)sulfide), resulted in 90,000 deaths and over a million casualties. More than 120,000 

tons of chemical agents had been dispersed.  

 

Figure 1: Huis Ten Bosch in The Hague, the Nederlands, between 1890 and 1905 - venue of 

The First Hague Conference held in 1899. The image is available from the United States 

Library of Congress Prints and Photographs Division Washington, D.C. Digital ID: ppmsc 

05805 (http://hdl.loc.gov/loc.pnp/ppmsc.05805). 
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Development of chemical weapons continued after World War I despite the Treaty of 

Versailles from 1919 and the Geneva Protocol of 1925, both prohibiting “the use of 

asphyxiating, poisonous or other gases” as methods of warfare. Failure of the League of 

Nations to conclude its Disarmament Conference, including an agreement on disarmament of 

chemical weapons, coincided with the use of mustard gas by the Italian army against 

unprotected Abyssinian (Ethiopian) troops during the Second Italo-Abyssinian War 1935-

1936. A new type of chemical warfare agents was established with the discovery of nerve agents 

Tabun (O-ethyl N,N-dimethylphosphoramidocyanidate) in 1936 and Sarin (O-isopropyl 

methylphosphonofluoridate) in 1938 (Black and Harrison, 1996). Although approximately 

400,000 tons of different chemical warfare agents (CWA) were stockpiled during World War 

II, no significant application was reported, apart from allegations on the Japanese use in the 

Sino–Japanese conflict (Office of the Chief Chemical Officer, GHQ, AFPAC, 1946). Chemical 

weapons development continued into the Cold War, with the appearance of new compounds, 

most notably V-class nerve agents (O-alkyl or cycloalkyl S-2-dialkylaminoethyl 

alkylphosphonothiolates), and significant improvements of the chemical delivery systems. A 

rapid development of gene technology together with biotechnology from the late 1970's 

onwards has renewed concerns in the threat from toxins used as CWA. Utilising these 

technologies, it is nowadays possible to produce greater amounts of toxins more easily, in some 

cases even synthetically. Gene technology can be potentially used to modify the toxin genes so 

that the end product obtains new properties. The new microencapsulation technology, which 

is easy to use, opens the possibility to protect unstable toxins when dispersed by a chemical 

weapon (CW). 

In the post-World War II history, chemical weapons use has been documented on several 

occasions. During the Iran-Iraq war in the 1980s, the Iraqi military used CWA-filled offensive 

munitions on Iranian targets (United Nations Security Council, 1984; United Nations Security 

Council, 1988; Andersson, 1986). During the closing days of this war, on March 16, 1988, Iraqi 

forces allegedly bombed the Kurdish city of Halabja in Southern Kurdistan with Sarin and 

mustard gas killing several thousands of civilians and injuring many more (Gosden et al., 1999). 

The Japanese religious group Aum Shinrikyo used CWA as weapons of domestic terror in the 

1990s (Maekawa,1995; Okumura et al., 1996; Seto et al., 1999). The events in Japan re-focused 
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international attention on the potential use of chemical weapons by non-State actors. Finally, 

the last confirmed case of chemical weapons use resulting in a great number of fatalities was 

in 2013, during the ongoing civil war in the Syrian Arab Republic (United Nations mission to 

investigate allegations of the use of chemical weapons in the Syrian Arab Republic, 2013). 

The major failure of the Geneva Protocol from 1925 is generally perceived to be the banning 

of only the chemical weapons use, i.e. not prohibiting the development, production and 

possession. Also, it has become clear that many chemicals used widely for peaceful and 

commercial purposes can also be used as, or applied to the creation of, chemical weapons. A 

new international treaty was necessary that would impose controls on the chemical industry 

worldwide to suppress the abuse of these “dual-use” chemicals and technologies with as little 

impact as possible on normal peaceful activities. The Iraq events and revelations on its 

chemical weapons program after the first Gulf War gave a huge boost to the multilateral arms-

control talks on chemical weapons that had been proceeding in Geneva since the conclusion 

of the 1972 Biological Weapons Convention. On 3 September 1992 the ad hoc committee 

submitted to the Conference on Disarmament the agreed text of the Convention on the 

Prohibition of the Development, Production, Stockpiling, and Use of Chemical Weapons, and 

on Their Destruction, now commonly referred to as the Chemical Weapons Convention 

(hereinafter “the Convention” or CWC). The Convention was opened for signature in Paris 

on 13 January 1993. The next four years proceeded in building the international organisation 

known as the Organisation for the Prohibition of Chemical Weapons (OPCW) that would 

oversee the implementation of the treaty, including operation of its international verification 

system in collaboration with the National Authorities of the States Parties (SP).  In April 1997, 

the CWC entered into force. By the end of September 2014, 190 countries had become SP to 

the CWC, representing about 98% of the global population and landmass, as well as 98% of 

the worldwide chemical industry. The OPCW is headquartered in The Hague, The 

Netherlands, and has 500 international civil servants in its Technical Secretariat, around 210-

220 trained inspectors of different specialties among them (data as of 2013). In 2013, the Nobel 

Peace Prize was awarded to the OPCW “for its extensive efforts to eliminate chemical 

weapons” (Nobelprize.org, 2013). 
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1.1 The Chemical Weapons Convention in brief 

The Convention (Technical Secretariat of the Organisation for the Prohibition of Chemical 

Weapons, 1997) comprises a Preamble, 24 Articles, and three Annexes—the Annex on 

Chemicals, the Verification Annex, and the Confidentiality Annex. 

Under the CWC (Article II, §1), “Chemical Weapon” (CW) means the following, together or 

separately: 

a)  Toxic chemicals and their precursors, except where intended for purposes not prohibited 

under the Convention, as long as the types and quantities are consistent with such purposes; 

b)  Munitions and devices, specifically designed to cause death or other harm through the toxic 

properties of those toxic chemicals specified in subparagraph (a), which would be released as 

a result of the employment of such munitions and devices; 

c)  Any equipment specifically designed for use directly in connection with the employment of 

munitions and devices with the employment of munitions and devices specified in 

subparagraph (b). 

A toxic chemical is any chemical, which through its chemical action on life processes can cause 

death, temporary incapacitation or permanent harm to humans or animals. A precursor is a 

chemical needed for production of a toxic chemical. The expression “chemical warfare agent” 

(CWA) is not used in the CWC, but it is common in literature, denoting the potential of a toxic 

chemical for use in chemical warfare. In this thesis, the expression CWA is used along with 

the wider term “CWC related chemicals” that also includes toxic chemical precursors and 

degradation products.  

The Convention prohibits SP from development, production, stockpiling, transfer or use of 

CW. The prohibition extends to engagement in military preparations for the use of CW or 

assistance, encouragement and induction of anyone into such an activity.  Riot control agents 

are prohibited for use as a method of warfare. All CW and related production facilities have to 

be declared and destroyed under strict international verification (Articles I, III, IV and V). 

Toxic chemicals and their precursors can only be developed, produced, acquired, retained, 
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transferred or used for legitimate (peaceful) purposes (Art. VI). The State Parties also 

undertake to provide assistance through the OPCW in case of CW use or threat of use against 

a SP (Art. X). Trade in chemicals and cooperation in the development of chemistry for peaceful 

purposes is promoted in all SP (Art. XI).   

The chemicals that are subject to the application of verification measures are classified into 

three schedules (Table 1) on the basis of their degree of toxicity, history of use in chemical 

warfare and commercial utility. For example, Schedule 1 chemicals include those that have 

been or can be easily used as chemical weapons and which have very limited, if any, uses for 

peaceful purposes. Therefore, these chemicals are subject to very stringent restrictions. 

Classical blister agents, like bis(2-chloroethyl)sulfide (sulfur mustard, HD) and 2-

chlorovinyldichloroarsine (Lewisite 1, L1), and nerve agents like O-isopropyl 

methylphosphonofluoridate (sarin, GB), O-pinacolyl methylphosphonofluoridate (soman, 

GD), O-ethyl N,N-dimethylphosphoramidocyanidate (tabun, GA) and O-ethyl S-2-

diisopropylaminoethylmethyl phosphonothiolate (VX), are listed here amongst other 

chemicals. Relatively few industrial facilities use Schedule 1 chemicals, and in the majority of 

the cases they are produced and used for protective purposes, such as for testing CW 

protective equipment and chemical agent detectors. Some Schedule 1 chemicals are used as 

ingredients in pharmaceutical preparations or as diagnostics. Very small quantities of nitrogen 

mustards (Schedule 1A.6) are used in the treatment of particular types of cancer (Gilman, May 

1963; Hirsch, September 2006). Ricin (Schedule 1A.8), is a potent protein toxin derived from 

the castor bean plant Ricinus communis, known to have been weaponised and tested for 

military purposes. It is also used in cancer treatment, bone marrow transplants and AIDS 

research (Wawrzynczak, 1991; Pincus et al., 1989).   
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Table 1: The Chemical Weapons Convention - Schedules of Chemicals 
Schedule 1 Schedule 2 

A TOXIC CHEMICALS CAS A TOXIC CHEMICALS CAS 
1 O-Alkyl (<C10, incl. cycloalkyl)     

alkyl (Me, Et, n-Pr or i-Pr) 
phosphonofluoridates 
Examples: 
*Sarin, GB: O-Isopropyl 
methylphosphonofluoridate 
*Soman, GD: O-Pinacolyl 
methylphosphonofluoridate 

 
 
 
 
 

107-44-8 
 

96-64-0 

1 Amiton, *VG: O,O-Diethyl S-[2-
(diethylamino)ethyl] 
phosphorothiolate and 
corresponding alkylated or 
protonated salts 

78-53-5 

2 PFIB: 1,1,3,3,3-Pentafluoro-2-
(trifluoromethyl)- 1-propene 

382-21-8 

3 *BZ: 3-Quinuclidinyl benzilate 6581-06-2 
2 O-Alkyl (<C10, incl. cycloalkyl) 

N,N-dialkyl (Me, Et, n-Pr or i-
Pr)phosphoramidocyanidates 
Examples: 
*Tabun, GA: O-Ethyl N,N-
dimethylphosphoramido 
cyanidate 

 
 
 
 
 

77-81-6 

B PRECURSORS CAS 
4 Chemicals, except for those 

listed in Schedule 1, containing 
a phosphorus atom to which is 
bonded one methyl, ethyl or 
propyl (normal or iso) 
group but not further carbon 
atoms 
Examples: 
Methylphosphonyl dichloride 
Dimethyl methylphosphonate 
Exemption: 
Fonofos: O-Ethyl S-phenyl 
ethylphosphonothiolothionate 

 
 
 
 
 
 
 
 
 

676-97-1 
756-79-6 

 
944-22-9 

3 O-Alkyl (H or <C10, incl. 
cycloalkyl) S-2-dialkyl (Me, Et, 
n-Pr or i-Pr)-aminoethyl alkyl 
(Me, Et, n-Pr or i-Pr) 
phosphonothiolates and 
corresponding alkylated or 
protonated salts 
Examples: 
*VX: O-Ethyl S-2-
diisopropylaminoethylmethyl 
phosphonothiolate 
Russian VX: O-Isobutyl S-2-
diethylaminoethylmethyl 
phosphonothiolate 

 
 
 
 
 
 
 
 
 

50782-69-9 
 
 

159939-87-4 

5 N,N-Dialkyl (Me, Et, n-Pr or i-
Pr) phosphoramidic dihalides 

 

6 Dialkyl (Me, Et, n-Pr or i-Pr) 
N,N-dialkyl (Me, Et, n-Pr or i-
Pr)-phosphoramidates 

 

7 Arsenic trichloride 7784-34-1 

4 Sulfur mustards: 
2-Chloroethylchloromethyl 
sulfide 
*Mustard gas, HD:  
Bis(2-chloroethyl)sulfide 
Bis(2-chloroethylthio)methane 
*Sesquimustard, Q: 1,2-Bis(2-
chloroethylthio)ethane 
1,3-Bis(2-chloroethylthio)-n-
propane 
1,4-Bis(2-chloroethylthio)-n-
butane 
1,5-Bis(2-chloroethylthio)-n-
pentane 
Bis(2-chloroethylthiomethyl) 
ether 
*O-Mustard, T: Bis(2-
chloroethylthioethyl)ether 

 
2625-76-5 

 
 

505-60-2 
63869-13-6 

 
3563-36-8 

 
63905-10-2 

 
142868-93-7 

 
142868-94-8 

 
63918-90-1 

 
63918-89-8 

8 2,2-Diphenyl-2-hydroxyacetic 
acid 

76-93-7 

9 Quinuclidine-3-ol 1619-34-7 
10 N,N-Dialkyl (Me, Et, n-Pr or i-

Pr) aminoethyl-2-chlorides 
and corresponding protonated 
salts 

 

11 N,N-Dialkyl (Me, Et, n-Pr or i-
Pr) aminoethane-2-ols and 
corresponding protonated 
salts. 
Exemptions: 
N,N-Dimethylaminoethanol and 
corresponding protonated salts 
N,N-Diethylaminoethanol and 
protonated salts 

 
 
 
 
 

108-01-0 
 

100-37-8 
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Table 1: The Chemical Weapons Convention - Schedules of Chemicals 
Schedule 1 Schedule 2 

5 Lewisites: 
*L1: 2-Chlorovinyl 
dichloroarsine 
*L2: Bis(2-chlorovinyl) 
chloroarsine 
*L3: Tris(2-chlorovinyl)arsine 

 
541-25-3 

 
40334-69-8 

 
40334-70-1 

12 N,N-Dialkyl (Me, Et, n-Pr or i-
Pr) aminoethane-2-thiols 
and corresponding protonated 
salts 

 

13 Thiodiglycol, TDG:  
Bis(2-hydroxyethyl)sulfide 

 
111-48-8 

6 Nitrogen mustards: 
*HN1: Bis(2-chloroethyl) 
ethylamine 
*HN2: Bis(2-chloroethyl) 
methylamine 
*HN3: Tris(2-chloroethyl)amine 

 
538-07-8 

 
51-75-2 

                    
555-77-1 

14 Pinacolyl alcohol:  
3,3-Dimethylbutane-2-ol 

 
464-07-3 

Schedule 3 

7 Saxitoxin 35523-89-8 A TOXIC CHEMICALS CAS 
8 Ricin 9009-86-3 1 *Phosgene, CG: Carbonyl 

dichloride 
75-44-5 

B PRECURSORS CAS 2 *CK: Cyanogen chloride  506-77-4 
9 Alkyl (Me, Et, n-Pr or i-Pr) 

phosphonyldifluorides 
Examples: 
DF: 
Methylphosphonyldifluoride 

 
 
 
 

676-99-3 

3 *AC: Hydrogen cyanide 74-90-8 
4 Chloropicrin, *PS: 

Trichloronitromethane 
 

76-06-2 
B PRECURSORS CAS 

10 O-Alkyl (H or <C10, incl. 
cycloalkyl) O-2-dialkyl (Me, Et, 
n-Pr or i-Pr)-aminoethyl 
alkyl (Me, Et, N-Pr or i-Pr) 
phosphonites and 
corresponding alkylated or 
protonated salts 
Examples: 
*QL: O-Ethyl O-2-diisopropyl 
aminoethylmethylphosphonite 

 
 
 
 
 
 
 
 
 

57856-11-8 

5 Phosphorus oxychloride 10025-87-3 
6 Phosphorus trichloride 7719-12-2 

7 Phosphorus pentachloride 10026-13-8 
8 Trimethyl phosphite 121-45-9 
9 Triethyl phosphite 122-52-1 

10 Dimethyl phosphite 868-85-9 
11 Diethyl phosphite 762-04-9 
12 Sulfur monochloride 10025-67-9 
13 Sulfur dichloride 10545-99-0 

11 Chlorosarin: O-Isopropyl 
methylphosphonochloridate 

 
1445-76-7 

14 Thionyl chloride 7719-09-7 
15 Ethyldiethanolamine  139-87-7 

12 Chlorosoman: O-Pinacolyl 
methylphosphonochloridate 

 
7040-57-5 

16 Methyldiethanolamine 105-59-9 

17 Triethanolamine 102-71-6 
*Trivial name/agreed NATO (STANAG) codes 
 

Schedule 2 chemicals include three chemicals that may be used as CWA (Schedule 2A) and key 

precursor chemicals for synthesis of nerve and blister agents (Schedule 2B). Schedule 2 

chemicals are not produced in large quantities, seen from an industrial perspective. The 

Schedule 2A.3 chemical, BZ (3-Quinuclidinyl benzilate), is a psychotomimetic agent or a 

mental incapacitant, and is used as an industrial intermediate in the manufacturing of 

pharmaceuticals such as clindinium bromide (Ashford, 1994). Thiodiglycol (Schedule 2B.13) 

cont’d 
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is a precursor to sulfur mustards, however it is used extensively in the inks/dye/photographic 

industry (Prelas and Peck, 2005). A number of Schedule 2B.4 chemicals, like dimethyl 

methylphosphonate (DMMP), are used as flame retardants in the textiles, foamed plastic 

products industry and lithium-ion battery electrolytes (Xiang et al., 2007), but they can also be 

used as precursors to nerve agents. Schedule 3 chemicals are usually produced by industries in 

large quantities for purposes not prohibited by the CWC, but may still pose a risk to the 

Convention. This includes some chemicals which have been used as warfare agents and 

precursors. Phosgene (Schedule 3A.1) resulted in 80% of CW related fatalities in World War 

I, but is still used in the production of many legitimate organic chemicals (Sittig, 1985). 

Hydrogen cyanide and chloropicrin (Schedule 3A.3-4) had been used extensively as chemical 

warfare agents during World War I, to be replaced later on by the more toxic nerve agents. 

Sodium cyanide is used extensively in the gold mining industry and it is produced from 

hydrogen cyanide (Rubo et al., 2006). Triethanolamine (Schedule 3B.17), a precursor to 

nitrogen mustard, is used extensively in consumer products such as toiletries, detergents, 

cement, etc. (Ashford, 2011). 

1.2 Sampling and analysis in the Chemical Weapons 

Convention 

The Convention makes clear provisions for the use of sampling and analysis as part of the 

verification regime established and maintained by the OPCW. This regime covers both military 

and commercial industry activities of the SP. Any SP producing, processing, consuming, 

importing or exporting any of the scheduled chemicals above the threshold quantity defined 

by the CWC must meet certain legal requirements. During inspections of industries dealing 

with the Schedule 2 and 3 chemicals, the OPCW team verifies the correctness of declarations 

submitted by the inspected SP and checks for the absence of undeclared scheduled chemicals, 

in particular, Schedule 1 chemicals. The samples may be collected from storage containers 

containing raw materials, intermediaries and products, from process equipment, or even waste 

effluents, and will subsequently be prepared and analysed using the OPCW mobile laboratory 

capacity. Annually, eight to ten Schedule 2 industrial inspections with sampling and analysis 
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are conducted worldwide. So far no Schedule 3 industrial inspection with sampling and analysis 

has been conducted; however, the Technical Secretariat of the OPCW has been preparing for 

this event. The SP which have declared chemical weapons are obliged to destroy them. On the 

CW destruction sites, samples are collected from the CW munitions/storage containers and 

process lines by the site representatives under close observation of the OPCW inspectors and 

analysed following an agreed procedure. The aim is to confirm the identity of CWA being 

destroyed and to verify the end product of destruction. The Convention grants each SP the 

right to request an on-site “challenge” inspection of any facility or location of another SP in 

order to resolve questions concerning possible non-compliance with the CWC (Art. IX). Such 

inspections may be conducted anywhere and without delay by an OPCW inspection team, after 

being triggered and approved through a special mechanism. Each SP has also right to request 

assistance and protection, if it considers that a CW has been used against it (Art. X). In that 

case, an OPCW team may be mandated to conduct investigations to provide foundation for 

further actions. During both these events, sampling and analysis can be used for collecting the 

evidence, securing the site or for safety reasons. Although no actual inspection of these types 

has taken place so far, mock inspections and international exercises are being held regularly. 

In cases of alleged CW use involving a State not party to the CWC or in a territory not 

controlled by a SP to the CWC, the Secretary-General of the United Nations (UN) can request 

the OPCW to put its resources at his disposal, including providing a team of experts and 

specialised equipment to conduct fact-finding activities. In 2013, a team of OPCW inspectors 

participated in an investigation into the allegations of use of CW conducted under UN lead in 

the Syrian Arab Republic (United Nations mission to investigate allegations of the use of 

chemical weapons in the Syrian Arab Republic, 2013). When it is not possible to analyse 

samples on-site, or there is an ambiguity in the results acquired on-site, the analysis may be 

carried out off-site. A network of designated laboratories has been developed, which have 

demonstrated their proficiency in the analysis of the types of samples that may arise during 

OPCW inspections. These laboratories are required to maintain their qualification by regular 

participation in OPCW proficiency tests (Dubey et al., 2009). 



  Chapter 1 – General Introduction 
 

20 
 

1.3 Analysis strategy and methods of the mobile laboratory of 

the Organisation for the Prohibition of Chemical Weapons 

The OPCW mobile analytical laboratory has been designed to meet the inspection 

requirements (Mesillakso, 2005). It is of modular character, so that it can be customised to the 

specific inspection type. The items are classified and tightly packed in shock proof boxes in 

order to withstand exposure to often rugged transport conditions (Figure 2). The laboratory 

uses only the items previously approved by the SP to the CWC (OPCW Conference of the 

State Parties, 23 May 1997). 

 

 

Figure 2: The OPCW mobile laboratory, transport and full set-up. 
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Fourier transform infrared (FTIR) and gas chromatograph-mass spectrometer (GC-MS) are 

the principal analytical equipment. FTIR has found very limited application so far primarily 

due to the limitations of the technique and the fact that the GC-MS can cover the FTIR field 

of application for OPCW purposes. The OPCW Technical Secretariat and Laboratory have 

opted for a bench top version of the GC-MS instead of a man-portable GC-MS instrument, 

choosing a strategy where sampling and analysis are separated. The instrument is usually set-

up at a fixed location considered free of contamination, but near the area of sampling. This 

approach has allowed attaching a computer to the instrument, utilising more elaborate sample 

preparation procedures to deal with a broader range of sample matrices and analytes, as well 

as using more sample-introduction options compared to the man-portable systems currently 

available.  

The analytical strategies of the mobile OPCW laboratory have to tackle the very demanding 

task of checking for the absence of all undeclared scheduled chemicals and their degradation 

products in different sample matrices (qualitative analysis). The number of scheduled 

chemicals that are theoretically possible to be synthesised is vast. The target chemicals may 

differ widely in polarity, volatility and reactivity. Consequently, the sample preparation 

procedures are generic. The standard approach adopted by the OPCW mobile laboratory is 

based on the work of technical experts from the member states, brought together by working 

groups before entry into force of the CWC. The sample preparation is based on laborious 

sample processing using solid–liquid and liquid–liquid extraction (Kuitunen, 2000). An 

example of a general flowchart of the standard OPCW approach for the sample preparation 

of environmental samples is given in Figure 3; an overview over the preparation of aqueous 

environmental samples is provided below; the detailed description can be found elsewhere 

(Technical Secretariat of the OPCW, 29 April 2009). 

The main objective for every sample preparation is to extract as many analytes as possible from 

the sample matrix and making them suitable for GC-MS analysis, using derivatisation when 

necessary. Preferably, the sample is divided into several sample preparation fractions, which 

are then prepared to recover chemicals of different polarity. More volatile and less polar 

analytes are extracted from the sample matrix with an organic solvent such as dichloromethane 

or hexane. The extract is dried, concentrated if needed, and analysed directly.  
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Figure 3: General flowchart for the standard OPCW approach to environmental sample 

preparation. 

A high hydrocarbon content (background) in the sample may interfere with the analysis, either 

by masking the target analytes or affecting their chromatography. This problem can be solved 

by partitioning the analytes from a nonpolar organic solvent such as hexane into a relatively 

polar aprotic solvent such as acetonitrile. Prior to analysis, the acetonitrile layer is concentrated 

and the solvent exchanged by addition of dichlormethane into the sample. Solvents with a 

relatively high boiling point, and hence a high retention index (RI > 800), can mask a number 

of scheduled compounds through high solvent signal. Therefore, it is recommended to limit 

the concentration of polar solvents to 10% in the sample prepared for injection (i.e. 90 % 
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dichloromethane or hexane). Lewisite related compounds are derivatised with thiols and 

extracted with hexane for the analysis. A fresh sample preparation fraction is used and 

extracted to recover the water-soluble polar chemicals. When the overall sample size is too 

small or the sample is not homogenous, the residue from the organic extraction can be used 

for this purpose. The organic extraction is always performed before aqueous extraction to 

avoid hydrolysis of the target chemicals due to sample preparation. A number of the scheduled 

chemicals are very reactive and, hence, unstable in water and environmental matrices. The 

degradation of CWA can yield polar products with insufficient volatility for GC analysis or 

products which elute poorly on GC. Examples are methylphosphonic acid and thiodiglycol, 

degradation products of Schedule 1 nerve agents and blister agent sulphur mustard, 

respectively. The problem can be solved by derivatisation of less volatile and more polar 

compounds prior to GC-MS analysis. The OPCW has selected trimethylsilyl (TMS) 

derivatisation with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) for on-site analysis 

during inspections. This derivatisation procedure is applicable to the broadest range of the 

compounds of interest (Black and Muir, 2003). However, BSTFA and its derivatives are 

notoriously sensitive to the presence of water, which therefore has to be removed prior to the 

derivatisation. The standard sample preparation procedure uses a low temperature vacuum 

evaporation or mild heating under the nitrogen flow (Figure 4). 

 

Figure 4: Examples of commercially available equipment for evaporation of water and 

concentration. 
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Alkylphosphonic and alkylthiophosphonic acids react to form insoluble salts with cations like 

Na+, K+, Mg+2, and Ca+2 that may be present in environmental or industrial samples. This may 

affect the derivatisation yield for these important environmental signatures of G and V nerve 

agents and also Schedule 2B.4 chemicals. If deemed necessary, the cations can be removed 

from an aqueous sample or extract before the evaporation to dryness with SCX SPE cation 

exchange cartridges (100 mg or 500 mg). The derivatisation is performed by dissolving the 

evaporation residue in acetonitrile. After addition of BSTFA reagent, the tightly capped vial 

with mixture is heated at 60°C for 30 min. The cooled solution is filtered and diluted further 

with dichloromethane. 

Thus prepared liquid sample preparation fractions are injected into the GC-MS preferably 

using an auto injector. The analytical procedures aim at the screening of target analytes down 

to low ng/µl concentrations. Depending on the matrix, higher pg/µl analyte concentrations 

may also be detected. The acquired GC-MS data are processed using the Automated Mass 

Spectral Deconvolution and Identification System (AMDIS) (Stein, 1999; Mallard, 2014). The 

identity of the target chemicals is confirmed by the full scan mass spectrum and retention index 

that are compared to the OPCW Central Analytical Database (OCAD). The OCAD contains 

peer-reviewed validated analytical data of only the chemicals related to the Convention and 

some derivatives that have been approved for inclusion into the database by the policy making 

organs of the OPCW. The current version of the OCAD contains over 4,900 mass spectra for 

over 3,700 distinct chemicals and retention index data for over 3,500 distinct chemicals. This 

content, of course, does not cover all of the CWC related chemicals. If necessary, the spectrum 

extracted by AMDIS may be manually sent to the NIST Search Software and searched against 

the NIST database (Standard Reference Data Program, National Institute of Standards and 

Technology, NIST, 2011), also approved for the OPCW on-site use.  

A strict Quality Assurance/Quality Control (QA/QC) system is established for both on-site 

analysis in the field and off-site analysis in the OPCW designated laboratories. The quality 

system is applied starting from sample collection, through sample preparation and GC-MS 

analysis, to reporting the analysis results. The chain of custody is maintained at all times; 

samples and sample preparation fractions are coded accordingly and tracked by documentation 

detailing a precise history of the samples. The functioning and performance of both parts of 
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the GC-MS instrumentation are regularly assessed with a specially devised performance test 

mixture. The injections of method blanks are done to demonstrate that the instrument, 

solvent(s)/reagent(s) and sample preparation equipment are clean. An Internal Standard (IS) 

such as hexachlorobenzene is added to each sample preparation fraction and method blank 

prior to injection into the GC-MS. 

Working with potentially highly toxic and hazardous material requires certain safety measures. 

All operations in the on-site laboratory are performed inside the fume hood. Samples 

containing or suspected to contain CWA and other toxic chemicals are handled in teams of at 

least two persons maintaining visual contact at all times. The minimum protective clothing 

consists of laboratory coats, safety glasses with side-shields or safety goggles, and protective 

gloves, including an air-purifying respirator and auto injectors with nerve agent antidotes 

within hands reach. The working area is monitored by an adequate chemical detection device 

with an acoustic and/or visual alarm. A sample transport container is checked for 

contamination before opening. Samples and equipment are treated with an appropriate 

decontamination solution if any contamination is detected. 

1.4 Aims and objectives 

The analytical procedures developed for the OPCW mobile laboratory cover different types 

of samples of industrial or environmental origin including solid, liquid and wipe samples. 

However, no air/ vapour sampling and analysis method and capability have been established. 

One of the major expert contributors to the OPCW analytical capacity, the Finnish Institute 

for Verification of the Chemical Weapon Convention (Verifin, University of Helsinki, Finland) 

was intensively involved in the development of methods for air sampling for volatile CWC-

related chemicals during the 1980s (Rautio, 1985; Rautio, 1986; Rautio, 1987). This work 

resulted in instructions for off-site analysis by the OPCW designated laboratories (Rautio, 

1994). Air or vapour samples collected and analysed on-site during an inspection may provide 

important verification and safety related information. It has already been shown that air 

sampling is a useful tool in detection of CWA in structures (Stuff et al., 1999) where CWA 

were once manufactured or stored. In addition, it is possible to screen large areas for CWA 
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and related chemicals. The results from air analysis provide important information on the 

presence or absence of vapour hazards. The technique may also be used during the 

reconnaissance phase of a field investigation to confirm or reject the findings of the ion 

mobility or flame photometry based handheld detectors, known to be prone to false positives 

(Mullot et al., 2010; Sun and Ong, 2004). Sampling of the headspace above a complicated 

sample matrix may resolve inconclusive results. There are numerous other possible inspection 

situations where air sampling may prove useful. 

The standard OPCW on-site sample preparation approach for solid, liquid and wipe samples 

provides a relatively good coverage of the target analytes, however a number of weaknesses 

have been identified such as low sample throughput, use of bulky equipment, extensive manual 

work involved, extensive use of hazardous solvents, problems with preparations of multiphase 

sample systems and the generation of relatively large amounts of hazardous waste. 

Furthermore, the standard sample preparation approach requires relatively large sample 

sizes/volumes of at least 5–10 ml or g that may not be available. The low sample throughput 

caused by the long preparation practice limits the number of samples that can be processed 

during the restricted inspection time. This may have an impact on the outcome of any type of 

sampling and analysis inspection, but especially for Schedule 3 inspections. The CWC allows 

only 24 hours for inspection activities in Schedule 3 facilities. Within this timeframe the 

inspection team has to set up and validate the equipment, plan and perform sample collection, 

preparation, analysis and finally produce a full report on the analytical activities.  Longer 

inspection timeframes of 96 and 84 hours are available for Schedule 2 inspections, 

investigations of alleged use and challenge inspections, respectively.  However, during these 

kinds of inspections a larger number of samples may also be expected. Often the inspection 

dynamics that include negotiations, logistic problems and the actual on-site situation further 

restrict the time available for the sampling and analysis activities. Preparations of aqueous 

samples, water solutions and water extracts of solids have long been recognised as a rate 

limiting step for the entire sample preparation process. Techniques of low temperature vacuum 

evaporation or mild heating under a nitrogen flow applied in the water removal before the 

derivatisation require bulky equipment (Figure 4); they are time consuming and can result in 

losses of volatile analytes, like thiodiglycol. Additional difficulties are encountered with 
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samples containing volatile solvents, which may cause freezing of the sample in the evaporator, 

and water soluble polymers like polyethylene glycols, which impede the complete removal of 

water. Use of liquid-liquid extraction is yet another weakness of the standard OPCW sample 

preparation strategy, because it implies use of organic solvents that have to be transported and 

handled as dangerous goods. The extraction process itself is time consuming, requires 

extensive manual labor, uses relatively large amounts of laboratory utensils, and produces 

hazardous waste and multiple sample preparation fractions that beside organic solvents can 

contain toxic chemicals. The safe disposal of such generated waste can be problematic and 

expensive for the inspected site. Samples obtained from industrial sources, polluted and natural 

waters or decontamination waste may contain soluble nonvolatiles (polymers), surfactants, and 

finely suspended solids. If not already present in the samples, the emulsion may form during 

the extraction of such samples. If the emulsion is not broken, the analytical method may not 

be efficient, especially when dealing with diluted samples. Emulsion formulations are used as 

CWA decontaminants and several armies have introduced them into the military inventory 

(Ford and Newton, 1989; Richardt and Blum, 2008). Analogous emulsion sample matrices 

have also been used during the Official OPCW Proficiency Tests (German Armed Forces 

Scientific Institute for Protection Technologies – NBC Protection, 2001) in order to challenge 

the analytical capabilities of off-site laboratories from the State Parties seeking to retain or 

acquire the OPCW designation. If samples have to be sent off-site, there might be many 

practical, logistical and political problems in transporting the samples to the designated 

laboratories. Some SP are known to be reluctant to allow samples to be taken off-site or out 

of the country and for Schedule 3 sites, the agreement of the SP is required before sending the 

samples off-site. One apprehension being that, contrary to the OPCW mobile laboratory, the 

off-site laboratories have the freedom and capability to use a full range of analytical techniques 

and equipment (OPCW, 22 May 1997). Once the samples are sent off-site, there will always 

be concerns by the companies and SP involved that the analysis may be too intrusive and 

reveal information that is commercially confidential. Therefore, maintaining and furthering the 

technical capability of the OPCW on-site laboratory remains of the outmost importance. To 

this purpose, the following objectives have been set: 
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• To develop sensitive GC- full scan MS based analytical methods for the detection of 

CWA and related compounds in air/vapour samples;  

• To assess modern, solvent-minimised sample preparation techniques that may be 

applied for the on-site GC-MS analysis of CWC related chemicals; 

• To develop robust analytical methods for GC-full scan MS screening of CWC related 

chemicals in aqueous and multiphase sample matrices, aiming at a reduction in overall 

analysis time, amount of sample needed, solvents, reagents, waste generated and 

equipment used; 

• To devise accordingly new analytical strategies for the OPCW mobile laboratory and 

to demonstrate their applicability to verification analyses. 

 

1.5 Outline of the thesis 

Generally, chemical warfare agents are reactive chemical compounds unstable in 

environmental matrices, especially when in contact with moisture. Chapter 2 introduces the 

major CWA of concern in terms of military and terroristic capacity and past use and discusses 

their environmental degradation pathways. Depending on the time period elapsed since the 

CWA release, the degradation products may be the only chemical markers of the CWA event 

remaining in the field. 

Sampling of CWA vapours has widely been accomplished by drawing air through a tube 

packed with Tenax® TA or carbonaceous adsorbent material. Analysis is preferably performed 

by thermal desorption (TD) of the analytes into a GC equipped with a suitable detector. A 

number of ‘off-the-shelf’ TD systems can be found on the market that focus the analytes either 

into an adsorbent-trap or a cryogenically cooled inlet of the GC prior to transfer into the GC 

column. A different approach is developed for the OPCW mobile laboratory (Chapter 3) that 

does not require expensive equipment and eliminates the trapping step. A Tenax® TA packed 

GC liner is used as the sampling tube. The sample is then thermally desorbed directly into the 

GC inlet, transferring analytes straight to the GC column. Data obtained from comprehensive 

method evaluation with authentic CWA during field trainings of the OPCW inspectors are 

presented. 
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In search of an alternative approach to the standard on-site preparation of aqueous and 

multiphase based samples, a number of liquid phase and solid phase microextraction 

techniques is evaluated in Chapter 4 using peer-reviewed scientific literature. The positive and 

negative features of the methods are identified in respect to analysing of CWC related 

chemicals in environmental and complex sample matrices.  

An entirely novel approach for such analyses that uses the same portable equipment as the air 

sampling and analysis method (Chapter 3) is presented in Chapter 5. Several microliters of 

liquid sample are injected into a Tenax® TA packed GC liner that can also be used as an 

air/vapour sampling tube. The sample is prepared in-tube using only a TD tube conditioner 

and minute amounts of derivatising agents. After thermal desorption in the GC inlet, a range 

of compounds of different polarity is analysed in a single run, leaving the TD tube safe to be 

disposed of. The method applicability to verification analyses was demonstrated in the 

successful analysis of samples from the OPCW Official Proficiency Tests.   

As a consequence, new analytical strategies were devised and practically evaluated (Chapter 

6).  

This thesis resulted in a set of novel analytical methods and strategies that are ideally suited for 

use with field environmental or forensic laboratories, such as the OPCW mobile laboratory. 

Further prospects on optimisation of the analytical methods with respect to high sample 

throughput or versatility are discussed in Chapter 7. 
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Abstract 

Recent developments in the Syrian civil war, where the government and anti-government 

forces accused each other of using chemical weapons, have revived interest of security 

communities in technicalities of investigation of CWA events. Generally, CWA are reactive 

chemical compounds unstable in environmental matrices, especially when contacted with 

humidity. Depending on the time period elapsed since the CWA release, the degradation 

products may be the only chemical markers of the CWA event remaining in the field. This 

chapter presents the major CWA of concern in terms of military and terrorist capacity and past 

use and discusses their environmental degradation pathways. 

1 Introduction 

A chemical warfare agent can be defined as a substance intended for use in military operations 

or terrorist activity to kill, seriously injure, or incapacitate through its physiological effects. 

Traditionally, riot control agents, defoliants, smoke and incendiary weapons are excluded from 

this definition.  

Almost any type of conventional military weapon system like artillery shells, aerial bombs, 

grenades, mines, rockets, and missiles can be used to deliver CWA to target. These systems, 

however, have to be specially designed to carry and disseminate their chemical payload as a 

vapor and/or aerosol (Sidell et al., 1997). Additionally, CWA can be sprayed from air, land, 

and water vehicles or be covertly used to contaminate food and water supplies. Non-traditional 

or improvised CWA dissemination means may be expected in terrorist attacks such as the 

Tokyo subway incident (Okumura et al., 1996).  

When a CWA is released into the environment, it becomes distributed among four major 

compartments: water, air (atmosphere), soil, and living organisms (Figure 1). 
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Figure 1: Release of CWA into the environment.  

Immediately following the release, the distribution of CWA is largely determined by the 

characteristics of the delivery system. Agent vapors and small liquid/solid particles are carried 

by air currents, while any large particles and liquid drops fall out in a ballistic-like trajectory 

and are quickly deposited on the ground. A portion of the agent payload can be thermally 

degraded upon detonation of CW, if a high explosive charge (“burster”) is used for the 

dispersal. Soon after the dispersion, the environmental fate of the CWA becomes principally 

governed by its physical and chemical properties, weather conditions and terrain, similar to 

other environmental contaminants (de Voogt and Jansson, 1993; Bartelt-Hunt et al., 2008; 

Department of the Army, Department of the Air Force, United States Marine Corps, 1986). 

The agent may be removed from the air by depositing and adsorbing to the ground or 

vegetation, or by wet precipitation. Rain is known to be efficient in cleansing the atmosphere. 

Sufficiently volatile agents may be re-released from surfaces or water bodies to the atmosphere 

for further cycles of travel and present a hazard until sufficiently diluted or degraded. High 

winds and strong turbulence reduce the concentration and increase the area coverage by more 

quickly carrying away and diffusing the agent. The agent adsorbed onto solid particles or 

dissolved in water can move vertically through the soil profile or across the surface in run-off. 

A number of different types of chemical reactions may occur in the environmental 
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compartments and at their borders transforming originally released CWA and producing new 

compounds. Depending on the time period elapsed since the release, the CWA degradation 

products may be the only chemical markers of the event remaining on the field. 

Chemical warfare agents are commonly classified into blister, nerve, choking, vomiting, blood, 

and psychotomimetic agent categories based on their effect on humans. The major CWA of 

concern in terms of military and terrorist capacity and past use are the blister and nerve agents. 

For these reasons, in the present review the emphasis will be on these groups of CWA. The 

choking, blood, and vomiting agents are generally considered obsolete CWA. 

2 Blister Agents 
Blister agents, or vesicants, are probably the best known CWA. As the name suggests, blister 

agents can cause large and often life-threatening skin blisters which resemble severe burns 

(Gupta, 2009). The three families of blistering compounds that dominated military application 

are: sulfur mustards, nitrogen mustards and Lewisites. 

2.1 Sulfur mustards 
 

 

Figure 2: The best known members of the sulfur mustard family of CWA, their chemical 

names, synonyms and NATO codes. 
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The term “sulfur mustards” is commonly applied for a family of chlorinated thioethers with 

blistering capabilities. Depending on the manufacturing process, several family members can 

be present in weapon grade agent along with a number of other impurities. The three best 

known compounds are shown in Figure 2. The discussion in this article refers to bis(2-

chloroethyl)sulfide, with the NATO (North Atlantic Treaty Organisation)  designation HD, 

which is usually the major component of all weapon grade sulfur mustard agents. The crude, 

undistilled form of bis(2-chloroethyl)sulfide has the NATO designation H. When produced in 

a mixture with bis(2-chloroethylthioethyl)ether, or agent T, it has the NATO designation HT. 

Sesquimustard, or agent Q, is normally present as an impurity of bis(2-chloroethyl)sulfide. It 

can be also prepared in a mixture with H to depress the freezing point of the former. The 

mixture then receives the NATO designation HQ. A more complete list of common bis(2-

chloroethyl)sulfide impurities is given elsewhere (Munro et al., 1999). 

The specific gravity of HD is higher than that of water (Table 1), so that a bulk spill will likely 

sink and remain on the bottom of a water body, followed by slow dissolution. The formation 

of a surface (oil) film on the surface of water is possible, and significant volatilisation from 

water may also be expected (Henry’s Law constant). 

The chemistry of HD in the environment is very complex. The most important environmental 

degradation pathways are shown in Figure 3. 

1,4-Dithiane is a common impurity of HD, but it is also created by thermal decomposition of 

the agent during detonation of the CW. The persistency of HD in the environment depends 

greatly on the environmental conditions and matrices. It is known that HD can persist for 

weeks in soil, if the ambient temperature and humidity are low (Trapp, 1985). In one occasion, 

soil samples were collected from a bomb crater 10-12 weeks after an alleged CW event. Beside 

the intact HD, a number of degradation products shown in Figure 3 were detected using GC-

MS (Hay and Roberts, 1990). In water, HD can have a peculiar fate. It dissolves slowly, but, 

once dissolved, hydrolyses rather rapidly. However, sulfonium ion aggregates can form around 

the undissolved, bulk HD, shielding it from further dissolution (Figure 4.). In this way, HD 

can persist under water and retain blister properties for decades (Theobald and Ruhl, 1994; 

Jorgensen et al., 1985). 
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Table 1: Selected physical-chemical properties of H/HD. 

Physical-Chemical Property Data 

1 Molecular weight 159.08 

2 Specific gravity at 20°C, (g/cm3) 1.27 

3 Melting point, (°C) 14.45 

4 Boiling point, (°C) 227.8 

5 Vapor pressure at 20°C, (mm Hg) 0.072 

6 Volatility, (mg/dm3) 

0.07 (0°C) 

0.61 (20°C) 

2.86 (40°C) 

7 Water solubility, (g/dm3) 0.92 

8 Hydrolysis half-life 8.5 min at 25°C 

9 Henry’s Law constant, (Pa m3/mol) 2.4 

10 Soil adsorption coefficient, Log Koc 2.12 

11 Octanol-water partition coefficient, Log Kow 1.37 

Data from: 1-7 (Hoenig S, 2006); 8-11 (Munro et al., 1999). 

 

Particularly persistent is viscous mustard, containing polymer thickeners such as polystyrene 

or montan wax (Ellison, 2008). Thiodiglycol is the main hydrolysis product of HD before 

mineralisation. It is miscible with water, resistant to hydrolysis and photolysis, but susceptible 

to microbial degradation (Lee et al., 1996). Caution is required when taking thiodiglycol as a 

sole marker for prior presence of HD. Thiodiglycol is a common commercial product, in use 

as a solvent in antifreeze solutions, in dyestuffs for printing, and as a costabiliser in the 

production of polyvinyl chloride (Prelas and Peck, 2005). 

All of the sulfur containing HD related chemicals can react to form sulfoxide or the sulfone. 

However, these are typically minor pathways. The other sulfur mustards family members 

follow similar degradation pathway as HD: the hydrolysis of the terminal chlorine produces 

the corresponding chloroalcohols, while the subsequent hydrolysis gives the diols.  In all cases 

the sulfones and sulfoxides should be expected to form. 
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Figure 3: Primary degradation pathways of HD in the environment. 

 

 

Figure 4: Hydrolysis of HD with formation of sulfonium ion aggregates in water. 
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Table 2 lists the environmentally most important transformation products of HD and their 

selected physical properties. 

Table 2: Selected physical properties of the environmentally most important HD 

transformation products. 

Compound Water solubility, 
(g/dm3) Log Kow Log Koc 

Vapor 
pressure, 
(mmHg) 

Thiodiglycol  Miscible -0.77 0.96 0.00002 

2-Chloroethyl vinyl 
sulfide  1.4 1.11 1.98 5.8 

Divinyl sulfide  2.5 0.85 1.84 6.0 

Bis(2-chloroethyl) 
sulfoxide   93 -0.85 0.91 0.65 

Bis(2-chloroethyl) 
sulfone   11 -0.51 1.11 0.96 

2-Chloroethyl vinyl 
sulfoxide   160 -1.11 0.77 0.064 

Vinyl sulfoxide   280 -1.37 0.63 0.92 

2-Hydroxyethyl vinyl 
sulfide  5.0 0.53 1.66 3.8 

2-Chloroethyl vinyl 
sulfone   78 -0.77 0.96 0.023 

Divinyl sulfone   140 -1.03 0.82 0.09 

1,4-Dithiane  3.0 0.77 1.80 0.80 

1,2-Dichloroethane   11 1.48 2.18 8.5 

Data from: (Munro et al., 1999). 

2.2 Nitrogen mustards 
A number of chlorinated ethyl amines were tested as potential CWA candidates in between the 

two world wars (Franke, 1967). The three tertiary alkyl amines that have found military 

application are shown in Figure 5. Tris-(2-chloroethyl)amine or HN3 is relatively persistent in 

the environment, while 2,2’-dichlorotriethylamine (HN1) and bis-(2-chloroethyl)methylamine 

(HN2) are moderately persistent. All three compounds are unstable in sunlight and undergo  
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Figure 5: Nitrogen mustards family of CWA, their chemical names, synonyms and NATO 

codes. 

photolytic degradation with hydroxyl radicals in the atmosphere. Selected physical-chemical 

properties for nitrogen mustards are listed in Table 3.  

Hydrolysis is the major degradation pathway of nitrogen mustards in soil and water, especially 

under weakly alkaline conditions. Environmental degradation pathways of nitrogen mustards 

are shown in Figure 6. 

The intermediates in nitrogen mustards hydrolysis are ionic species that can form byproducts. 

In the case of HN1, the dimeric salt is a relatively minor byproduct. In the case of HN2, the 

reaction leading to the formation of the dimer can be very fast, even explosive under certain 

conditions (Sittig, 1985). HN3 reacts with hydrochloric acid giving odorless, rhombic plates of 

tris(2-chloroethyl) ammonium chloride. This is a water soluble compound, rather stable and 

has the same toxic properties as a free amine (Franke, 1967). As such, it is a potential 

contaminant for water and food supplies. The ultimate end point of the hydrolysis for all cases 

is corresponding ethanolamine. It is important to note that N-ethyldiethanolamine (hydrolysis 
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product of HN1) and triethanolamine (hydrolysis product of HN3) have industrial uses, so 

that their presence in the environment is not unique to the CWA contamination. Selected 

physical data for the ethanolamines, nitrogen mustards degradation products, are listed in 

Table 4. 

 

Table 3: Selected physical-chemical properties of HN1, HN2 and HN3. 

Physical-Chemical Property HN1 HN2 HN3 

1 Molecular weight 170.08 156.07  204.54  

2 Specific gravity at 20°C, (g/cm3) 1.0861 1.13 1.24  

3 Melting point, (°C) -34 -60 −3.7  

4 Boiling point, (°C) 192 
decomposes 

177 

decomposes 

256 

decomposes 

5 Vapor pressure at 20°C or 25°C, 
(mm Hg) 0.25 0.43 0.01 

6 Volatility, (mg/dm3) 

0.127 (-10°C) 

0.308 (0°C) 

1.520 (20°C) 

3.100 (30°C) 

1.150 (10°C) 

3.580 (25°C) 

5.100 (30°C) 

10.00 (40°C) 

0.013 (0°C) 

0.121 (25°C) 

0.180 (30°C) 

0.390 (40°C) 

7 Water solubility, (g/dm3) 12 sparingly 0.16 

8 Hydrolysis half-life 12.5 days 
(5°C) 11 hrs (25°C) nd/very slow 

9 
Henry’s Law constant,  

(Pa m3/mol) 
nd 8.6 ⦁ 10-3 3.04 ⦁ 10-2 

1
0 

Soil adsorption coefficient,   

Log Koc 
nd 1.86 2.83 

1
1 

Octanol-water partition 
coefficient, Log Kow nd 0.9 nd 

Data from: 1-7 (Hoenig S, 2006); 8-11 (Munro et al., 1999). 
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Figure 6: Environmental degradation pathways of nitrogen mustards. 

 

 

Table 4: Selected physical-chemical properties of nitrogen mustards hydrolysis products. 

Compound 
Water 

solubility 
(g/dm3) 

Log 
Kow 

Vapor pressure 
(mmHg) 

Triethanolamine  miscible -2.3 a < 9.0 ⦁ 10-3 (20°C) a 

N-methyldiethanolamine miscible -1.5 b 2.0 ⦁ 10-4 (25°C) c 

N-ethyldiethanolamine miscible -1.01 d 2.4⦁ 10-3 (25°C) d 

Data from: a (Verschueren, 1996); b (Meylan and Howard, 1995); c (Daubert and Danner, 1989); d 

(estimated using US EPA Estimation Program Interface (EPI) Suite. Ver. 4.11. Nov, 2012. Available 

from, as of June 18, 2013: http://www.epa.gov/oppt/exposure/pubs/episuitedl.htm). 
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2.3 Lewisites 

 

 

Figure 7: Lewisites, their chemical names and NATO codes. 

Weapons-grade Lewisite presents a mixture of predominantly trans isomers of 2-

chlorovinyldichloroarsine (L1), bis(2-chlorovinyl)chloroarsine (L2), and tris(2-

chlorovinyl)arsine (L3). The chemical structures of the Lewisites are shown in Figure 7. A 

typical composition of the mixture is 90% L1, 9% L2 and 1% L3. A catalytically mediated 

conversion of L1 stored in metal containers and/or its thermal dissociation after deployment 

of the weapon can result in relatively higher percentages of L2 and L3 (Franke S, 1967).  

The Lewisite mixture is more volatile (Table 5) and less persistent in the environment than 

sulfur mustard agents. Volatilisation from water surfaces is an important fate process. The 

mixture also possesses relatively high mobility in soil.   

Although the mixture has only a limited solubility of 0.5 g/dm3 in water, hydrolysis is the 

primary degradation pathway of L1 and L2 in the environment. The hydrolysis mechanisms 

are complex and in water, depending on the pH, may include several reversible reactions. The 

literature data on the aquatic fate of L (Waters and Williams, 1950; Munro et al., 1999; Clark, 

1989; MacNaughton and Brewer, 1994; Rosenblatt et al., 1975) can be summarised as shown 

in the scheme in Figure 8. Lewisite 3 is relatively inert, does not react with nucleophiles such 

as water and does not have blistering properties. 
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Table 5: Selected physical-chemical properties of L1, L2 and L3. 

Physical-Chemical Property L1 L2 L3 

1 Molecular weight 207.32 233.4 259.39 

2 Specific gravity at 20°C, 
(g/cm3) 1.89 1.70 1.57 

3 Melting point, (°C) -18 nd 18-23 

4 Boiling point, (°C) 190 230 260 

5 Vapor pressure at 20°C or 
25°C, (mm Hg) 0.22 nd nd 

 6 Volatility, (mg/dm3) 

1.060 
(0°C) 

4.480 
(20°C) 

8.620 
(30°C) 

nd nd 

7 Water solubility, (g/dm3) 0.5 nd/low nd/low 

8 Hydrolysis half-life rapid nd nd 

9 Henry’s Law constant, (Pa 
m3/mol) 32.424 nd nd 

10 Soil adsorption coefficient, 
Log Koc 

2-3 nd nd 

11 Octanol-water partition 
coefficient, Log Kow 2.155 nd nd 

Data from: 1-7 (Hoenig S, 2006); 8-11 (Munro et al., 1999). 

The initial hydrolysis reaction leading to the formation of 2-chlorovinylarsonous acid (CVAA) 

is relatively rapid compared to the slow subsequent formation of the arsonous acid/anhydrides 

equilibrium mixture (Rovida, 1926). Such a rapid hydrolysis rate reduces the significance of L’s 

potential for volatilisation from water indicated by its Henry’s Law constant. Thus, the fate of 

L1 and L2 in water is primarily hydrolysis. CVAA and bis(2-chlorovinyl)arsinous acid 

(BCVAA) are water soluble and nonvolatile (Fowler et al., 1991). Their anhydride forms, i.e. 

2-chlorovinylarsonous oxide (CVAO), 2,4,6-tris(2-chlorovinyl)-1,3,5-trioxa-2,4,6-triarsane 

[CVAO]3, and tetrakis(2-chlorovinyl)diarsoxane (BDCDVAO) are relatively non-polar and 

insoluble in water, but easily extractable with organic solvents like dichloromethane. Both 

CVAA and the anhydride forms of L1 possess toxic/vesicant properties.  
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Figure 8: Hydrolysis pathways of L1 (A) and L2 (B). 

Given the rapid hydrolysis of L1, it is possible that exactly these forms are responsible in vivo 

for many of the systemic effects of the agent L (Fowler et al., 1991; Marrs et al., 2007). Leaching 

from landfills of L itself is not expected to be an important fate process, but leaching of its 

acidic degradation products is likely. Experiments with spiked unsterilised municipal waste 

leachate showed that L degradation products like CVAA can still be identified after 23 weeks 

of incubation at 12°C (Davis-Hoover et al., 2013). 

Lewisite and its immediate hydrolysis products are never found in the environment per se. If 

detected, they point to an anthropogenic origin. Analytical methods for identification of L and 

its hydrolysis products are not only important in relation to the environmental issues, but also 

because of the threat of L use by terrorists. 2-Chlorovinylarsonous acid is considered the 

urinary metabolite/biomarker of L1 exposure (Black, 2008). 
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Table 6: Selected physical-chemical properties of the environmentally most important L1 

hydrolysis products. 

Compound Water solubility 
(g/dm3) Log Kow 

2-Chlorovinylarsonous acid 20 1.4 to 2.4 

Lewisite oxide 20 -1.4 to -0.4 

Data from: (Reyer et al., 2012). 

3 Nerve Agents 

Nerve agents are primarily organophosphorus esters. They are generally divided into two 

groups, known by their code letters as G agents and V agents. The common characteristic of 

nerve agents from both groups is a C–P bond which is rarely found in the environment. 

3.1 G-series of nerve agents 
 

 
Figure 9: Principal G series nerve agents, their chemical names, common names and NATO 

codes.  
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The principal G agents are O-isopropyl methylphosphonofluoridate (GB; sarin), O-pinacolyl 

methylphosphonofluoridate (GD; soman), O-cyclohexyl methylphosphonofluoridate (GF; 

cyclosarin), and O-ethyl N,N-dimethylphosphoramidocyanidate (GA; tabun). Their chemical 

structures are shown in Figure 9. 

Sarin (GB) is miscible with water; with slow to no volatilization from the water body (Table 

7). On the other hand, it is quite volatile from surfaces. The primary environmental 

degradation pathway of all G agents is hydrolysis.  The principal hydrolysis product of GB, 

GD and GF is O-alkyl methylphosphonic acid (alternative name O-alkyl methylphosphonate), 

which slowly hydrolyses to methylphosphonic acid. The alkyl methylphosphonic acids are also 

the major urinary metabolites of nerve agents (Reynolds et al., 1985). The hydrolysis reaction 

of GB is shown in Figure 10 as an example. O-isopropyl methylphosphonic acid is chemically 

rather stable and resistant to microbial degradation. Hydrolysis products (acids) and presence 

of cations, like Ca+2 and Mg+2 in seawater, increase the rate of hydrolysis. Diisopropyl 

methylphosphonate is miscible with water and potentially stable for months 

Methylphosphonic acid is the persistent product of both G and V (section 3.2) agents’ 

degradation. It can persist for more than a decade in soil of testing sites. 

 

 

Figure 10: Primary degradation pathway of GB. 



 Chapter 2 - The Most Important Chemical Warfare Agents and Their Environmental… 

47 
 

Table 7: Selected physical-chemical properties of GB, GD, GF and GA. 

Physical-Chemical Property GB GD GF GA 

1 Molecular weight 140.09 182.19 180.2 162.12 

2 Specific gravity at 20°C, 
(g/cm3) 1.102 1.02 1.13 1.07 

3 Melting point, (°C) -57 -42 -30 -50 

4 Boiling point, (°C) 147 198 239 248 

5 Vapor pressure at 
20°C/25°C, (mm Hg) 2.9 0.40 0.044 0.037 

 6 Volatility, (mg/dm3) 

4.100 (0°C) 

16.091 (20°C) 

22.000 (25°C) 

29.800 (30°C) 

0.531 (0°C) 

3.900 (25°C) 

5.570 (30°C) 

0.438 (20°C) 

0.581 (25°C) 

0.090 (0°C) 

0.328 (20°C) 

0.610 (25°C) 

0.858 (30°C) 

7 Water solubility miscible 2.1% (20°C) 0.37% 
(20°C) 7.2% (20°C) 

8 Hydrolysis half-life 
39 hrs 

(pH 7) 

45 hrs 

(pH 6.6) 
nd 

8.5 hrs 

(pH 7) 

9 
Henry’s Law constant,  

(Pa m3/mol) 
5.5 ⦁ 10-2 0.46 0.28 a 1.54 ⦁ 10-2 

10 
Soil adsorption 
coefficient,   

Log Koc 

1.77 

 
1.17 1.74 a 2.02 

11 
Octanol-water 
partition coefficient, 
Log Kow 

0.299 1.824 1.67 a 0.384 

Data from: 1-7 (Hoenig S, 2006); 8-11 (Munro et al., 1999); a (estimated using US EPA; Estimation 

Program Interface (EPI) Suite. Ver. 4.11. Nov, 2012. Available from, as of June 18, 2013: 

http://www.epa.gov/oppt/exposure/pubs/episuitedl.htm). 

Methyl phosphonic acid and O-isopropyl methylphosphonic acid were detected in 

environmental samples from Ghouta in Damascus, the site of an alleged CW attack in the 

Syrian Arab Republic (United Nations mission to investigate allegations of the use of chemical 

weapons in the Syrian Arab Republic, 2013). However, methylphosphonic acid should be 

taken cautiously as a sole chemical marker for CWA use. Its release to the environment is also 

possible as degradation product of pesticides such as O,O-bis(2,4,5-trichlorophenyl) 

methylphosphonate, flame retardants such as dimethyl methylphosphonate, Fyrol 58 (Akzo 
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Nobel), and Antiblaze 19 (Albright & Wilson). Selected physical-chemical properties for the 

environmentally most important GB markers are shown in Table 8.  

The reaction of GA with water is pH dependant (Munro et al., 1999) and as such it can proceed 

via different pathways (Figure 11). GA is toxic for aquatic organisms; however, it is subject to 

microbial degradation in soil via O-dealkylation, C-dealkylation, nitrile hydrolysis and N-

dealkylation. 

 

 

Figure 11: Hydrolysis pathways of GA. 
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Table 8: Selected physical-chemical properties of the environmentally most important GB 

markers. 

Compound Water solubility 
(g/dm3) Log Kow Vapor pressure 

(mmHg) 

O-isopropyl methylphosphonic 
acid 4.8 a 0.27 a 3.4 ⦁ 10-3 a 

Methylphosphonic acid >1000 a -2.28 a 2 ⦁ 10-6 a 

Diisopropyl methylphosphonate 1-2 b 0.478 c 13 b 

Data from: a (Committee on Review and Evaluation of the Army Chemical Stockpile  Disposal Program, 

2001); b (Dacre and Rosenblatt, 1987); c (Czerwinski et al., 1998). 

3.2 V-series of nerve agents 

 

Figure 12: Principal V-series nerve agents, their chemical names and NATO codes. 

The principal V agents are VX (O-ethyl S-2-diisopropylaminoethyl methylphosphonothiolate) 

and Russian VX or VR (O-isobutyl S-2-diethylaminoethyl methylphosphonothiolate). Their 

chemical structures are shown in Figure 12. Less known are VM (O-ethyl S-2-

diethylaminoethyl methylphosphonothiolate) and VE (O-ethyl S-2-diethylaminoethyl 

ethylphosphonothiolate). These compounds have not been studied extensively and little is 

known about them. Amongst other chemicals, the Syrian government declared to the OPCW 

in 2013 two direct precursors for VM: Sodium O-Ethyl methylphosphonothioate (CAS 22307-



 Chapter 2 - The Most Important Chemical Warfare Agents and Their Environmental… 

50 
 

81-9, Schedule 2B.4) and N,N-Diethylaminoethyl-2-chloride hydrochloride (CAS 869-24-9, 

Schedule 2B.10). 

VX is a relatively persistent CWA, with very low volatility from surfaces and essentially non-

volatile from water (Table 9). All V compounds are moderately soluble in water and relatively 

resistant to hydrolysis. Hydrolysis may occur by three pathways (P–S, P–O and S–C cleavage), 

depending on pH, temperature and concentration (Epstein et al., 1974; Yang et al., 1990). 

These are shown in Figure 13 with VX as an example. The hydrolysis chemistry of VR is 

similar to VX. 

 

Table 9: Selected physical-chemical properties of VX, VR, VM and VE. 

Physical-Chemical Property VX VR VM VE 

1 Molecular weight 267.37 267.37 239.3 253.34 

2 Specific gravity at 20°C, (g/cm3) 1.0083 1.003 1.03 nd 

3 Melting point, (°C) -51 nd -50 nd 

4 Boiling point, (°C) 298 
(decomposes) 323 ~293 311 

5 Vapor pressure at 20°C/25°C, 
(mm Hg) 0.0007 0.00026 0.0020 0.00055 

 6 Volatility, (mg/dm3) 
0.0105 
(25°C) 

0.0089 
(25°C) 

0.027 
(25°C) nd 

7 Water solubility 30 (g/dm3) miscible miscible miscible 

8 Hydrolysis half-life 
1,000 hrs 

(pH 7) nd nd nd 

9 
Henry’s Law constant, 
(Pa m3/mol) 3.5 ⦁ 10-4 nd nd nd 

10 
Soil adsorption coefficient,  

Log Koc 
2.5 nd nd nd 

11 Octanol-water partition 
coefficient, Log Kow 2.09 nd nd nd 

Data from: 1-7 (Hoenig S, 2006); 8-11 (Munro et al., 1999). 
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Figure 13: Hydrolysis pathways of VX. 

The intermediate known as EA2192 (S-2(diisopropylaminoethyl)methylphosphonic acid) is a 

toxic compound, soluble and very stable in water. V compounds exposed to sunlight may 

undergo reversible photoisomerisation to the corresponding phosphonothionates. Selected 

physical-chemical properties of the environmentally most important VX transformation 

products are shown in Table 10. 
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Table 10: Selected physical-chemical properties of the environmentally most important VX 

transformation products. 

Compound Water solubility 
(g/dm3) Log Kow Log Koc 

Vapour 
pressure 
(mmHg) 

Ethyl methylphosphonic acid  180 -1.15 0.75 3.6 ⦁ 10-4 

S-(2-diisopropylaminoethyl) 

methylphosphonothioic acid 
Infinitely 
soluble 0.96 1.90 nd 

Bis(2-diisopropylaminoethyl) 
sulfide  1.2 ⦁ 10-3 4.47 3.81 2.7 ⦁ 10-7 

Bis(2-diisopropylaminoethyl) 
disulfide  9.5 ⦁ 10-3 3.48 3.28 5.9 ⦁ 10-9 

Ethyl 
methylphosphonothioic acid  1.1  1.26 2.06 4.3 ⦁ 10-2 

Diisopropylaminoethanol   1.5 1.08 1.96 1.8 

Methylphosphonic acid   1.0 ⦁ 103 -2.28 0.15 2 ⦁ 10-6 

Diethyl 
dimethylpyrophosphonate    1.0⦁ 103 -2.12 0.23 nd 

Data from: (Munro et al., 1999). 

 

 

4 Psychotomimetic Agents 

Psychotomimetic agents, or in a wider definition, incapacitating agents, are chemicals aimed at 

producing a temporary disabling condition that could persists for hours to days after exposure 

to the agent has ceased (unlike effects caused by riot control agents). These chemicals produce 

their effects mainly by altering or disrupting the higher regulatory activity of the central 

nervous system (CNS). The first candidates for this group of CWA were LSD-25 (D-lysergic 

acid diethylamide) and cannabinol. However, they were soon excluded from military research, 

because of their unfavourable physical-chemical properties as well as unpredictable behaviour 

after exposure (Gupta, 2009). Amongst anticholinergic chemicals chosen for further research, 

3-Quinuclidinyl benzilate (BZ) emerged as the most likely candidate for military use. 
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4.1 BZ 

 

 

Figure 14: BZ chemical structure. 

 

Agent BZ (Figure 14.) is a white crystalline solid, usually disseminated as an aerosol with the 

primary route of entry into the body through the respiratory system. It is a quite persistent 

compound, especially deposited onto solid surfaces. In moist air it can persists for 3–4 weeks 

(Hoenig S, 2006). BZ is slightly soluble in water at normal pH values (Table 11), but soluble 

in dilute acids.  The main environmental degradation route is hydrolysis (Figure 15.).  

According to an estimated Koc value (Table 12), benzilic acid is expected to have moderate 

mobility in soil. This is corroborated by the pKa value of 3.05 (Kortu ̈m et al., 1961) indicates 

that this compound will exist almost entirely in anion form in the environment and anions 

generally do not adsorb strongly to soils containing organic carbon and clay and have a high 

affinity for water. The other BZ degradation product, 3-quinuclidinol, is expected to have a 

high mobility in soil. Based upon the estimated vapour pressure, it is not expected to volatilise 

from dry soil surfaces. 
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Table 11: Selected physical-chemical properties of BZ. 

Physical-Chemical Property Data 

1 Molecular weight 337.4 

2 Specific gravity for solid, (g/cm3) 1.33 

3 Melting point, (°C) 167.5 

4 Boiling point, (°C) 320 

5 Vapor pressure at 70°C, (mm Hg) 0.03  

6 Volatility, (mg/dm3) 5 ⦁ 10-4 (70°C) 

7 Water solubility, (g/dm3) 0.2  

8 Hydrolysis half-life 95 hrs (37°C, pH 7.4) 

9 Henry’s Law constant, (Pa m3/mol) 5.4 ⦁ 10-6 

10 Soil adsorption coefficient, Log Koc 0.90 

11 Octanol-water partition coefficient, Log Kow 3.01 

Data from: 1-6, 8 (Hoenig S, 2006); 7, 9, 11 (estimated using US EPA; Estimation Program Interface 

(EPI) Suite. Ver. 4.11. Nov, 2012. Available from, as of June 18, 2013: 

http://www.epa.gov/oppt/exposure/pubs/episuitedl.htm); 10 (determined from a structure estimation method 

acc. to Meylan et al., 1992). 

 

 

 

Figure 15: Hydrolysis reaction of BZ. 
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Table 12: Selected physical-chemical properties of the environmental BZ transformation 

products. 

Compound Water solubility 
(g/dm3) Log Kow Log Koc 

Vapor pressure 
(mmHg) 

Quinuclidine-3-ol 18.8 a 0.17 a 0.90 b 3.31 ⦁ 10-4 (25°C) a 

Benzylic acid 1.41 c 2.30 d 2.62 e 2.32 ⦁ 10-8 (25°C) a 

Data from: a (estimated using US EPA; Estimation Program Interface (EPI) Suite. Ver. 4.11. Nov, 2012. 

Available from, as of June 18, 2013: http://www.epa.gov/oppt/exposure/pubs/episuitedl.htm); b 

(determined from a structure estimation method acc. to Meylan et al., 1992); c (Yalkowsky and He, 2003); d 

(Hansch et al., 1995); e (estimated using regression-derived equation acc. to Lyman et al., 1990). 

5 Summary 
Recent events involving use of chemical weapons in the Syrian civil war as well as indications 

of interest of different terrorist groups in developing or acquiring such weapons have reiterated 

the importance for security agencies and international organisations such as the OPCW to 

maintain the readiness for conducting investigations of chemical weapons use. Good 

knowledge about the environmental behaviour and fate of chemical warfare agents is essential 

for the task. Under environmental conditions, CWA can undergo multiple degradation 

processes such as hydrolysis, oxidation, dehydration and photolysis. These degradation 

reactions can significantly decrease or completely consume the original chemical and produce 

a range of compounds of different volatility, solubility, polarity, and reactivity. This has an 

impact when making informed decisions on sampling and analysis procedures and strategies. 

Some of CWA degradation products are relatively persistent and inherently rare in the 

environment so that their presence provides good environmental markers of a prior CWA 

event. An example is the blister agent Lewisite 1 that hydrolyses to produce an equilibrium 

mixture of 2-chlorovinylarsonous acid/ 2-chlorovinylarsonous oxide, which is normally not 

found in the environment. Dispersed, leaked or spilled agent HD in humid air, moist soil or 

in water bodies can produce the relatively persistent thiodiglycol. V-agents like VX, VR and 

VM, as well as G-agents like GB, GD and GF, all produce methylphosphonic acid that may 

persist in the environment for extended periods. However, one should be cautious when taking 
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thiodiglycol or methylphosphonic acid for the sole evidence of prior CWA event, as they may 

originate from legitimate uses. 
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Adapted from: 
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Mallard  

2012, Gas Chromatography–Full Scan Mass Spectrometry Determination of 

Traces of Chemical Warfare Agents and Their Impurities in Air Samples by Inlet 

Based Thermal Desorption of Sorbent Tubes, J. Chromatogr. A 1225: 182–192.
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Abstract  

Sensitive gas chromatography–mass spectrometry (GC–MS) based analytical methods were 

developed for the detection of chemical warfare agents (CWA) and related compounds in 

air/vapour samples. The methods use a Tenax® TA packed GC liner as an air/vapour sampling 

tube and a Programmable Temperature-Vapourisation (PTV) GC inlet as the thermal 

desorber. This approach eliminates a secondary focusing step and allows transfer of desorbed 

analytes as sharp bands directly to the head of GC column. The use of a Peltier element in the 

PTV inlet for rapid cooling eliminates the need for an external coolant. Minimal logistic and 

hardware needs make the method relatively inexpensive and especially suitable for a mobile 

laboratory. The limits of detection (LODs) of 0.8–2.9 ng on tube for selected nerve and blister 

agents were achieved in the full scan MS mode. The simple derivatisation method applied for 

detection of Lewisites 1 and 2 did not affect the simultaneous analysis of other agents. The 

method was extensively evaluated with authentic CWA during field trainings of the 

Organisation for the Prohibition of Chemical Weapons (OPCW) inspectors. The 

environmental area and personal samples were collected for a semi-quantitative determination 

of averaged airborne CWA concentration levels. 

1 Introduction 

Sampling of vapours has widely been accomplished by drawing air through a tube packed with 

adsorbent material having a certain trapping efficiency for the analytes of interest. The analytes 

are then removed from the adsorbent tube either by solvent extraction or thermal desorption. 

The analysis is performed by gas chromatograph (GC) equipped with a suitable detector. In 

the case of the OPCW, a mass spectrometer (MS) is the only GC detector accepted and 

approved by the CWC member states for the on-site inspection activities (OPCW Conference 

of the State Parties, 23 May 1997).  

Compared to thermal desorption (TD), solvent extraction has several disadvantages.  First, it 

lowers the sensitivity of a method by employing finite elution volume(s). The use of a solvent 
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may also introduce solvent based contamination and an opportunity for analyte losses. In 

addition, extraction may require a preconcentration step, thus further extending the overall 

sample preparation time. In the TD technique, samples are usually thermally desorbed from 

an external TD device and focused either onto an adsorbent-trap or cryogenically cooled inlet 

of the GC. Ideally, the whole sample is transferred to the analytical system with no dilution or 

solvent interference. The major disadvantage of this approach compared to the solvent 

extraction is the inability to re-analyse the sample (a “one-shot” method). With solvent 

extraction it is possible to repeat the analysis by injecting another portion of the extract. Once 

desorbed, the sampling tube can be reused (Kaipainen et al., 1992). TD-GC-MS has shown to 

be suitable for measurements of volatile organic compounds in the environment (Vandegrift, 

1988). Tenax has been used as an effective sorbent material for TD-GC-MS analysis of a wide 

spectrum of CWA (Rautio, 1987; Kaipainen et al., 1992; Steinhanses and Schoene, 1990; 

Hancock and Peters, 1991; Carrick et al., 2001). In fact, Tenax TD-GC-MS has been in use for 

over 25 years now for historical monitoring and surveillance at chemical weapons storage and 

destruction facilities, and research laboratories (Committee on Monitoring at Chemical Agent 

Disposal Facilities, National Research Council 2005). In the design of TD-GC-MS equipment 

much attention has to be paid to avoid cold spots, and reduce the transfer time (path) and 

‘dead volume’, respectively (Fowler et al., 1979; Hancock et al., 1991). These are common 

problems associated with many automated TD systems, especially when dealing with the less 

volatile compounds like O-ethyl S-2-diisopropylaminoethyl methylphosphonothiolate (nerve 

agent VX) (Carrick et al., 2001).  

One of the objectives of the present work was to devise a methodology that eliminates the 

secondary focusing step and allows transfer of desorbed analytes as sharp bands directly to the 

head of the column. This was achieved by using a glass liner of a Programmable Temperature-

Vapourisation (PTV) GC inlet as the TD tube body. The TD tube was prepared by packing 

the liner with a small quantity of Tenax® TA. The sampled TD tubes were desorbed directly 

inside the GC inlet. The splitless operation of the inlet was used to transfer the maximum 

amount of analyte(s) into the GC column.  

VX is known to be a difficult compound to analyse in its free state due to its activity, low 

volatility and thermal instability. One approach to overcome this problem is to convert VX to 
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the more stable G analog (Fowler and Smith, 1989). However, the procedure suffers from 

limited and variable efficiency and, failing to distinguish between the parental VX and G-series 

compound O-ethyl methylphosphonofluoridate, it is not acceptable from the OPCW 

verification point of view. In this work, VX was analysed in its free, underivatised form. Other 

CWA that commonly present a problem for direct GC-MS determination are Lewisite 1 and 

2. Their highly reactive and corrosive nature originating from an arsenic-chlorine group leads 

to a poor method sensitivity and rapid deterioration of a GC column performance. 

Derivatisation of the Lewisites prior to chromatography is therefore essential (Muir et al., 

2004). For this work, a simple in-tube derivatisation procedure with an aliphatic monothiol 

was devised that enables Lewisites detection along with other selected CWA trapped in the 

TD tube. Contrary to the derivatisation with dithiols, the use of monothiols also enables 

differentiation between the Lewisite 1 and Lewisite 2 species (Black and Muir, 2003). 

2 Experimental 

2.1 Reagents and material 
O-Isopropyl methylphosphonofluoridate (GB, as 1 mg/ml solution in ethyl acetate) and O-

ethyl S-2-diisopropylaminoethylmethyl phosphonothiolate (VX, as 1 mg/ml solution in ethyl 

acetate) were obtained from TNO Prins Maurits Laboratory (Rijswijk, the Netherlands). Bis(2-

chloroethyl)sulfide (HD, as 1 mg/ml solution in ethyl acetate), 2-chlorovinyldichloroarsine 

(Lewisite 1, L1, as 1 mg/ml solution in n-hexane), and bis(2-chlorovinyl)chloroarsine (Lewisite 

2, L2, as 1 mg/ml solution in n-hexane) were obtained from Spiez Laboratory, Swiss NBC 

Defence Establishment (Spiez, Switzerland). Lewisites derivatisation reagent, 1 mg/ml 1-

butanethiol solution in n-hexane (BuSH), was obtained from Finnish Institute for Verification 

of the Chemical Weapons Convention (University of Helsinki, Finland). Hexachlorobenzene 

(HCB) internal standard (50 µg/ml solution in dichloromethane) and the OPCW GC–MS Test 

Mixture, containing seven test compounds (trimethyl phosphate, 2,6-dimethylphenol, 5-

chloro-2-methylaniline, tri-n-butyl phosphate, dibenzothiophene, malathion, and methyl 

stearate) and nine calibration compounds (n-octane, n-decane, n-dodecane, n-tetradecane, n-

hexadecane, n-octadecane, n-eicosane, n-docosane, and n-tetracosane), were also from the 
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Finnish Institute for Verification of the Chemical Weapons Convention. The concentration of 

each of the chemicals in the OPCW GC–MS Test Mixture was 10 µg/ml in dichloromethane 

solution. Deionised (D.I.) water was obtained from a Milli-Q system (Millipore, Bedford, MA, 

USA). 

 

2.2 Instrumentation 
A borosilicate GC liner (one ring restriction, 88mm length, and 3mm ID) packed with 

approximately 70 mg of Tenax® TA, 60/80 mesh, was used as a TD tube. It was obtained 

from Joint Analytical Systems (Lelystad, The Netherlands). For sample collection, TD tubes 

were transferred to TDS3 ™ sampling/storage containers (Sigma-Aldrich, Zwijndrecht, the 

Netherlands). A Viton O-ring was placed at each end of the TD tube to secure its position in 

the sampling/storage container not originally designed for tubes of such dimensions (Figure 

1). The calibration/sampling train was assembled by connecting the TDS3 ™ container to the 

sampling pump using Tygon tubing (ID 4.8 mm, OD 7.9 mm, wall 1.6 mm). The sampling 

flow was adjusted by using a BIOS Defender 510M (Joint Analytical Systems, Lelystad, the 

Netherlands) digital gas-flow meter. Two types of air samplers were chosen: a dual channel 

diaphragm air sampler AirProSurveyor (Joint Analytical Systems, Lelystad, the Netherlands) 

and a rotary vane air sampler SG 4000ex (Sysmex Nederland B.V., Etten-Leur, the 

Netherlands). The AirProSurveyor air sampler can be fitted with two sampling tubes, each 

connected to a separate air inlet channel with independent flow-rate adjustment. The SG 

4000ex air sampler has an in-built automatic volume flow regulation capability with a fault 

indicator and automatic shut-off. The choice of air samplers was guided primarily by their field 

portability and ability to overcome a relatively high flow resistance associated with use of the 

narrow sampling tube packed with finely grained Tenax particles. Calibration and sampling 

trains with the two chosen air samplers are shown in Figure 1. 

Tube conditioning, spiking, water removal and in-tube derivatisation were performed using 

the Six-Tube Conditioner Model 9600 (CDS Analytical Inc., Oxford, PA, USA). The flow of 

the nitrogen carrier gas was adjusted using Digital Flow Check™ (Alltech, Lokeren, Belgium). 
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Figure 1: Calibration (left) and sampling (right) trains for AirProSurveyor (above) and SG 

4000ex (below) air samplers. TD tube assembly is shown at the bottom. 

 

TD-GC-MS analysis was performed with an Agilent 6850 GC/5973 or 5975 Inert MSD 

(Agilent Technologies, San Jose, CA, USA) equipped with UNIS 2000 inlet system and Peltier 

element (Joint Analytical Systems). The TD tubes were directly desorbed in the UNIS inlet 

system (Figure 2) using a splitless mode and settings obtained after the optimisation 

experiments. 



 Chapter 3 - Development of Gas Chromatography-Full Scan Mass Spectrometry… 

63 
 

 

Figure 2: UNIS 2000 Programmable Temperature-Vapourisation (PTV) GC inlet (Joint 

Analytical Systems, the Netherlands). 

The purge flow was set at 50 ml/min at 2.0 min (GasSaver 20 ml/min at 4.0 min). The capillary 

column used was a RXI®-5MS (crossbond, 5% diphenyl, 95% dimethyl polysiloxane) 30 m X 

0.25 mm I.D. with 0.25 µm film thickness (Interscience, Breda, Netherlands). The carrier gas 

was helium and the flow was maintained constant at 0.9 ml/min. The column temperature 

programme was as follows: initial temperature 40°C (held for 2 min), increased at a rate of 

20°C/min to 160°C, then from 160°C to 280°C at a rate of 30°C/min (final temperature held 

for 5.00 min) giving an overall run time of 17 minutes. The MS interface was maintained at 

280°C, while the MS quadrupole and source temperatures were set at 150°C and 230°C, 

respectively. The solvent delay was set at 4.0 min or 3.0 min and the MS was operated in full 

scan mode (scanning mass range 40-450 amu, threshold 100 counts, sampling rate 3). The 

instrument tuning was performed with the Autotune procedure using the instrument 

calibration compound perfluorotributylamine. Prior to analysis of each batch of samples, the 

instrument performance was tested with an OPCW Test Mixture spiked TD tube (1.0 µl) 

(Technical Secretariat of the OPCW, 2009). 
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2.3 Procedure for TD tube spiking  

The method development was carried out using a liquid spiking method. This convenient 

technique generally shows a better precision than loading the tubes using a vapour generator 

(Muir et al., 2005). The injection port option of the CDS Analytical six-tube conditioner was 

fitted with a TD tube, the glass restriction end towards the sampling side, inserted into a 

thumbwheel nut and a Viton O-ring placed under the thumbwheel ferrule, as shown in Figure 

3.  

 

Figure 3: Fitting the TD tube to the spiking adapter of the CDS Analytical six-tube conditioner. 
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The liquid spike was introduced into the tube using a standard 10 μl GC syringe and a nitrogen 

flow of 60 ml/min. The syringe needle was pushed all the way through the septum and ring 

restriction of the TD tube until the needle tip was touching the metal screen supporting the 

adsorbent bed. The tube was purged for two minutes after the injection in order to transfer 

the sample and/or derivatisation agent further into the sorbent bed. 

2.4 Method development for CWA 

Three compounds were selected for use in the optimisation study according to their volatility 

and CWA classification: GB as a more volatile nerve agent; HD as a semi-volatile vesicant; and 

VX as a low volatile nerve agent. The TD method was developed by optimising the maximum 

TD inlet temperature and GC oven starting temperature. TD tubes were spiked with 1 µl of a 

4 µg/ml GB, HD, and VX mixture in dichloromethane (DCM) and subsequently analyzed. 

Three replicates were run for each of the data points.  

Selection of the optimum thermal desorption temperature was performed by setting an initial 

temperature of the UNIS inlet system of 40°C, a ramp rate at 720°C/min, and then varying 

the maximum ramp desorption temperature in 10°C increments, starting from 250°C to 

300°C.  

For the optimisation of the GC oven starting temperature, the following settings were selected: 

35°C, 40°C, 45°C, and 50°C. The resulting chromatographic peak widths of the agents were 

considered. 

2.5 Reverse desorption of the spiked TD tubes 

Reverse desorption (the spiking side positioned upwards in the inlet) of the spiked TD tubes 

was performed to simulate an operational mistake by the on-site laboratory personnel and a 

complete migration of the agents down the Tenax bed. TD tubes were spiked with 1 µl of a 4 

µg/ml mixture of GB, HD, and VX in DCM, respectively. The spiked tubes were desorbed 

into the GC in a “reverse” manner and analysed. The results were compared to data obtained 
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by the analysis of parallels desorbed in the “proper” manner. Three replicates were run for 

each of the data points. 

2.6 Effects of sampling flow/volume 

TD tubes were spiked with 1 µl of a 3, 5 and 10 µg/ml mixture of GB, HD, and VX in DCM, 

respectively. The tubes were fitted with the TDS3 ™ sampling container and connected with 

Tygon tubing to the AirPro Surveyor pump. Sampling flows of 200 and 400 ml/min were 

tested in durations of 15 and 60 minutes. Four replicates were produced for each of the data 

points. The tubes were subjected to TD-GC- full scan MS analysis. The acquired GC-MS data 

was processed using the Automated Mass Spectral Deconvolution and Identification System 

(AMDIS) in the default OPCW settings (Technical Secretariat of the OPCW, 2009). 

2.7 Effects of a complex airborne matrix 

TD tubes were spiked with 1 µl of a 100 µg/ml Diesel solution in DCM and 1 µl of a 4 µg/ml 

of mixture of GB, HD, and VX in DCM. The liquid Diesel spike was used in order to simulate 

a complex airborne matrix. The TD tubes were subjected to the TD-GC-full scan MS analysis. 

The acquired GC-MS data was processed using AMDIS. 

2.8 Effects of water and TD tube drying treatment on the agent 

recovery 

In this experiment, TD tubes were spiked with 2.5 µl of D.I. water. After 1 min purging under 

a nitrogen flow of 60 ml/min, the tubes were spiked with 1 µl of a 2 and 4 µg/ml mixture of 

GB, HD, and VX in DCM, respectively. The tubes were purged for one additional minute 

before repeating the water spiking step. In order to remove water, a tube heater was placed 

over the TD tubes, heated for 5 min at 60°C under a 60 ml/min He flow. Three replicas were 

run for each of the spiking levels tested. The experiment was repeated using freshly prepared 

tubes and omitting the water spiking steps. TD tubes were then thermally desorbed into the 
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GC and analysed. The agent recoveries were estimated by comparing their peak areas to the 

results obtained with tubes spiked with the agent mixture and desorbed without any further 

treatment. 

2.9 Stability of GB, HD and VX during TD tube storage 

TD tubes were spiked with 1 µl of a 4 µg/ml mixture of GB, HD, and VX in DCM. The 

parallels were stored at room temperature (24°C) and in a refrigerator (4°C). These were 

analysed by TD-GC-MS at 1, 7 and 15 day intervals. The results were compared with those 

obtained for the tubes spiked on the day of analysis. All experiments were run in duplicates. 

2.10 Procedure for derivatisation of Lewisites 1 and 2 

TD tubes were spiked with 5 µl of a 1 and 10 µg/ml solution of Lewisites 1 and 2 in DCM, 

respectively. After two minutes of purging, the tubes were spiked with 3 µl of BuSH 

derivatising agent. The tubes were purged for two additional minutes and subjected to TD-

GC-MS analysis. Six replicas were run for each of the spiking levels tested. 

2.11 Calibration, limits of detection (LODs) and quantification 

(LOQs), repeatability 

A series of standard solutions containing GB, HD, VX, L1 and L2 were prepared in 

concentrations of 1.0, 3.0, 5.0, 7.0 and 10.0 µg/ml in DCM. TD tubes were first spiked with 1 

µl of standard followed by injection of 3.0 μl of BuSH derivatising agent. The tubes were 

purged for two minutes with helium and thermally desorbed into the GC-MS. The data were 

acquired using full scan mode operation of the MSD, while extracted ion chromatograms (ion 

m/z 99 for GB, ion m/z 109 for HD, ion m/z 114 for VX, ion m/z 314 for the butanethiol 

derivative of L1, and ion m/z 164 for the butanethiol derivative of L2) were used for 

integration. Each concentration standard was run in triplicate and linear regression analysis 

was performed.  
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Detection and quantification limits were calculated using Eq. (1) and (2), respectively (Corley, 

2003). 

3 RMSELOD
slope
•

=
  

(1) 

 

  (2) 

Root mean square error (RMSE) and slope terms refer to parameters obtained by performing 

linear regression analysis. The repeatability of the method was assessed by replicate analysis 

(n=6) of TD tubes spiked with the standard agent solutions at 3.0 and 5.0 ng in-tube levels as 

described above. 

3 Results and discussion 

 

3.1 Optimisation of the thermal desorption parameters 

Increasing the maximum ramp desorption temperature from 250°C to 270°C resulted in a 29% 

increase in the average peak area for GB, 30% increase in the average peak area for HD, and 

an insignificant increase in the average peak area for VX. Increasing desorption temperature 

further led to a slight decrease in the average peak areas for the three compounds. The 

temperature of 270°C also led to a 35% reduction in the peak width for GB, while peak widths 

for HD and VX were not notably affected. Therefore, the maximum ramp desorption 

temperature of 270°C was selected as optimal for the analysis. 

An optimum GC oven starting temperature is required to provide focusing of the analytes on 

a GC column. Increasing the oven starting temperature from 35°C to 40°C caused a slight 

increase in the peak width for GB and a 10% decrease in the peak width for HD and VX. 

Increasing the temperature for a further 5°C did not affect the peak widths for HD and VX 

10 RMSELOQ
slope
•

=
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but it caused a 60% increase in the peak width for the more volatile GB. The oven starting 

temperature of 40°C was hence selected as the optimal. A TD-GC-MS extracted ion 

chromatogram of GB, HD and VX at 10 ng in the tube is shown in Figure 4. 

 

Figure 4: TD-GC-MS extracted ion chromatogram of GB (m/z 99), HD (m/z 109) and VX 

(m/z 114) at 10 ng load in the TD tube. 
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3.2 Reverse desorption of the sampling tubes 

Forcing the analytes through the whole length of the Tenax bed resulted in a 70 – 80% 

reduction in the signals from GB and HD, while the signal of VX failed to increase above the 

baseline for the spiking level tested. 

3.3 Effects of sampling flow/volume 

When injecting liquid standards onto the sorbent bed, a small narrow plug of the analytes is 

formed that migrates down the bed under the flow of carrier gas/air. Although this model 

does not correspond to the case when collecting analytes continuously from a gas stream, it 

is practical in predicting the behavior of analytes on the adsorbent bed. In the experiments 

performed, the best retention behavior was observed for GB at all spiking levels (Figure 5). 

 

Figure 5: Effects of sampling flow/volume on the recovery of GB, HD and VX from spiked 

TD tubes. 
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Drawing 24 l of ambient air (~47% relative humidity, RH) through spiked tubes with a flow 

rate of 400 ml/min amounted to ~30% decrease in the signal of GB. In the case of HD, ~45% 

decrease of the signal was measured. With default OPCW settings, AMDIS was able to identify 

VX only at the spiking amount of 10 ng per tube and sampling volumes of air lower than 24 

liters. Drawing of 6 l of air at a flow rate of 400 ml/min led to a 36% lower recovery of VX 

comparing to drawing 12 l of air at a flow rate of 200 ml/min. 

3.4 Effects of a complex airborne matrix 

This experiment was performed to assess the ability of the automatic AMDIS analysis in the 

default OPCW settings to identify target analytes at relatively low concentration levels in a 

complex background. AMDIS successfully reported the presence of all agents despite a visibly 

high hydrocarbon background. A TD-GC-MS total ion chromatogram of this run is shown in 

Figure 6. 

 

Figure 6: TD-GC-MS total ion chromatogram of GB, HD, and VX at 4 ng and Diesel oil at 

100 ng load in the TD tube. 
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3.5 Drying of wet TD tubes 

Water can interfere with the process of adsorption of organic compounds even when using 

relatively hydrophobic adsorbents like Tenax® TA (Ketola et al., 2006; Karbiwnyk et al., 2002). 

Moreover, the majority of CWA are susceptible to hydrolysis yielding non-volatile or less-

volatile degradation products (Munro et al., 1999). The experiments performed simulate “the 

worst case scenario” with water droplets drawn into a TD tube or condensed out of the gas 

phase. The treatment applied for water removal did not have a notable effect on the recovery 

of the agents from “dry” tubes. It appears that the hydrophobic environment provided by the 

polymer matrix protects the agents from the action of water. The highest variation in recovery 

values was obtained for VX. 

3.6 Effects of TD tube storage on GB, HD and VX recovery 

The percentage recoveries of the analytes during storage stability tests as compared to 

immediately analysed tubes (100%) are displayed in Figure 7.   

 

Figure 7: Effects of TD tube storage on GB, HD and VX recovery at 4 ng load in the TD 

tube. Key: RT = Room Temperature storage; RF = Refrigerator storage. 
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In the case of GB, no significant difference in recovery was observed between room 

temperature and refrigerator storage. Storing of the tubes up to 7 d did not have any effect on 

the recovery of this compound, while a storage time of 15 d halved the recovery values. 

In the case of HD, a storage time of 7 d at room temperature resulted in a significantly lower 

recovery than storage at reduced temperature. Storing the tubes for 8 more days decreased 

further the recovery for refrigerator storage, while no change in recovery value for room 

storage was observed. The results suggest that sampled TD tubes should be kept in a 

refrigerator unless the analysis is to commence within a period of no more than 24 h after the 

sampling. For the spiking level tested, VX was not recovered in the storage trials. Therefore, 

air samples suspected to contain low levels of VX should be analysed within the shortest 

possible period after the sampling.   

3.7 In-tube derivatisation of Lewisites 1 and 2 

Figure 8 demonstrates the efficiency of the in-tube 1-butanetiol derivatisation procedure. Both 

derivatives were obtained with relatively high signal-to-noise (S/N) ratio; underivatised L2 was 

not detected. 
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Figure 8: TD-GC-MS extracted ion chromatogram of butyl bis(2-chlorovinyl)arsinothiolite 

(m/z 164) and dibutyl 2-chlorovinyarsonodithiolite (m/z 314) at 5 ng L1 and L2 load in the 

TD tube. 
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3.8 LODs, LOQs and repeatability 

Results showed good linearity for GB, HD, L1and L2, with the Pearson product-moment 

correlation coefficients r ≥ 0.9900. In the case of VX, a lower value of r = 0.9781 was 

calculated. The significance of the coefficient was checked using a two-sided t-test performed 

with the null hypothesis that there is no correlation between the peak areas (x) and spiking 

levels (y). The calculated value of t (Miller and Miller, 2005) was greater than the critical t value 

for p=0.05 and (n-2) degrees of freedom. Therefore, the null hypothesis was rejected, leading 

to the conclusion that a significant correlation does exist. The LODs, LOQs and relative 

standard deviations (RSDs) for the agents are listed in Table 1. No noticeable effects of using 

the derivatisation reagent 1-butanethiol or mixed agent standard solutions on LOD and LOQ 

values were found when comparing the results with separate calibrations, constructed using 

single component solutions. 

Table 1: Method limit of detection, limit of quantification, and repeatability for the selected 

CWA. 

Agent 
LOD 

(ng in tube) 

LOQ 

(ng in tube) 

RSD (%) for n=6 

3 ng in tube 5 ng in tube 

GB 0.8 2.6 7.7 6.1 

HD 0.9 2.9 3.9 8.7 

VX 2.9 9.6 10.5 6.3 

L1 2.0 6.8 36.1 14.0 

L2 1.0 3.5 8.6 2.1 

 

The butanethiol derivative of L2 had a superior LOD (LOQ) to the butanethiol derivative of 

L1. The RSD values also followed this trend. This effect may be explained with the presence 

of two derivatisable groups in L1 and steric effects leading to a higher uncertainty in the 

reaction yield. 
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4 Validation of the method during the OPCW 

inspector trainings with authentic CWA 

The method was validated during two OPCW inspector toxic chemical trainings. The first 

training was carried out during the winter season on the ranges of the Vyskov Garrison 

Training Base, Czech Republic. The second was carried out in the following spring on the 

ranges of the NBC Training and Test Centre Zemianske Kostol’any, Slovak Republic. The 

OPCW inspectors, wearing adequate personal protective equipment, exercised in a toxic 

chemical environment (hot zone) their protocols for detection and decontamination.  

Small amounts of CWA of unknown purity were applied on separate metal plates placed in 

metal trays in roofed outdoor CWA working areas. Area air samples were collected using 

sampling tubes positioned at two heights and different distances downwind from the metal tray 

sources (Figure 9). 

 

Figure 9: Area air sampling at a height of 0.20 m (left) and 1.0 m (right), during the OPCW 

inspector training, NBC Training and Test Centre Zemianske Kostol’any, Slovak Republic. 

The samples were collected in duplicates using dual channel AirProSurveyor pumps. The 

personal air samples were collected during the decontamination and detection exercises. 

Selected trainees and exercise instructors were equipped with a sampling train described in 

paragraph x.x (Figure 10). The trays with agent samples were placed on CWA working tables 
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at waist height. The sampling tubes were clipped to the chest pocket of the Saratoga type 

permeable suit with the air sampler placed either in the pocket of the suit (SG 4000ex) or 

hanging on a strap over the individuals’ shoulders (AirProSurveyor). The sorbent tubes were 

placed in a vertical position, with the inlet directed upwards during sampling to avoid 

channeling. This way the air samples were collected from the breathing zone (air that would 

nearly represent that inhaled by the individual). The breathing zone is usually defined as being 

within 30 cm of the nose and mouth (McDermott, 2004). The instructors were chosen as those 

who are expected to have the longest entry time into a hot zone due to their job task. Selection 

of trainees was based on a random selection method. Meteorological parameters were recorded 

automatically. 

The pump, connection tubing and sampling tubes enclosed in the sampling tube holders were 

calibrated as a unit. These items were separated only after completion of sample collection and 

final flow check. The sampling tube holder was then detached and sampling end caps 

exchanged with storage end caps. The tube storage assembly was over packed, processed 

through the decontamination station and transferred to the OPCW mobile laboratory set up 

in immediate vicinity of the training sites.  

Semi-quantitative TD-GC-full scan MS analyses of the tubes were performed upon their 

receipt using the calibration curves constructed as described in Section 2.11, with the 

difference of an extended calibration range of up to 80 ng of agent spike on the TD tube. Prior 

to analysis, sampled tubes were spiked with 0.5 µl of a 50.0 µg/ml HCB internal standard 

solution and 3.0 µl of BuSH derivatising reagent. Although the air/vapour sampling and 

analysis method described has been primarily developed for the OPCW verification use, i.e. 

determining the absence (qualitative analysis) of CWC related compounds, the semi-

quantitative analyses were performed in order to produce an estimation of airborne levels of 

CWA used during the OPCW trainings. The calculated airborne concentration for a sample 

represents the average concentration for the sampling period. In the case of the personal air 

samples, the airborne concentration is denoted as the Time-Weighted Average (TWA). 
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Figure 10: Personal air sampling from the breathing zone of exercise instructor (left) and 

trainee (right), during the OPCW inspector training, NBC Training and Test Centre Zemianske 

Kostol’any, Slovak Republic. 

4.1 Area air sampling at a height of 0.20 m, during the OPCW 

inspector training in the Czech Republic 

For the first trial, separate steel plates were contaminated with 75 µl of neat GB, VX, and HD, 

respectively. The air samples were collected up to a maximum downwind distance of 3.0 m. 

An overall 22 l of air was drawn through the tubes with a flow rate of 300 ml/min. The results 

and the prevailing meteorological conditions were as summarised in Figure 11a. It was clear 

that the sample volume chosen was too high in respect to GB for the sampling distances of 

0.25, 0.50 and 1.00 m from the source. The maximum sample volume was exceeded with 

collection of so much of the analytes that the calibration range was no longer valid. The 

airborne concentrations were highest closest to the source, with lower concentrations as the 
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agents disperse further away. It is interesting to note that HD was still detected at a distance 

of 1.00 m, despite the fact that the air temperature was below the HD freezing point (14 °C). 

GB, the most volatile of the agents used, was detected at a maximum distance of 3.00 m from 

the source. VX was not detected, even from the shortest sampling distance. This is not a 

surprising result, considering the low environmental temperature and very low vapour pressure 

of VX (0.0007 mmHg at 25 °C compared to 2.2 mmHg for GB or 0.11 mmHg for HD) 

(Munro et al., 1999). However, by performing a qualitative analysis it was possible to detect 

one VX impurity along with two GB impurities. O,O-Diethyl methylphosphonate is a 

common VX impurity originating from the production process or degradation of VX. The 

compound was detected at 0.25 and 0.50 m distances from the source. Traces of O-propyl 

methylphosphonofluoridate, a GB production impurity, were detected at a distance of 0.25 m. 

Another common GB impurity, O,O-diisopropyl methylphosphonate, was detected at 

distances of 0.25, 0.50 and 1.00 m from the source. The presence of these impurities in neat 

agent samples was confirmed by independent GC-MS analysis of liquid agent samples coming 

from the same batch as the agents used in experiments. 

In a separate experiment, steel plates were contaminated with 1.0 ml of GB and 25.0 ml of 

HD, respectively. This time, the maximum sampling distance was set at 30.0 m, while the 

sample volume for the shortest distance was reduced to 5 l only. The analysis results are 

summarised in Figure 11b. Even the reduced sample volume at 0.5 m distance resulted in too 

high concentrations of GB. Traces of GB were detected as far as the maximum sampling 

distance of 30.0 m. From its impurities, only O,O-diisopropyl methylphosphonate was 

detected at distances of 0.5 and 3.0 m. 

4.2 Area air sampling at a height of 1.0 m, during the OPCW 

inspector training in the Czech Republic 

Separate steel plates were contaminated with 50 µl of neat GB, HD, and VX, respectively. A 

sample volume was set at 22 l with a pump flow rate of 300 ml/min. The analyses results are 

shown in Figure 11c. Compared to the results in Figure 11a, the obtained airborne 

concentration values were an order of magnitude lower. This may be explained by lower 
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volumes (33% less) of agents used. The higher vapor density of the CWA relative to air may 

also contribute to the observed trend. GB has a vapour density of 4.9, and HD of 5.4 relative 

to air (Romano et al., 2008), thus the agent vapours tend to sink and accumulate closer to the 

ground. Probably for the same reason, no agent impurities were detected at the height of 1.00 

m.   

 

Figure 11: Averaged airborne concentration levels measured during OPCW inspector training 

in the Czech Republic. a) area air sampling, 75 µl of neat GB, HD and VX applied; b) area air 

sampling, 1.0 ml of neat GB and 25.0 ml of neat HD applied; c) area air sampling, 50 µl of 

neat GB, HD and VX applied; d) personal air sampling, 50 µl of neat GB, HD and VX applied 

at the detection station and 50 µl of neat HD applied at the decontamination station. 
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4.3 Personal air sampling , during OPCW inspector training in 

the Czech Republic 

Two groups of trainees exercised at separate CWA stations. At the detection station, sample 

surfaces were contaminated with 50 µl of GB, HD and VX, respectively. At the 

decontamination station, 50 µl of HD was transferred into a glass dish. The sampling flow rate 

for all sampling devices was set at 300 ml/min, while the sampling time was equal to the entry 

time into the hot zone (Figure 11d). The results showed that “Instructor 1”, who was present 

during the application of the agents and had the longest entry time of 83 minutes into the hot 

zone, aggregated the highest concentration values. During sampling, two drops of 

condensation water from the air purifying respirator worn by “Instructor 1” were accidentally 

drawn into one of the sampling tubes. The water was removed prior to analysis by heating the 

tube on a tube conditioner to 60°C under a helium flow of 60 ml/min for 6 min. A comparison 

with the analysis results obtained from the untreated duplicate sample showed that no 

noticeable loss of analytes occurred during the drying process.  

“Instructor 2” was not present during the application of the agents, and his entry time was 20 

min shorter. Both of the instructors performed activities that could bring them in contact with 

an atmosphere containing low levels of HD and GB vapours.  

“Trainee 1” performed the detection exercise which explains the presence of both HD and 

GB detected in his personal samples.  

“Trainee 2” performed the decontamination exercise and HD only was detected in his personal 

samples. VX was not detected in any of the personal samples. 

4.4 Area air sampling at a height of 0.20 m, during OPCW 

inspector training in the Slovak Republic  

Separate steel plates were contaminated with 50 µl of neat GB, HD, VX and L1, respectively. 

The sampling volume was set at 25 l with a flow rate of 300 ml/min for every sampling device. 

Relatively high airborne levels of GB were determined at 0.50 and 1.00 m distances from the  
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Figure 12: Averaged airborne concentration levels measured during OPCW inspector training 

in the Slovak Republic. a) area air sampling, 50 µl of neat GB, HD, VX and L1 applied; b) area 

air sampling, 100 µl of neat GB, HD, VX and L1 applied;  c) area air sampling, 50 µl of neat 

GB, HD, VX and L1 applied; d)  area air sampling, 100 µl of neat GB, HD, VX and L1 applied;  

e) personal air sampling, 50 µl of neat GB, HD, VX and L1 applied at the detection station 

and 50 µl of neat HD applied at the decontamination station); f) area air sampling, 4 ml of neat 

HD applied on a metal body embedded into soil (GB vapours originating from the adjacent 

training stage). 
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agent source (Figure 12a). Airborne levels of L1 were higher than those of HD, as expected if 

taking the higher volatility of L1 into the account. Traces of L2 were detected in the samples 

collected at a distance of 0.50 m. 

In a separate experiment, 100 µl portions of neat agents were applied. The sample volume was 

reduced to 13 l, while the flow rate remained at 300 ml/min. In this case, L1 was detected at 

all distances, while L2 was detected at a distance of 0.50 m with an averaged concentration 

level of 1.3 ● 10-3 mg/m3. The results are displayed in Figure 12b. 

4.5 Area air sampling at a height of 1.0 m, during OPCW 

inspector training in the Slovak Republic 

 

Figure 13: Sampling at a height of 1.0 m with 4 mL of neat HD applied on a metal body 

(munition) embedded into soil. 
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With 50 µl of agents applied, the airborne concentration of GB dropped sharply in the first 

1.0 m, with a slower decrease up to 5.0 m (Figure 12c). A low concentration of HD was still 

measured at a distance of 0.5 m. It is interesting to note that L1 was not detected despite the 

fact that it is more volatile than HD. A higher vapour density of L1 (7.1) compared to the 

vapour density of HD (5.5) (Burke, 2003) may contribute to the observed trend; L1 vapours 

accumulated closer to the ground, while HD vapours dispersed higher.  

With 100 µl of agents applied, the sampling time was reduced giving an overall sampling 

volume of 13 l. Airborne levels of GB gradually dropped to 5.0 m distance and no other agent 

was detected (Figure 12d). 

In a separate experiment, 4 ml of neat HD was applied on a metal body (munition) embedded 

into metal tray with soil (Figure 13). The air samples were collected at a height of 1.0 m and 

downwind distance of 0.5 m. The sampling volume was set at 4.2 l with a flow rate of 118 

ml/min. 

 Beside the expected HD, the analysis revealed the presence of GB vapours originating from 

an adjacent training stage. The results of the analyses are presented in Figure 12f. 

4.6 Personal air sampling during OPCW inspector training in 

the Slovak Republic 

“Trainee 1” performed the detection exercise at the stations with 50 µl of GB, HD, VX and 

L1 applied on different types of surfaces. “Trainee 2” performed the decontamination exercise 

with 50 µl of neat HD applied. “Trainee 3” performed the detection exercise, but with no GB 

applied. The entry times and measurement results were as displayed in Figure 12e. All agents 

used, except VX, were detected in the personal air samples of “Trainee 1”. HD only was 

detected in the samples collected with “Trainee 2”. The TWA values for HD and L1 obtained 

with “Trainee 3” were comparable to the values obtained with “Trainee 1”. 
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5 Conclusions 

The use of a Tenax® TA packed GC liner as an air/vapour sampling tube and a Programmable-

Temperature Vapourisation (PTV) GC inlet system as a thermal desorption unit has shown to 

be a viable and robust method for the field analysis of CWA and their impurities in air. The 

benefits of the approach are numerous. The packed GC liners are a low cost alternative to the 

commercial sampling tubes. In combination with a storage/sampling system, the liners are 

easily handled and used for sampling in hazardous environments. The whole sample was 

introduced into the GC, lowering the detection limits and enabling full scan MS trace analysis. 

The maximum temperature ramp rate of 720°C/min in the PTV mode allowed for a fast 

transfer of compounds from the adsorption tube directly to the column resulting in good peak 

shapes for the analytes. The approach eliminated the need for an often expensive external TD 

unit, while the transfer path and ‘dead’ volume were reduced to a minimum. The use of a 

Peltier element with good heating and cooling properties eliminated also the need for an 

external coolant and enabled a rapid cycle time for the analysis of about 22 min. With minimal 

hardware needs, the method did not add much to the logistic burden of the field analytical 

laboratory. The change from the standard liquid injection mode to the PTV TD mode and 

back was accomplished fast and easily by loading an adequate GC-MS method in the control 

software package. Although the method has been primarily developed for the qualitative 

analysis (analytical screening), the tests and validation exercises have shown that it has the 

potential to be a quantitative method for a range of CWA. The procedure adopted for 

derivatisation of Lewisites was fast and simple, enabling the simultaneous determination of 

other CWA. The concentration stability of VX at low spiking levels (≤5 ng on tube) was found 

to be very susceptible to storage and air flow through the tube. Since this could be partially 

due to the interaction of VX with the active silanol groups on the inner surface of the GC 

liner, future studies should look at using deactivated/inert liners to enhance the sensitivity of 

the method.
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Abstract  

Gas Chromatography (GC) – Mass Spectrometry (MS) is currently the primary analytical 

technique for on-site analysis of chemical warfare agents (CWA), their precursors and 

degradation products. The standard sample preparation approach of the Organisation for the 

Prohibition of Chemical Weapons (OPCW) for such analyses is based on laborious sample 

processing using solid–liquid and liquid–liquid extraction. For a field application, this implies 

the use of bulky equipment, extensive manual work, extensive use of hazardous solvents, 

problems with the preparations of multiphase sample systems, a relatively large amount of 

hazardous waste generated, and eventually low sample throughput. This chapter presents 

modern, solvent minimised sample preparation techniques for GC –MS analysis. Their 

advantages, disadvantages, and relative performance in respect to possible on-site application 

with environmental and complex sample matrices are assessed using peer-reviewed scientific 

literature. 

1 Introduction 

The analytical task of verifying chemicals related to the Chemical Weapons Convention (CWC) 

is a challenging one, as it is aiming at screening for a vast range of target compounds with 

widely differing polarity, volatility and reactivity (Chapter 2) in sometimes complex sample 

matrices. The major analytical techniques used for the identification of CWA and related 

compounds are GC-MS and liquid chromatography (LC) - MS. GC-MS is the more versatile 

technique, while the LC-MS use is mainly limited to applications analysing for less reactive 

CWA and polar degradation products in aqueous samples/water extracts, as well as exposure 

markers in biomedical samples (D’Agostino and Chenier, 2006; Bogusz, 2008). Unlike the 

current LC-MS instrumentation, the GC-MS instrumentation is field portable. Sample 

transport to an off-site laboratory for analysis can be a complicated and expensive task due to 

the possible hazardous nature of the sample. It is also likely to be a time-consuming process. 

In the majority of cases possessing an on-site analysis capability is a clear advantage by 
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providing relatively fast information on the presence or absence of chemical hazards and 

reducing the number of samples to be sent off-site through initial screening.  

A range of on-site GC-MS instrumentation is now commercially available (Figure 1). Inficon 

has developed a man-portable, self-contained Low Thermal Mass (LTM) GC-Quadrupole MS 

instrument capable of sampling and on-spot analysis (Sekiguchi et al., 2006). Torion® has 

introduced an even lighter compact, field LTM GC-Toroidal Ion Trap MS (TORION, 2015). 

The Griffin™ 460 mobile LTM GC-Cylindrical Ion Trap MS enables multi-modal sample 

introduction (Flir, 2013). Agilent Technologies has invested into a rugged version of bench 

top instrumentation through its LTM GC -5975T Quadrupole MS (AGILENT 

TECHNOLOGIES, 2013). These are only a few examples of the on-site GC-MS equipment 

available on the market. Even standard laboratory bench top GC-MS instruments can be used 

in an on-site laboratory. The OPCW has been shipping worldwide bench top GC-MS 

instruments, using them successfully in wide range of environments and conditions. 

 

Figure 1: Examples of on-site GC-MS instrumentation. 
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The success of an analytical process depends essentially upon the sample collection and sample 

preparation strategies. A field investigation following a CWA event may provide very diverse 

sampling opportunities and sample types. The sampling priorities are always samples likely to 

contain intact “neat” agents, like munitions contents, residues or fragments from munitions 

and other delivery systems. Environmental samples, such as soil, concrete chips, other types 

of solid secondary fragmentation, liquids or water collected from the point of a munitions’ 

impact, contaminated paints, chips of plastics or rubber, dry or wet swabs from munitions and 

possibly contaminated surfaces, equipment or clothing from affected individuals, they all may 

contain only traces of “neat” agents and/or their degradation products. Fur of exposed animals 

and human hair can also retain traces of the neat agents and degradation products. The 

environmental samples can be of complex make up, introducing interferences into the 

analytical procedure. Even more complicated sample matrices with analytes and interferences 

distributed amongst two or more phases can be obtained when sampling process lines and 

waste collectors during investigations of alleged CWA production sites or during the regular 

OPCW industrial (Article VI) inspections.  

Neat agent samples typically require only dilution with an organic solvent. With environmental 

and other complex samples, the analytes must be efficiently extracted from the sample matrix. 

To cover for the whole range of the analytes, the sample preparation procedures have to be 

generic, aiming at the isolation of groups of compounds with similar physical and chemical 

properties. 

The standard approach applied by the OPCW mobile laboratory is based on laborious sample 

processing using solid–liquid and liquid–liquid extraction. This provides a relatively good 

coverage of the target analytes, however a number of weaknesses have been identified as 

described in Chapter 1. In search for potential alternatives to the standard OPCW approach, 

some modern, solvent minimised sample preparation techniques for GC-MS analysis were 

assessed in this chapter. The advantages, disadvantages, and relative performance of the 

sample preparation techniques are discussed. Special attention is given to their potential for 

application in on-site analysis. Compared to the off-site analysis, sample preparation 

procedures used in an on-site laboratory aim at a reduction of the amount and weight of 

sample, solvents, reagents, waste generated and equipment used. Another desired feature of a 
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candidate on-site sample preparation technique is a reduction in overall analysis time, 

providing fast information and allowing for a higher sample throughput. 

2 Liquid phase microextraction methods in 

preparation of aqueous samples/water extracts 

for GC-MS analysis of CWA and related 

compounds 

Liquid phase microextraction (LPME) methods are a fairly recent development in sample 

preparation, where the traditional liquid-liquid extraction principle has been miniaturised by 

greatly reducing the acceptor-to-donor ratio (Sarafraz-Yazdi and Amiri, 2010). The extraction 

normally takes place into a volume of several microliters of a water-immiscible solvent 

(acceptor phase) immersed in an aqueous sample containing the analytes (donor phase). The 

LPME methods have a potential to integrate analyte extraction, concentration and sample 

introduction in a single step. They can be divided into three main categories: single-drop 

microextraction (SDME), hollow-fiber microextraction (HF-LPME), and dispersive liquid–

liquid microextraction (DLLME). 
 

2.1 Single-Drop Microextraction (SDME) 

In SDME, a 1-3 μl volume of chloroform, trichloroethylene or toluene is drawn into a 

conventional, gas tight GC syringe. The syringe needle is pushed through a septum-closed 

sample vial until the tip of the needle is immersed in the sample solution in which the organic 

solvent used is immiscible.  A drop of solvent is carefully suspended from the tip of the needle. 

Alternatively, the drop is suspended in the headspace above the sample allowing for use of 

more polar solvents, including deionised (D.I.) water. Both techniques are illustrated in Figure 

2. The method requires optimisation in respect to stirring rate, concentration of added salting 

out agent, and extraction time.  
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Figure 2: Two modes of Single-Drop Microextraction (SDME). 

 

After the optimised extraction time, usually no longer than 30 min, the microdrop is retracted 

into the syringe and transferred to the GC-MS for direct injection and analysis. Advantages of 

the approach are that it is simple, inexpensive, sensitive, relatively fast and possible to 

automate. However, it can be applied only for relatively “clean” aqueous solutions not 

containing organic solvents, surface active substances and particulate material. This is due to 

possible drop instability, dissolution and dislodgment. Another major disadvantage is that 

SDME can be applied only for analysis of medium polarity to non-polar CWA and their 

degradation products (Palit et al., 2005; Park et al., 2009). 
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2.2 Hollow-Fiber Microextraction (HF-LPME) 

 

Figure 3: The experimental set-up for hollow-fiber microextraction (HF-LPME). 

The drop instability from SDME has been circumvented in HF-LPME by containing the 

organic solvent within the lumen of a porous hydrophobic hollow fiber, typically made of 

polypropylene (Figure 3). The fiber protects the drop against mechanical disturbance and also 

develops the surface area of the organic solvent in contact with the sample for more efficient 

extraction. After conditioning, the fiber (1-3 cm in length) is briefly immersed in a solvent 

(chloroform or trichloroethylene) to immobilise the solvent in the pores prior to extraction. 

Before affixing the prepared fiber to the tip of the syringe needle, several microliters of solvent 

are drawn into a GC syringe. The fiber is then completely immersed into the aqueous sample 

and the syringe plunger is carefully depressed to fill the hollow fiber with solvent. Extraction 
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is carried out with stirring for 15-45 min. Upon completion of extraction, the organic solvent 

is withdrawn into the syringe and the hollow fiber is disposed of. A volume of 1 μl of solvent 

is injected directly into a GC instrument for analysis.   

As described, HF-LPME can be applied for the analysis of non-polar CWA (Dubey et al., 

2006; Lee et al., 2006). By co-injecting the extract with BSTFA derivatising reagent, it is 

possible to analyse the alkaline CWA related compounds, such as thiodiglycol and 

aminoalcohols (Lee et al., 2008). Additionally, HF-LPME can be applied for the analysis of 

acidic analytes, such as alkylphosphonic and alkylthiophosphonic acids, by using a mixture of 

chloroform and MTBSTFA for simultaneous derivatisation and extraction of the analytes 

(Dubey et al., 2006). Overall, HF-LPME has shown to be more rugged and having also a better 

extraction efficiency than SDME. It is an inexpensive, sensitive technique that uses minimum 

amounts of organic solvents and allows for in-situ derivatisation. However, concerns about 

robustness when applied to viscous and “dirty”, especially organics rich environmental samples 

remain.   

2.3 Dispersive Liquid–Liquid Microextraction (DLLME) 

In this method, a mixture of extraction and dispersive solvents is rapidly injected into the 

aqueous sample creating a multiphase system of cloudy appearance. The extraction solvent is 

immiscible with water and has a higher specific gravity. The dispersive solvent is miscible with 

both extracting solvent and water and is playing a key role in the formation of fine droplets of 

extraction solvent in aqueous samples. Due to the high surface area of the extracting solvent 

droplets, the extraction can be quite efficient and rapid. The sample is then centrifuged and 

the sedimented phase collected for direct analysis or further workup.  As described (Figure 4), 

the method can be applied for analysis of less-polar CWA and related compounds. 
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Figure 4: Schematic representation of dispersive liquid–liquid microextraction (DLLME). 

A new approach was explored by (Palit and Mallard, 2011), where extractive derivatisation is 

accomplished with the dispersion of a mixture of 1-(heptafluorobutyryl)imidazole derivatising 

reagent and dichloromethane as the organic phase in the aqueous sample, using acetonitrile as 

the dispersing solvent. The derivatisation of alcohols, degradation products of CWA, takes 

place at the interface between the analyte-containing aqueous phase and the derivatisation 

reagent-laden organic phase. Amongst other, the approach enables analysis of ethanolamines 

(hydrolysis products of nitrogen mustards HN1, HN2 and HN3), thiodiglycol (hydrolysis 

product of sulfur mustard, HD), and dialkylaminoethanol (hydrolysis product of V-agents). 

Chemical structures of some heptafluorobutyryl derivatised analytes are shown in Figure 5. 

The advantages of DLLME are simplicity of operation, high enrichment factor and very short 

extraction time. One limitation is that, for now, the method is restricted to less-polar CWA 

compounds and related alcohols only. Additionally, there are concerns about the robustness 

of the method when applied to viscous samples, samples containing surfactants and organic 

solvents, and multiphase samples. 
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Figure 5: Heptafluorobutyric derivatives of some CWA related alcohols. 

3 Solid phase microextraction techniques in 

preparation of aqueous samples/water extracts 

for GC-MS analysis of CWA and related 

compounds 

The first successful modern microextraction technique was solid-phase microextraction 

(SPME) developed by the group of Pawliszyn at the University of Waterloo, Ontario, Canada 

(Arthur and Pawliszyn, 1990). Since then, this extraction technique has become the standard 

that other microextraction techniques have tried to reach and outperform. 
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3.1 Solid-Phase Microextraction (SPME) 

 

Figure 6: Schematic representation of solid-phase microextraction (SPME). 

The SPME technique uses a small, retractable, polymer-coated fiber installed in a holder with 

a stainless steel needle that serves for the fiber protection. A variety of SPME fibers are 

commercially available (Sigma-Aldrich, 2015), with solutions for both manual and automated 

operation. For analysis of less-polar compounds and intact CWA, a 65 μm 

Polydimethylsiloxane/ Divinylbenzene (PDMS/DVB) fiber is placed in the sample solution 

or in the headspace of the sample solution for a period of time (Ng and Lakso, 1997). The 

analytes diffuse by convection to the surface of the polymer coating (extracting phase) until 

equilibrium is achieved. Once withdrawn from the sample source, the fiber is inserted into the 

hot GC injection port and the sorbed analytes are thermally desorbed into the GC column.  
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For analysis of acidic CWA degradation products, a 75 μm Carboxen/ Polydimethylsiloxane 

(CAR/PDMS) fiber is first exposed to the headspace of MTBSTFA (Sng and Ng, 1999).  The 

extraction of the analytes is carried out from the acidified sample by stirring for 30 min. Sodium 

chloride salt is added to saturation for a salting-out effect. The fiber is then again exposed to 

the MTBSTFA headspace for 15 min prior to desorption in the GC injection port. The same 

procedure is followed for analysis of alkaline CWA degradation products, except that the 

sample pH is adjusted to 10, sodium sulfate is the preferred salting-out agent, and BSTFA is 

the preferred derivatisation reagent (Vanninen, 2011). The SPME process is presented in 

Figure 6.  

The method was also developed for the determination of 2-chlorovinylarsonous acid, the 

hydrolysis product of Lewisite 1, which combines dithiol derivatisation with SPME (Szostek 

and Aldstadt, 1998).   

As the sample-preparation technique, SPME has the following attractive features:  

• it is a rapid, simple, and sensitive method; 

• it can be applied for neat CWA and degradation products; 

• it has a small size, i.e. it is convenient for designing portable devices and for field 

sampling (TORION, 2015); 

• it is versatile and it can be used for air/vapour sampling as well (Popiel and 

Sankowska, 2011; Schneider et al., 2001). 

 

However, there are some limitations of the method, as follows: 

• conditioning of fibers requires 30 min to 2 h time; 

• fibers are relatively expensive and have short lifetimes; 

• fibers swell in the presence of organic solvents; 

• the needles can bend and the fibers are fragile; 

• concerns about robustness when applied to 'dirty' and multiphase samples; 

• requires use of two or more different fiber types when targeting analytes in a wide 

range of polarities.   
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3.2 Fiber Assisted Microevaporation and Derivatisation 

(FAMEAD) 

 

Figure 7: Schematic representation of fiber assisted microevaporation and derivatisation 

(FAMEAD). 

In this technique, several drops of aqueous sample are carefully applied on an acryl SPME 

fiber. The water is removed by exposing the fiber to a gentle stream of nitrogen. The fiber is 

then immersed in the headspace of BSTFA for 15 minutes and analysed for TMS derivatives 

of CWA degradation products by thermal desorption in the GC inlet (Figure 7). The method 

is simple and fast, but has similar limitations as the SPME technique.   

 

 

 



 Chapter 4 - Modern Sample Preparation Techniques for Gas Chromatography… 

100 
 

3.3 Stir Bar Sorptive Extraction (SBSE) 

 

Figure 8: Gerstel Twister SBSE extraction and automated analysis system (adapted from 

http://www.gerstel.com/en/thermal-twister-desorption.htm, accessed on July 2016). 

The stir-bar sorptive extraction technique (SBSE) presents a variation of the SPME technique 

(Baltussen et al., 1999) that utilises a glass stir bar with a magnet within and coated with a 

polymeric sorbent. The stir bar is placed in the aqueous sample, stirred for an appropriate time 

(usually tens of min), removed, dried to remove any water droplets, and placed in a specially 

designed GC liner for thermal desorption of the sorbed analytes into the GC. The technique 

has been commercialised by Gerstel (Baltimore, Maryland) as the Twister extraction system 

(Figure 8) (Heiden et al., 2001). The available surface area and volume of the extracting phase 

of the coated stir bar are substantially higher than of an SPME coated fiber (Figure 9). Hence, 

larger amounts of analyte can be extracted and overall sensitivity is improved. The stir bars are 

more robust and resistant to breaking compared to the SPME fibers, but they are commercially 

available with only few types of polymer coatings. This reduces the versatility of the method, 

especially in respect to more polar analytes (Blasco et al., 2004). The method was shown to be 

effective in analysis of intact GB, HD and VX in aqueous matrices (Stuff and Durst, 2002). 
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In-situ derivatisation for some more polar compounds may also be possible (Kawaguchi et al., 

2005). 

 

Figure 9: SBSE vs. SPME. 

3.4 Molecularly Imprinted Polymers (MIPs) 

 

 

Figure 10: Molecular imprinting. 
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Molecularly imprinted polymers (MIPs) have synthetic recognition sites with a predetermined 

selectivity for the analyte(s) of interest (Owens et al., 1999). They are prepared by mixing the 

template molecule with functional monomers, cross-linking monomers and a radical initiator 

in a proper solvent (Yan and Row, 2006). During polymerisation, the complexes are formed 

between the template molecule and the functional monomers that are stabilised within the 

structure of the developing rigid, highly cross-linked polymer. After polymerisation, the 

template molecules are extracted, leaving three-dimensional cavities that are complementary 

in both shape and chemical functionality arrangement to those of the template. Thus, the 

resulting imprinted polymer possesses a permanent memory for the imprinted species, ideally 

enabling the selective rebinding of the imprinted molecule from a mixture. The interactions 

between the polymer receptor site and the imprinted molecule can either be non-covalent, 

such as ionic and hydrogen bonding, or reversible covalent (Owens et al., 1999). The concept 

of molecular imprinting is illustrated in Figure 10.  

Although usually time consuming, the synthesis of MIPs is a relatively straightforward and 

inexpensive procedure. The products are stable, reusable, and they can be used as extraction 

phase in solid phase extraction (SPE), SPME, SBSE and HF-LPME. When applied in sample 

preparation for analysis of CWA degradation products in aqueous matrices, MIPs bring 

selectivity only for a limited number of analytes (Lee, 2008; Pradhan et al., 2009; Malosse et 

al., 2008; Le Moullec et al., 2006). Other important downsides of MIPs use are bad 

reproducibility and the loss of specificity and performance when directly applied in complex 

environmental samples (Bossée, 2011). 

4 Conclusions 

Gas Chromatography – Mass Spectrometry is currently the primary analytical technique for 

the analysis of CWA and related compounds. The conventional sample preparation approach 

for the on-site GC-MS analysis is based on liquid-liquid and solid-liquid extractions. This 

implies extensive use of harmful organic solvents, equipment, and leads to a time consuming, 

laborious sample preparation that generates lots of hazardous waste. Especially problematic 

are aqueous samples/water extracts and multiphase sample matrices. Modern sample 
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preparation procedures look at simpler, faster and more robust approaches that require smaller 

sample size/volume, utilise less organic solvents, equipment and energy. Ideally, the modern 

methods should allow for automation. Methods based on liquid/solid microextractions and 

molecularly imprinted polymers have shown to be effective only when targeting a limited 

number of the analytes. Additionally, they have all shown to lack robustness when dealing with 

complex and multiphase sample matrices. Thus, they can be used only as complementary 

analysis to further screen.
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Development of Methods for Screening of 
Chemical Warfare Agents and Related 
Compounds in Water and Complex Samples 
by In-Sorbent Tube Derivatisation Followed 
by Thermal Desorption–Gas 
Chromatography–Mass Spectrometry 
 

 

Adapted from: 

Oliver Terzic  

2010, Screening of degradation products, impurities and precursors of chemical 

warfare agents in water and wet or dry organic liquid samples by in-sorbent tube 
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2013, Determination of Lewisites and their hydrolysis products in aqueous and 

multiphase samples by in-sorbent tube butyl thiolation followed by thermal 
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Abstract  

Awareness of the drawbacks of the standard OPCW approach to the on-site sample 

preparation for GC-MS analysis of chemical warfare agents and related compounds in aqueous 

samples/ water extracts instigated efforts to develop a more efficient alternative. Modern 

sample preparation methods based on liquid- and solid-phase microextraction have not shown 

to be robust and versatile enough for the task. An entirely novel approach based on in-sorbent 

tube preparation followed by thermal desorption–gas chromatography–mass spectrometry 

(TD–GC–MS) was tested and optimized in order to develop sensitive methods that require 

only microliter volumes of sample and reagents. The approach enabled the simultaneous 

determination of a wide range of analytes with widely differing polarity, volatility and reactivity. 

The applicability of the methods was demonstrated by the successful analysis of a number of 

the OPCW Official Proficiency Test samples. The same equipment set-up, tubes and reagents 

are used for collection, preparation and analysis of air/vapour samples (O. Terzic et al., 2012). 

Minimal logistic requirements, ease of operation, versatility, robustness and other features 

aforementioned, make these methods an excellent choice for an environmental or forensic 

field laboratory. 

1 Introduction 

Standard methods used by inspection teams of the Organisation for the Prohibition of 

Chemical Weapons (OPCW) for preparation of aqueous samples and water extracts for GC-

MS analysis of CWA and related compounds rely heavily on liquid–liquid extraction. This 

results in number of drawbacks, such as tedious and time consuming on-site analysis, problems 

with preparation of complex samples, generation of hazardous waste (Chapter 1). Awareness 

of the drawbacks instigated efforts to develop more robust and faster alternative. Modern 

liquid- and solid-phase microextraction sample preparation techniques for GC-MS analysis 

were studied and assessed as not versatile and robust enough for the purpose (Chapter 4). This 

meant that an entirely novel approach to the sample preparation is required. Ideally, the 
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approach would still use the available (approved) OPCW on-site analytical equipment and 

reagents. Any new type of the equipment that is not on the list of the approved equipment 

(OPCW, 1997) would have to go through a lengthy and sometimes uncertain process of 

approval by the CWC member states prior to its inclusion in the OPCW on-site analytical kit. 

Change of derivatisation procedures and reagents used in the sample preparation would require 

inclusion of new mass spectra into the OPCW Central Analytical Database (OCAD). Before 

inclusion, the spectra would have to go through potentially lengthy validation and approval 

process. 

The OPCW on-site laboratory utilises three types of derivatisation reactions and reagents. 

Trimethyl silylation (TMS) with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) reagent 

targets nucleophilic species with a labile hydrogen atom attached to a heteroatom; examples 

are alkylphosphonic acids, alkyl thiophosphonic acids, N,N-Dialkyl aminoethane-2-ols, and 

thiodiglycol. The hydrogen is replaced in the process with a less polar, non-labile TMS group 

(Figure 1).  

 

 

Figure 1: Trimethylsilylation and methylation of alkylphosphonic acids monoesters using N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) and trimethylphenylammonium hydroxide 

reagent. 
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Generally, this results in elimination of hydrogen bonding and in a derivative of original analyte 

which is both more volatile and produces more symmetrical peaks in the chromatogram. 

Before adding the BSTFA reagent to the sample, water has to be removed. This is necessary 

because both, the reagent and the derivatives, are sensitive to the presence of water. Spectra 

of number of TMS derivatives of the CWC related compounds have been included into the 

OCAD.  

In some instances, an additional, alternative derivatization such as methylation is helpful for 

unambiguous identification of alkyl alkylphosphonic acids (Tørnes and Johnsen, 1989). The 

OPCW procedure utilizes trimethylphenylammonium hydroxide as the methylating reagent 

(Figure 1). The reagent and solvent are added to the sample preparation fraction before 

injection into a GC. The derivatisation reaction occurs inside the GC injection port at elevated 

temperature (Amphaisri et al., 2010). 

Mass spectra of TMS derivatives of 2-chlorovinyl arsonous acid (CVAA) and bis(2-

chlorovinyl)arsinous acid (BCVAA) are included into the OCAD library, amongst others. 

CVAA and BCVAA are water soluble and relatively nonvolatile initial hydrolysis products of 

Lewisite 1 (L1) and Lewisite 2 (L2), respectively, which therefore require derivatisation prior 

to GC analysis (Creasy WR, 1999). Intact L1 and L2 also require derivatisation as reactive 

electrophiles that in a GC analysis may damage both GC inlet and column. Lewisite 3 can be 

analysed directly, but is of lesser importance. The preferred method for simultaneous GC 

based determination of L1, L2 and their degradation products utilises aliphatic monothiols like 

1-propanethiol and 1-butanethiol (Muir et al., 2004). The later compound has been chosen for 

the on-site OPCW analysis and corresponding spectra have been included into the OCAD. 

Dithiols like 1,2-ethanedithiol, 1,3-propanedithiol and 3,4-dimercaptotoluene are generally the 

preferred derivatising reagents when analysing for L1 and/or CVAA only.  The 1-butanethiol 

reagent can be added directly to the aqueous sample and the derivative(s) extracted with an 

organic solvent after agitation (Fowler et al., 1991). Alternatively, the derivatisation can be 

combined with SPME (Szostek and Aldstadt, 1998; Killelea and Aldstadt, 2001; Tomkins et 

al., 2001; Liming et al., 2008). Figure 2 shows preferred derivatisation reactions of L1 and L2 

and their initial hydrolysis products. 
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Figure 2: Derivatisation reactions of L1 and L2 and their initial hydrolysis products with 

BSTFA and BuSH reagent. 

Standard sample preparation procedure employed by the mobile laboratory of the 

Organisation for the Prohibition of Chemical Weapons (OPCW) (OPCW Technical 

Secretariat, 29 April 2009) combines derivatisation of L-related species with liquid-liquid 

extraction. A solution of 1-butanethiol (1 mg/ml) in n-hexane (the BuSH reagent) is added to 

an aqueous sample adjusted to pH 10. After agitation, the organic layer is separated, dried with 

anhydrous sodium sulfate and submitted for GC- full scan MS analysis. The procedure is 

relatively simple and fast, however, it cannot cope appropriately with samples containing 

soluble nonvolatiles (polymers), surfactants, finely suspended solids or emulsions. Such 

samples may be obtained from industrial discharges, polluted and natural water sources or CW 

decontamination waste. If the emulsion is not already present in the samples, it may form 

during the extraction of a sample containing surfactants and fine solid particles. The boundary 

between the organic solvent and the sample will then have a layer with a cloudy or milky 
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appearance which can be even greater than the solvent layer. If this emulsion cannot be broken, 

the analytical method may not be efficient, especially when dealing with diluted solutions.  

During development of the OPCW on-site air/vapor sampling and analysis method, an in-

Tenax tube derivatisation of L1 and L2 liquid spikes with BuSH was demonstrated (Chapter 

3). Moreover, removal of water accidentally drawn into the tube was achieved relatively simply 

and without noticeable effects on the less-polar analytes retained by the adsorbent. Itoh et al. 

(2006) reported use of in-Tenax tube silylation in combination with TD-GC-MS for 

determination of hydroxy polycyclic aromatic hydrocarbons in water. Tenax® TA has been 

shown an effective sorbent material for air/vapour sampling and thermal desorption GC–MS 

analysis of a wide spectrum of CWA (Rautio, 1987; Kaipainen et al., 1992; Steinhanses and 

Schoene, 1990; Hancock and Peters, 1991; Carrick et al., 2001). It comes commercially as the 

granular adsorbent consisting of macroporous particles with specific surface areas between 20 

m2/g and 35 m2/g. The individual particles are constructed of a network of highly elongated 

and entangled 2,6-diphenyl-p-phenylene polymer material with open spacings that ranges from 

100 nm to 300 nm (Alfeeli et al., 2010; Alfeeli et al., 2011), as shown in Figure 3. 

Granular Tenax® TA has an extremely low affinity for water, a high heat tolerance (> 375°C) 

and it is chemically inert (Mol et al., 1995). Therefore, it could be used to support both 

derivatisation and thermal desorption.  

Novel sample preparation approach described in this chapter used Tenax® TA as: 

• a trap for more volatile/less polar analytes such as intact CWA, some precursors and 

degradation products,  

• a depository for the more polar/less volatile analytes such as CWA hydrolysis 

products and some precursors,  

• a solid support for the analytes derivatisation.  
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Figure 3: Granular Tenax® TA, SEM micrographs [adapted from (Alfeeli et al., 2010; Alfeeli et 

al., 2011)] and its chemical structure. 

Small quantity of glass wool and Tenax® TA 60/80 mesh was packed in a GC borosilicate 

glass liner as a body of a thermal desorption tube that fits in a Programmable Temperature-

Vaporization (PTV) GC inlet (Chapter 3, § 2.2). Spiking attachment of the TD tube 

conditioner was used for introduction of aqueous samples and reagents into the Tenax TD 

tube. A programmable heater was used for removal of water under the helium flow. Two types 

of in-tube derivatisation methods were developed. Trimethylsilylation was performed 

converting the less-/non-volatile analytes into more volatile compounds retained by Tenax. 

These were analysed in the same GC run with the trapped less polar compounds after direct 

thermal desorption of the tube into a programmed temperature vaporizing (PTV) GC inlet. 

For lewisites related species, derivatisation was performed using the BuSH reagent. Parameters 

for water removal and derivatisation were optimised. The repeatability of the optimised 
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methods was assessed at different spiking levels. Also, the effects of pH on the yield of 

derivatisation reactions were studied. The methods use already approved equipment from the 

OPCW air sampling kit. 

2 Experimental 

2.1 Reagents and material 

Deionised (D.I.) water was obtained from a Milli-Q system (Millipore, Bedford, MA, USA). 

N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), derivatisation grade, ≥ 90%, from Sigma-

Aldrich (Zwijndrecht, The Netherlands) was used as the derivatising agent. Tenax® TA (60-80 

mesh) was purchased from Alltech (Deerfield, IL, USA). Untreated glass wool was obtained 

from Ohio Valley Specialty Chemical (Marietta, OH, USA). Ethyl methylphosphonic acid 

(EMPA, 98%), pinacolyl methylphosphonic acid (PMPA, 97%), methylphosphonic acid 

(MPA, 98%), 1,4-dithiane (DT, 97%), and benzilic acid (BA, 99%) were purchased from 

Sigma-Aldrich. Diisopropyl methylphosphonate (DIMP, 5 mg/ml in acetonitrile), thiodiglycol 

(TDG, 5 mg/ml in acetonitrile), N-methyldiethanolamine (MDA, 5 mg/ml in acetonitrile), 2-

chlorvinyl arsonous acid (CVAA, as 1 mg/ml Lewisite 1 solution in water), bis(2-

chlorovinyl)arsinous acid (BCVAA, as 1 mg/ml Lewisite 2 solution in water),  L1 and L2, both 

as 1 mg/ml solutions in water and n-hexane, were obtained from Spiez Laboratory, Swiss NBC 

Defence Establishment (Spiez, Switzerland). The L derivatisation reagent, 1 mg/ml 1-

butanethiol solution in n-hexane (BuSH), and the OPCW GC-MS Test Mixture, containing 7 

test compounds (trimethyl phosphate; 2,6-dimethylphenol; 5-chloro-2-methylaniline; tri-n-

butyl phosphate; dibenzothiophene;  malathion; and methyl stearate) and 9 calibration 

compounds (n-octane; n-decane; n-dodecane; n-tetradecane; n-hexadecane; n-octadecane; n-

eicosane; n-docosane; and n-tetracosane), were purchased from the Finnish Institute for 

Verification of the Chemical Weapon Convention (University of Helsinki, Finland). The 

concentration of each of the chemicals in the Test Mixture was 10.0 μg/ml in dichloromethane 

solution. Hexachlorobenzene (HCB) chosen as an internal standard was used as 50 μg/ml 

solution in dichloromethane. Anhydrous calcium chloride was obtained from Mallinckrodt 

Baker (Deventer, The Netherlands) and anhydrous sodium sulfate was purchased from Sigma-
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Aldrich. Acetonitrile (LC-MS CHROMASOLV®, ≥99.9%), n-hexane (anhydrous, 95%), tert-

butyl methyl ether (anhydrous, 99.8%), hydrochloric acid, HCl, solution 2 M (volumetric) and 

ammonium hydroxide solution (ACS reagent, 28.0-30.0% NH3 basis) were purchased from 

Sigma–Aldrich (Zwijndrecht, The Netherlands). 

2.2 Instrumentation 

Tube conditioning, spiking, solvent removal and in-tube silylation were performed using a 

CDS Analytical Six-Tube Conditioner Model 9600 (CDS Analytical, Inc. Oxford, PA, USA), 

the flow of the helium carrier gas was adjusted using an Alltech Digital Flow Check™ (Alltech, 

Lokeren, Belgium). TD-GC-MS was performed with an Agilent 6850 GC/5975 Inert MSD 

(Agilent Technologies, San Jose, CA, USA) equipped with UNIS 2000 inlet system and Peltier 

element (Joint Analytical Systems Benelux, Eindhoven, The Netherlands). The TD tubes were 

directly desorbed in the UNIS inlet system using the splitless mode starting from an initial 

temperature of 40°C to a maximum temperature of 270°C with a ramp rate of 720°C/min. 

The purge flow was set at 50 ml/min for 1.0 min (GasSaver 20 ml/min after 4.0 min). The 

capillary column used was a RXI®-5MS (crossbond, 5% diphenyl, 95% dimethyl polysiloxane) 

30 m x 0.25 mm I.D. with 0.25 µm film thickness (Interscience, Breda, The Netherlands). The 

flow of the carrier gas helium (N6.0) was maintained constant at 0.9 ml/min.  

The column temperature programme and MSD settings applied in development of the TMS 

derivatisation method were as follows: initial temperature 40°C (held for 2 min), increased at 

10°C/min to the final temperature of 280°C (held for 6 min); the solvent delay was set at 6.50 

min or 3.50 min depending on the type of prepared sample. 

The column temperature programme and MSD settings applied during the development of 

the BuSH derivatisation method were as follows: initial temperature 40°C (held for 2 min), 

increased at a rate of 20°C/min to 160°C, then from 160°C to 280°C at a rate of 30°C/min 

(final temperature held for 5.00 min) giving an overall run time of 17 minutes; alternatively, 

the oven temperature was held at 40°C for 2 min and subsequently ramped at a rate of 

10°C/min until the final temperature of 280°C (held for 6.00 min) giving an overall run time 
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of 32 minutes; the solvent delay for the 17 min GC run was set at 5.1 min, while 8.1 min 

solvent delay were used for the 32 min GC run. 

At all acquisitions, the MS interface was maintained at 280°C, while the MS quadrupole and 

source temperatures were set at 150°C and 230°C, respectively. The MS was operated in the 

full scan mode (40-450 amu, threshold 100 counts, sampling rate 3). The instrument tuning 

was performed with the Autotune procedure using the instrument calibration compound 

perfluorotributylamine. Prior to the analysis of each batch of samples, the instrument 

performance was tested using a TD tube spiked with 1.0 µl of OPCW Test Mixture. 

2.3 Procedure for the preparation of TD tubes 

A TD tube was prepared by packing ~70 mg of Tenax® TA, 60/80 mesh, into a borosilicate 

GC liner (1 ring restriction, 88mm length, and 3 mm ID) obtained from Joint Analytical 

Systems Benelux. The Tenax beads were contained between a glass wool plug placed at the 

restriction side of the liner and stainless steel mesh plug at the other side. The packed TD tube 

was then deactivated by introducing 5.0 µl of BSTFA using a syringe and the spiking 

attachment of the six-tube conditioner as described earlier (Chapter 3, paragraph 2.3). The 

restriction side of the TD tube was inserted into a thumbwheel nut. The introduction of 

BSTFA was carried out under a flow of helium gas of 100 ml/min and followed by heating at 

60°C for 3 min. The tube was then placed in one of the bulkhead fittings of the conditioner 

with the restriction side pointing upward. The tube was conditioned under a helium flow of 

100 ml/min and a temperature of 330°C for 120 min. 

In the initial phase of the method development commercial Tenax filled liners (Joint Analytical 

Systems Benelux) were used. These liners have stainless steel mesh plugs placed on both 

sorbent bed ends. The mesh had to be exchanged, because it was noticed early in the 

experiments that it was too fine to break the water surface tension and allowing penetration 

of the spiked aqueous sample drop at a 100 ml/min He flow. On the other hand, the used 

glass wool plug provided a surface for a fine distribution of the liquid spike and initial point 

for deposition of some more polar/less volatile compounds. 
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2.4 Sample preparation procedure for in-Tenax tube silylation 

Manually prepared TD tubes were used for the optimisation of two steps of the sample 

preparation method. First, the solvent/water removal step was optimised and then the in-tube 

silylation step. The effects of sample pH on derivatisation efficiency and analyte recovery were 

studied. Finally, the repeatability of the method was assessed. 

2.4.1 Optimisation of the procedure for solvent/water removal 

The TD tube was mounted onto the spiking attachment of the Six-tube Conditioner. With a 

tube heater placed over the tube, an external K-type thermocouple probe was inserted into the 

tube. The inside temperature was measured at three different heater temperatures (50°C, 60°C, 

and 70°C), with a helium flow of 100 ml/min and at two positions inside the tube: at the glass 

wool plug and 1 cm downstream from the glass wool plug.  

With a helium flow of 100 ml/min (chosen during preliminary experiments), the TD tubes 

were spiked with 10.0 µl of D.I. water. The tubes were purged for an additional 2 min at room 

temperature to push the water to the Tenax bed. To remove the water from the tube, the 

following temperature/flow rate regimes were tested: 60°C/60 ml/min, 60°C/100 ml/min, 

70°C/30 ml/min, and 70°C/60 ml/min. To compare, a blank TD tube and dried tubes were 

analysed by TD-GC-MS using a MSD solvent delay of 0.10 min. 

2.4.2 Optimisation of the procedure for in-tube silylation 

Several major CWA degradation products, precursors and impurities were selected to make a 

10 µg/ml solution in D.I. water which was used for optimisation of the analytical procedure. 

These were EMPA (degradation product of nerve agent VX), PMPA (degradation product of 

nerve agent soman, GD), MPA (final degradation product of alkyl methyphosphonic acids), 

DIMP (CWC scheduled chemical, common impurity of nerve agent sarin, GB), DT 

(degradation product of blister agent sulfur mustard, HD), TDG (precursor/degradation 

product of HD), BA (precursor/degradation product of incapacitating agent BZ), MDA  
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Figure 4: Structures of the degradation products/precursors/impurities of CWA used in the 

optimisation of the procedure for in-tube silylation. 

(precursor/degradation product of blister agent nitrogen mustard, HN2), CVAA (degradation 

product of blister agent Lewisite 1, L1), and BCVAA (degradation product of blister agent 

Lewisite 2, L2). The structures of these compounds are depicted in Figure 4. A range of 

compounds was covered with some having none, one or two functional groups susceptible to 

silylation. 

The optimisation experiments were performed by co-spiking TD tubes with 2.0 µl of analytes 

solution and 0.5 µl of HCB internal standard, using the optimised parameters for solvent/water 

removal established in previous experiments and varying the amount of BSTFA, derivatisation 

temperature, derivatisation time and helium flow, respectively. Triplicate analyses were 

performed with freshly prepared TD tube for each of the data points. A BSTFA blank was 

run on regular basis to check for carryover. 
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2.4.3 Effects of sample pH on the procedure for in-tube silylation 

The effects of pH on the derivatisation efficiency and recovery of the analytes were examined. 

Three aliquots of a 10.0 µg/ml analytes solution were prepared as described in 2.4.2. The pH 

of one aliquot was adjusted to pH 1.5 using 2 M HCl. The pH of the second aliquot was 

adjusted to pH 10 using ammonium hydroxide. The pH of the third aliquot was kept at 6.5. 

Triplicate analyses were performed for each of the prepared solutions by spiking 2.0 µl portions 

onto the TD tube. The spiking, water removal and derivatisation were performed using the 

optimised parameters established in previous experiments. 

2.4.4 Repeatability of the procedure for in-tube silylation 

The repeatability of the method was assessed by replicate analysis (n=6) of the analyte 

solutions (see 2.4.2) at three different concentrations: 10.0 µg/ml; 1.0 µg/ml; and 0.5 µg/ml. 

In the case of the 10.0 µg/ml solution, 2.0 µl of the solution were injected into the TD tube. 

In the case of the 1.0 µg/ml solution, 10.0 µl of the solution were injected into the TD tube. 

The tubes were further treated following the optimised procedure as determined and described 

in the Results and Discussion section, paragraph 3.2. In the case of the 0.5 µg/ml solution, 

10.0 µl of the solution were injected into the TD tube and dried using the optimised 

parameters. Then the process was repeated with another 10.0 µl portion. The tube was further 

treated following the optimised procedure. 

2.5 Sample preparation procedure for in-Tenax tube BuSH 

derivatisation 

The experiments were designed to establish the injection sequence of sample and derivatisation 

reagent into the TD tube, the sequence of the derivatisation and water removal steps, the best 

solvent for the derivatisation reagent, the optimal volume of the derivatisation reagent 

solution, and the optimal sample pH. Triplicate analyses were performed with a freshly 

prepared TD tube for each of the data points.  
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Earlier experiments with L1 and L2 solutions in an organic solvent showed that the analytes 

can be efficiently derivatised in a Tenax tube by injecting 3 µl of a 1.0 mg/ml BuSH solution 

in n-hexane after the sample was introduced (Terzic et al., 2012). In the present work, 5 μl of 

a 10 µg/ml solution of L1 and L2 in D.I. water were injected into the tube followed by injecting 

3.0 µl of a 1.0 mg/ml BuSH reagent. The injections were performed using the spiking 

attachment of the six-tube conditioner and a helium flow of 100 ml/min. The tube was purged 

for two additional minutes after the BuSH injection to transfer the spikes further into the 

sorbent bed. In order to remove water, the tube was treated using the optimised parameters 

established previously according to paragraph 2.4.1. The dried tubes were analysed by TD-

GC-MS. In a separate experiment, the order of injections was changed introducing the BuSH 

reagent solution into the TD tube prior to the analytes solution. In a third trial, the sequence 

of the operations was changed: the analytes solution was injected first, then the TD tube was 

heated to remove water, and finally the BuSH solution was injected into the dried TD tube. 

The tube was purged for two additional minutes to transfer the BuSH reagent further into the 

sorbent bed. 

Two different solvents for the BuSH derivatisation reagent were tested using the optimised 

procedure established in the previous experiments. These were acetonitrile (ACN) and n-

hexane (HEX). 

The optimal volume of the reagent solution was determined using the optimised procedure 

and varying the load of the reagent solution from 1 µl to 5 µl in tube.  

Three aliquots of a 25.0 µg/ml L1 and L2 solution were prepared to study the effects of pH 

on the derivatisation efficiency and recovery of the analytes. The pH of one aliquot was 

adjusted to pH 1.5 using 2 M HCl. The pH of the second aliquot was adjusted to pH 10.5 

using ammonium hydroxide. The pH of the third aliquot was kept at pH 6.5. Triplicate analyses 

were performed for each of the prepared solutions by spiking 5.0 µl portions into the TD tube. 

The spiking, derivatisation and water removal were performed using the determined optimised 

procedure. 

 



 Chapter 5 - Development of Methods for Screening of Chemical Warfare Agents and… 

119 
 

2.6 Validation and performance of the in-Tenax tube BuSH 

derivatisation method 

The linearity of the method was assessed by replicate analysis (n=3) of the L1 and L2 aqueous 

solutions at 5.0 µl spiking level and concentrations ranging from between 0.5 µg/ml and 10.0 

µg/ml.  

The repeatability of the method was assessed by replicate analysis (n=6) of the L1 and L2 

aqueous solutions at two different concentration levels: 1.0 µg/ml and 10.0 µg/ml. In both 

cases, 5.0 µl of the analyte solution were injected into the TD tube.  

The limits of detection (LODs) were estimated as the lowest analyte concentration that can be 

detected with the signal to noise ratio (S/N) ≥10:1 using the TD–GC–full scan MS analysis. 

Three replicates were run for each of the data points. The acquired GC–MS data were 

processed using the Automated Mass Spectral Deconvolution and Identification System 

(AMDIS) in the default OPCW on-site settings (OPCW Technical Secretariat, 01 April 2009).  

The performance of the method was verified by analysing the archived liquid sample “D” 

prepared for the 9th OPCW Official Proficiency Test and a triphase liquid sample prepared in 

the OPCW laboratory (Rijswijk, The Netherlands). The Proficiency Test is organised twice a 

year for the laboratories seeking to acquire or maintain the OPCW designation (OPCW 

Conference of the State Parties, 22 May 1997). The 9th Proficiency Test was held in April 

2001. The OPCW laboratory received sample “D” on 3 April 2001 from Laboratory WIS-510 

of the German Armed Forces Scientific Institute for Protection Technologies (Munster, 

Germany), tasked with the sample preparation. Since then the sample has been kept 

refrigerated in the OPCW sample archive. The matrix of the sample consisted of water with 

4% of calcium chloride, thus simulating the residue of a calcium hypochlorite solution, where 

the decontaminant, active chlorine, was eliminated by addition of a reducing agent like sodium 

sulfite. Additional contaminants in the sample matrix were octanol, decanol and fuel, all at 20 

µg/ml concentration level. L1 (>98% purity) and L2 (>84% purity) were added at 20 µg/ml 

concentration level as two out of overall three main spiking chemicals. 
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The triphase liquid sample matrix was obtained by combining 400 µl portions of D.I. water, 

acetonitrile, tert-butyl methyl ether and n-hexane in a 4 ml PTFE-capped glass vial. Two stock 

solutions containing a mixture of L1 and L2, both at 100 mg/ml concentration level, were 

prepared. The aqueous stock solution was made up with D.I. water starting from 1 mg/ml L1 

and L2 solutions in water. The organic stock solution was made up with n-hexane starting 

from 1 mg/ml L1 and L2 solutions in n-hexane. The triphase liquid sample was prepared by 

adding 200 µl of aqueous and 200 µl of organic L1/L2 stock solution to the vial with the 

triphase liquid sample matrix. The content of the vial was vigorously mixed and stored for 2 

hours at room temperature (22°C). 

 

 

3 Results and discussion 

3.1 Procedure for removing solvent/water from TD tubes 

Figure 5 shows the results of temperature measurements at two spots inside the TD tube with 

three different temperature programs for the tube heater. The temperature measured by the 

external probe was 5-10°C lower at the glass wool plug (spiking point) than 1 cm further into 

the sorbent bed for all cases. Also, the temperature inside the tube was lower by more than 

10°C compared to the temperature of the tube heater. 
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Figure 5: Two spots temperature measurement inside the TD tube under helium flow of 100 

ml/min and at three different temperature programs: a) 50°C (■); b) 60°C (▲); and c) 70°C 

(●). 

Figure 6 shows extracted ion chromatograms of m/z 18 for the blank TD tube and D.I. water 

spiked tubes treated for 5 min at different temperature/flow regimes. Raising the helium flow 

rate from 30 ml/min to 60 ml/min at 70°C or from 60 ml/min to 100 ml/min at 60°C reduced 

the peak area of m/z 18 to below the response obtained from the blank TD tube. Since the 

latter treatment requires a lower temperature and the same helium flow as used for the spiking 

and initial purging phase, its parameters were selected for the optimised procedure. 
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Figure 6: TD-GC-MS extracted ion chromatograms of m/z 18 for TD tubes spiked with 10.0 

µl of D.I. water and treated for 5 min at different temperature/flow programs. 

3.2 Procedure for in-tube silylation 

First, the derivatisation temperature was considered. TD tubes were spiked with the analytes 

solution and dried as described earlier, then the helium flow rate was lowered to 60 ml/min. 

BSTFA (3.0 µl) was injected onto the glass wool plug using a syringe. Three different 

temperature programs were tested whilst keeping the derivatisation time at 5 min.  
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Figure 7 shows the averaged peak area of extracted ions selected for diagnostic purposes: m/z 

225 for MPA-(TMS)2; m/z 153 for EMPA-TMS; m/z 195 for PMPA-TMS; m/z 97 for 

DIMP; m/z 116 for TDG-(TMS)2; m/z 120 for DT; m/z 160 for MDA-(TMS)2; m/z 255 

for BA-(TMS)2; m/z 273 for CVAA-(TMS)2; and m/z 219 for BCVAA- TMS. 

 

Figure 7: The effects of the optimisation parameters on derivatisation yield. Sample 

preparation: a) 5 min derivatisation with 3 µl of BSTFA at 60 ml/min He flow, three different 

temperatures tested; b) 5 min derivatisation at 50°C and 60 ml/min He flow, three different 

BSTFA volumes tested; c) derivatisation with 3 µl of BSTFA at 50°C and 60 ml/min He, three 

different time periods tested; d) 2 min derivatisation with 3 µl of BSTFA at 50°C and at three 

different He flow rates. 
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The highest derivatisation yield was obtained at 50°C for all analytes (Figure 7a). The effect of 

temperature was more pronounced for the compounds with two silylable groups, especially 

the more hydrophobic BA. This might be due to the higher evaporation rate of BSTFA at 

higher temperatures in the TD tube, leading to a momentary excess amount of vapour and an 

insufficient level of vapour during the necessary reaction time. In the case of temperature 

program at 70°C, the temperature at the glass wool plug (BSTFA spiking point) was 46-48°C. 

For the compounds with two silylable groups, insufficient vapour levels and/or contact time 

could lead to the development of mono derivatised species along with the doubly derivatised. 

A variation in the temperature did not produce a notable difference in the recovery of non-

silylable compounds (DIMP and DT). Therefore, a derivatisation temperature of 50°C was 

selected for the optimised procedure and used in further optimisation experiments. Second, 

the necessary spiking volume of BSTFA was examined. Three spiking volumes were assessed 

(Figure 7b) with the helium flow through the TD tube kept at 60 ml/min for 5 min. The 

introduction of 1.0 µl of BSTFA produced the lowest peak responses. The introduction of 3.0 

and 5.0 µl of BSTFA, respectively, resulted in comparable derivatisation efficiencies. Since the 

5.0 µl introduction also produced higher background peaks and more noise, the spiking 

volume of BSTFA for the optimised procedure was set at 3.0 µl. No significant effect of 

BSTFA spiking volumes on recovery of non-silylable species was observed. The optimised 

parameters established in the previous experiments were used to examine the effect of 

derivatisation duration on the derivatisation efficiency. Three different time periods of 2, 5 and 

8 minutes were tested (Figure 7c). The best results were achieved with the shortest 

derivatisation period of 2 min. This may be due to a loss of derivatives from the TD tube 

during prolonged treatment under helium flow. However, the treatment duration did not 

significantly affect the recovery of DIMP and DT, the compounds that are strongly retained 

by Tenax. Finally, the effect of the helium flow rate during derivatisation was examined. The 

decrease in responses that resulted upon an increase in flow rate (Figure 7d) may be explained 

by an increased evaporation rate of BSTFA in conjunction with purging of the derivatives. 

The helium flow rate of 30 ml/min was hence selected as optimal. 

Figure 8 presents a schematic of the processes and optimised procedure steps for in-tube TMS 

derivatisation and thermal desorption of the tube in a PTV GC inlet. 
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Figure 8: Schematic representation of the processes and optimised procedure steps for in-tube 

TMS derivatisation and thermal desorption of the tube in a PTV GC inlet. 
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3.3 Effects of pH of sample solution on in-tube silylation 

A comparison of the BSTFA derivatisation efficiency for the analyte solution set at pH 1.5, 

pH 6 and pH 10 was made. In Figure 9 it can be seen that the low pH decreased the 

derivatisation efficiency for all analytes. The presence of the additional active hydrogen groups 

introduced by HCl may contribute to the observed trend (Moldoveanu and David, 2002). The 

very low level of CVAA-(TMS)2 obtained at the higher pH may be attributed to the 

degradation of the parent CVAA (Waters and Williams, 1950). 

 

Figure 9: The effect of pH of the analytes solution on derivatisation yield. Sample preparation: 

2 min purge at 100 ml/min He flow; 5 min solvent removal at 60°C and 100 ml/min He flow; 

2 min derivatisation with 3 µl BSTFA at 50°C and 30 ml/min He flow. 
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Heating performed during the sample preparation may make the process more efficient. The 

lower recovery of CVAA-(TMS)2 at a low pH may be due to the formation of L1 (Waters and 

Williams, 1950). L1 is not derivatisable with electrophilic reagents such as BSTFA and due to 

its reactivity it is not readily analysed without derivatisation by GC-MS. On the other hand, L2 

can be chromatographed by GC. Indeed, a weak signal of L2 generated from BCVAA was 

observed in the chromatogram of low pH samples along with the silyl derivative. BCVAA 

appears to be more stable at higher pH than CVAA.  

For TDG, the presence of HCl and heating resulted in the formation of the traces of sulfur 

mustard (Wils et al., 1985) as shown in Figure 10. 

 

Figure 10: Sulfur mustard formation from thiodiglycol and HCl in the presence of heat. 

At a low pH MDA is expected to be present in a solution in its protonated form. The 

hydrochloride salt of MDA deposited onto the Tenax material after removal of water 

significantly decreased the reaction yield. However, it is known that the ammonium salts can 

still generate the silyl derivatives (Schlotzhauer and Chortyk, 1987). 

3.4 Repeatability of the procedure for in-tube silylation 

The repeatability of the method was assessed by analysing six replicates at three different 

concentration/spiking levels. The results are shown in Table 1. 
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Table 1: Repeatability of the optimised procedure for different concentrations of the spiking 

solution and different loads onto the TD tube. 

Compound 

 

Extracted 
ion 

(m/z) 

Retention 
time 

(min) 

R.S.D. (%) from six replicates 

2.0 µ l of   
10.0 µg/ml 

10.0 µ l of 
1.0 µg/ml 

20.0 µ l of 
0.5 µg/ml 

MPA-(TMS)2  225 10.667 19.9 30.3 11.2 

EMPA-TMS 153 9.656 18.8 8.7 9.1 

PMPA-TMS 195 13.130 16.7 8.2 17.3 

DIMP 97 9.454 5.9 5.7 10.7 

TDG-(TMS)2 116 14.618 27.6 28.5 26.5 

1.4 DT 120 9.509 10.6 2.7 5.9 

MDA-(TMS)2 160 13.111 24.3 26.2 10.1 

BA-(TMS)2 255 20.160 14.3 21.7 27.2 

CVAA-(TMS)2 273 12.110 29.8 70.5 54.2 

BCVAA-TMS 219 13.370 31.0 26.3 28.9 

 

The lowest values for the relative standard deviation were obtained for the less polar 

compounds DIMP and DT. This result is expected since these compounds do not participate 

in the derivatisation reaction thus eliminating the uncertainty that may be attributed to the 

reaction yield. In contrast, MPA, TDG, MDA and BA have two silylable groups and the 

uncertainty in the reaction yield is relatively high. These compounds may yield 

monoderivatised species as well as doubly derivatised species. In order to determine whether 

the derivatisation reaction was complete, one TD tube was spiked with 2.0 µl of a 10.0 µg/ml 

analytes solution, prepared using the optimised procedure and desorbed. An additional 2.0 µl 

of BSTFA were injected onto the top of the tube in the GC inlet and a second desorption was 

carried out. Weak signals of TMS derivatives of MPA and BA were observed in the 

chromatogram, indicating that the analytes were not fully derivatised in the first preparation. 

These compounds are very well known for their carryover behaviour. The reaction yield 

uncertainty contributed to the relatively higher RSD values ranging from 10.1% to 30.3%.  

The highest RSD. values were obtained for CVAA at amounts of 10.0 µl of a 1.0 µg/ml 

solution (R.S.D. = 70.5%) and 20.0 µl of a 0.5 µg/ml solution (RSD. = 54.2%). Spiking the 

tube with 2.0 µl of a more concentrated 10.0 µg/ml solution halved the R.S.D. value. The 

reaction of the acids from Lewisites 1 and 2 with BSTFA and the stability of the derivatives 
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have not been well characterised in the literature. CVAA and BCVAA are usually derivatised 

with nucleophilic thiols (Black and Muir, 2003). 

Beside the uncertainty related to the derivatisation reaction, the variability in the amount and 

placement of glass wool in the TD tube may have an impact on the calculated R.S.D. values. 

Used as the spiking point, the glass wool plug may influence the transfer of the sample into 

the Tenax bed as well as the BSTFA evaporation. Also, glass wool is difficult to completely 

deactivate (Mol et al., 1995), its silanol groups can cause retention of the polar analytes and 

degradation of the silyl esters.  

Taking into consideration the low concentration levels, involvement of the derivatisation 

reaction and the qualitative nature of the analysis, the results for the R.S.D. values were found 

to be acceptable for all compounds except for CVAA at very low concentration levels (0.5-1.0 

µg/ml). It is believed that the reliability of the analysis can be further improved by reproducible 

packing and additional lowering of the activity of the TD tube.  

3.5 Application of the procedure for in-tube silylation: analysis 

of Proficiency Test samples 

The Proficiency Test is organised twice a year for the laboratories seeking to acquire or 

maintain the OPCW designation (OPCW Conference of the State Parties, 22 May 1997). The 

samples anticipated for the Proficiency Testing are usually devised in such a way to challenge 

the current sample preparation and analysis methods. The sample preparation is carried out by 

one of the laboratories under the auspices of the OPCW laboratory (Dubey et al., 2009; OPCW 

Expert Group on Inspection procedures, 21 June 1995; OPCW Technical Secretariat, 31 

March 1998).  

A total of five samples from three Proficiency Tests were analysed for scheduled compounds 

and their degradation products using the method developed. The composition of the samples 

was as shown in Table 2. 
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Table 2: Composition of the samples from OPCW Official Proficiency Tests. 

Sample (OPCW Official Proficiency Test) 

Component  

CWC 

Schedule 
Conc. (µg/ml) 

LZ (23rd)   

Bis(2-metoxy-1-methylethyl) ethylphosphonate 2.B.04 10 

1-Methoxypropan-2-ol - 50 

Polyethylene glycol 200 (PEG 200) - 100 

Methanol - Solvent (80 % v/v) 

Deionised water - Solvent (20 % v/v) 

   

LW(23rd)   

3,3-Dimethyl-2-butanol 2.B.14 10 

Pinacolyl methylphosphonic acid 2.B.04 10 

Methanol - Solvent (80 % v/v) 

Deionised water - Solvent (20 % v/v) 

   

226 (25th)   

Bis(2-hydroxyethyl)sulfide (TDG) 2.B.13 20 

N-Ethyldiethanolamine 3.B.15 20 

Calcium chloride dihydrate - 1000 

Sodium sulfate anhydrous - 1000 

Deionised water - Solvent (50 % v/v) 

Acetonitrile - Solvent (50 % v/v) 

   

215 (25th)   

1,2-Bis(2-hydroxyethylthio)ethane - 20 

Dichloromethane - 1 ‰ 

Polyethylene glycol 200 (PEG 200) - 0.5 ‰ 

Deionised water - Solvent (50 % v/v) 

   

801 (26th)   

Bis-(2-N, N-diethylaminoethyl)disulfide - 10 

(2-chloroethyl)phosphonic acid, (Etephon) - 10 

O,S-dimethyl acetylphosphoramidothioate, (Acephate) - 10 

Butylphosphonic acid - 10 

Polyethylene glycol 200 (PEG 200) - 0.05% 

Deionised water - Solvent 
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Two microliters of the liquid sample LZ prepared for the 23rd Official Proficiency Test (Table 

2) and 0.5 µl of HCB internal standard were injected onto two TD tubes. One of the tubes 

was prepared for analysis following the optimised procedure for initial purging and drying. The 

derivatisation step was omitted, thus giving an overall sample preparation time of 7 min. The 

tube was analysed using a solvent delay of 3.5 min in the MS parameters. Multiple peaks 

observed at retention times from 15.6 to 15.7 min in the TD-GC-MS TIC (Figure 11) were 

identified as a mixture of diastereomers of bis(2-methoxy-1-methylethyl)ethylphosphonate 

(Schedule 2.B.04). A second TD tube was prepared following the full derivatision procedure. 

The analysis of the tube confirmed the presence of the spiked chemical bis(2-methoxy-1-

methylethyl)ethylphosphonate along with a weaker signal from TMS derivative of its 

monoester hydrolysis product.  

 

 

Figure 11: TD-GC-MS total ion chromatograms of the Official OPCW Proficiency Test 

Sample LZ (Table 2) at 2.0 µl load into the tube, derivatisation step omitted. 
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Figure 12: TD-GC-MS total ion chromatogram of the Official OPCW Proficiency Test Sample 

LW (Table 2) at 3.0 µl load into the tube. 

Four TD tubes were spiked with 3.0 µl of sample LW (Table 2) and 0.5 µl of internal standard. 

The first tube was prepared without the derivatisation step and was analysed using a solvent 

delay of 3.5 min. The only compound identified was pinacolyl alcohol (3,3-dimethyl-2-butanol, 

Schedule 2.B.14) at 4.2 min. By including the derivatisation step in the sample preparation 

procedure of the second TD tube, the TMS derivative of PMPA and its hydrolysis product 

MPA (both Schedule 2.B.04) were detected. The TIC of this TD-GC-MS run is shown in 

Figure 12. A third tube spiked with sample LW was also treated following the full procedure. 

The fourth tube was prepared following the full procedure plus an additional 5 min purging at 

60°C and helium flow of 100 ml/min. These two tubes were analysed using a solvent delay of 

3.5 min instead of 6.5 min for the BSTFA method.  

As it can be seen in Figure 13a-b the purging resulted in the reduction of the derivatisation 

reagent related “crests” to two relatively intensive peaks. This narrowing of the peaks allowed 

for the detection of non-derivatised pinacolyl alcohol at 4.1 min in the same TIC with the TMS 

derivatives of PMPA and MPA. Background subtraction and extracted ion chromatogram  
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Figure 13: TD-GC-MS total ion chromatograms of the Official OPCW Proficiency Test 

Sample LW (Table 2) at 3.0 µl load into the tube and: a) 3.5 min solvent delay; b) an additional 

5 min purge at 60°C and 100 ml/min He flow, 3.5 min solvent delay. 
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revealed the presence of the pinacolyl alcohol TMS derivative at 5.9 min. Normally, a solvent 

delay of 6.5 min is required because of the strong background originating from excessive 

BSTFA and its side product trifluoroacetamide (Figure 13a). This masks the compounds 

eluting in the early region of the chromatogram and it can shorten the lifetime of the filament 

and/or the electron multiplier in the MS. The response of the extracted ion 195 for PMPA-

TMS was lower by 18.3% after the purging.  

Sample 226 (Table 2) had a turbid appearance due to the calcium sulfate particles precipitated 

out upon the addition of acetonitrile to an aquous solution of salts during the preparation of 

the sample for the 25th Proficiency Test. The sample was shaken and a 2.0 µl portion was 

withdrawn into the syringe altogether with calcium sulfate particles. The sample was directly 

injected into the TD tube together with the internal standard. The glass wool plug served as a 

filter to efficiently retain solid particles while allowing the water solution to be pushed toward 

the Tenax beads by the helium flow. The full sample preparation procedure was followed 

resulting in significant peaks for the TMS derivatives of N-ethyldiethanolamine (Schedule 

3.B.15) and bis(2-hydroxyethyl)sulfide (Schedule 2.B.13) compared to the internal standard 

(Figure 14).  

The optimised method was used with 2.0 µl of sample 215 from the same, 25th Proficiency 

Test (Table 2). In the resulting chromatogram (Figure 15), a peak belonging to the TMS 

derivative of 1,2-bis(2-hydroxyethylthio)ethane can be easily distinguished from the 

background originating from deliberately added glycols. The spiking compound is a hydrolysis 

product of sesquimustard (Schedule 1.A.04).  

Figure 16 shows the TD-GC-MS TIC obtained by analysis of the 26th Proficiency Test sample 

801 (Table 2). The sample contained two pesticides, one unscheduled phosphonic acid and 

bis(2-N,N-diethylaminoethyl)disulfide, a degradation product of O-isobutyl S-2-

diethylaminoethyl methylphosphonothiolate (Schedule 1.A.03). The target compound was 

identified at 19.1 min despite the strong glycol related background. 
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Figure 14: TD-GC-MS total ion chromatogram of the Official OPCW Proficiency Test Sample 

226 (Table 2) at 2.0 µl load into the tube.  

 

Figure 15: TD-GC-MS total ion chromatogram of the Official OPCW Proficiency Test Sample 

215 (Table 2) at 2.0 µl load into the tube.  
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Figure 16: TD-GC-MS total ion chromatogram of the Official OPCW Proficiency Test Sample 

801 (Table 2) at 2.0 µl load into the tube. 

3.6 Procedure for in-tube BuSH derivatisation of Lewisites 

related species 

Figure 17 shows the averaged peak area of extracted ions selected for diagnostic purposes: 

m/z 314 for dibutyl 2-chlorovinylarsonodithiolite [L1(BuS)2] and m/z 164 for butyl bis(2-

chlorovinyl)arsinothiolite [L2(BuS)]. 

Injecting the sample into the TD tube before the derivatising reagent resulted in a significantly 

higher derivatisation yield than the reverse spiking sequence (Figure 17a). This might be 

attributed to a better contact of the analytes with the derivatising reagent for the former case. 

The aqueous sample is injected onto the glass wool plug placed at the head of the adsorbent 

bed. Most of the more polar and less-volatile sample content, like the arsonous and arsinous 

acids and related anhydrides, remains there even after the removal of water. 
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Figure 17: The effects of the optimisation parameters on derivatisation yield: a) different 

injection sequences into the TD tube and sequence of the derivatisation-water removal steps, 

BuSH in n-hexane used as the derivatisation reagent; b) 5 µl of a 10 µg/ml L1/L2 solution in 

water in-tube followed by 3 µl of BuSH in two different solvents, 5 min at 60°C and 100 

ml/min He flow; c) 5 µl of a 10 µg/ml L1/L2 solution in water in-tube followed by 2 different 

volumes of BuSH in n-hexane; 5 min at 60°C and 100 ml/min He flow; d) 5 µl of a 25 µg/ml 

L1/L2 solution in water at three different pH in-tube followed by 3 µl of BuSH in n-hexane; 

5 min at 60°C and 100 ml/min He flow. 
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The BuSH solution injected afterwards is pushed by the purge gas flow and passes through 

the glass wool plug toward the Tenax bed. This way sufficient contact and mixing of the 

reagent and analytes are provided. If BuSH is injected first, the spike migrates toward the 

Tenax bed where it is retained well. The contact with the analytes deposited afterwards on the 

glass wool plug then takes place only at the high temperature and in the relatively short time 

duration during the thermal desorption of the tube into the PTV GC inlet. If the sample is 

thermally treated (dried) prior to the derivatisation no pronounced effect on the derivatisation 

yields is observed. However, the results appeared to give a higher variability for this case and 

the overall sample preparation procedure was extended for two minutes. Therefore, the 

operational sequence consisting of the sample injection followed by the BuSH derivatisation 

and drying was selected for further optimisation experiments. A representation of the 

procedure is shown in Figure 18.  

A change of solvent for the derivatising reagent from non-polar n-hexane to polar acetonitrile 

caused a noticeable drop in the derivatisation yield for the L1 and L2 species, whilst the 

variability in the results appeared not to be affected significantly (Figure 17b). Consequently, 

n-hexane remained the preferred solvent for the method. 

A 1 µl volume of BuSH resulted in an incomplete derivatisation (Figure 17c). The 

derivatisation efficiency was constant from 3 µl to 5 µl of BuSH. A total ion chromatogram of 

the 5 µl volume spike showed an impractically massive peak of dibutyl disulfide, a common 1-

butanethiol impurity. Therefore, this spiking volume was not considered for the further work. 

A 3 µl BuSH spiking volume was selected for the method. 

As expected, the pH of the sample markedly affected the derivatisation yield (Figure 17d). This 

especially applied for the L1 solution, where the yield was tripled at pH 1.5 compared to the 

results obtained at pH 6.5. The addition of HCl influences both the L speciation in the aqueous 

solution and the BuSH derivatisation reaction. At a pH lower than 2 and in the presence of 

HCl, the complex equilibrium between the different L1 species shifts to the left (Sokołowski 

and Konopski, 2008) and the more appropriate forms and conditions for the nucleophilic 

substitution reaction are provided (Cohen et al., 1931; Eagle and Doak,  1951). L2 and BCVAA 

have only one group amenable for the substitution and they are generally more stable than LI 

and CVAA. As a consequence, the difference in the derivatisation yields for the L2 species at  
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Figure 18: Schematic representation of the procedure for in-tube BuSH derivatisation and 

thermal desorption of the tube in a PTV GC inlet. 
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the two pH values was not that high. BCVAA also appears to be more stable at a higher pH 

than CVAA, this corresponds to the earlier observation (paragraph 3.2.1). In alkaline solutions, 

the retro-Michael elimination causes CVAA to lose acetylene. The obtained disodium salt of 

chloroarsenous acid can hydrolyse further with a loss of the chlorine atom finally producing 

trisodium arsenite. This reduces the concentration of CVAA and the derivatisation yield. 

Therefore, for the optimised method the pH of the sample has to be checked and adjusted 

with HCl to pH < 2 prior to injection into the TD tube. 

3.7 Validation of the method for in-Tenax tube BuSH 

derivatisation 

The method validation data are listed in Table 3. For both L1 and L2 species a good linear 

relationship was obtained in the chosen concentration range. AMDIS reported all targets with 

S/N values above 10 for the TD-GC-full scan MS analysis runs of 5.0 µl of a 0.5 µg/ml L1/L2 

solution in tube and 10.0 µl of a 0.1 µg/ml L1/L2 solution in tube. Such LODs are already 

below those required for the regular OPCW inspection activities, environmental analysis or 

international proficiency tests (OPCW, Expert Group on Inspection procedures, 21 June 

1995). The precision of replicates at both concentration/spiking levels was good with the 

variation coefficient for the L1 (10-16%) higher than for the L2 (5-7%) derivative. In the case 

of L1 and CVAA, two groups are substituted with the thiol. For the second substitution some 

steric hindrance might be expected that could lead to an incomplete derivatisation and the 

observed higher variability in results. Overall, the results with BuSH derivatisation were much 

more favourable than those obtained with trimethylsilylation of CVAA and BCVAA 

(paragraph 3.2.2). 
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Table 3: Validation data for L1 and L2 derivatives. The linearity (r2) and repeatability (R.S.D.) 

data were obtained using the extracted ion chromatograms (m/z 164 for L2 derivative and 

m/z 314 for L1 derivative). The LOD data were estimated from the full scan chromatogram 

using AMDIS in the default OPCW settings. 

BuSH 

derivative 

of 

Retention 
time 

(min) 

Correlation 
coefficient 

(r2) 

LOD (µg/ml) R.S.D. (%) from six 
replicates 

5.0 µ l 

spike 

10.0 µ l 

s p ik e 

5.0 µ l of  

1.0 
µg/ml 

5.0 µ l of   

10.0 
µg/ml 

L2 10.794 0.9989 < 0.5 <  0 .1 7 5 

L1 11.694 0.9832 < 0.5 <  0 .1 16 10 

 

3.8 Application of the method for in-Tenax tube BuSH 

derivatisation: analysis of the 9th Proficiency Test sample and 

three-phase liquid sample 
 

Two aliquots of sample “D” were taken. The pH of the first aliquot was adjusted to 1.5 with 

2 M HCl.  A 5.0 µl of this aliquot was injected into the TD tube followed by 3.0 µl of BuSH. 

After 2 min purging, the tube was heated for 5 min at 60°C. The tube was then transferred to 

the PTV GC inlet and analysed. The TIC of this TD-GC-full scan MS run is shown in Figure 

19. Both BuSH derivatives were detected by AMDIS with high S/N values (S/N=974 for L2 

related derivative; S/N=245 for L1 related derivative).  Beside the L1/L2 derivatives, L3 was 

also detected in its intact form (S/N=176). Dibutyl disulfide, a common impurity of BuSH, 

produced an intensive peak at RT=8.84 min. The second sample “D” aliquot had a pH of 5.9. 

This aliqout was prepared and analysed in the same way as described above, except no pH 

adjustment was performed. The TIC for this run showed comparable GC-MS signals for the 

L2 related derivative and L3. However, the signal of the L1 related derivative was reduced to 

approximately 1/3 of value of the low pH sample signal. 
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Figure 19: TD–GC–MS total ion chromatogram of the 9th Official OPCW Proficiency Test 

sample “D” adjusted to pH 1.5 with 2 M HCl: 5.0 µl in-tube followed by 3.0 µl BuSH; 2 min 

purge; 5 min heating at 60°C and 100 ml/min He flow. Analysis performed using the short 

(17 min) GC program. 

A drop of 2 M HCl was added to the vial with the triphase liquid sample obtained by combining 

D.I. water, acetonitrile, tert-butyl methyl ether and n-hexane. The vial was vigorously shaken 

and a 5.0 µl of the unsettled sample was immediately withdrawn into a GC syringe. The sample 

was injected into the TD tube and prepared using the optimised procedure described. The 

analysis was performed using the 32 min GC program.   

Again, target BuSH derivatives were detected by AMDIS with high S/N values (S/N=1186 

for L2 related derivative; S/N=510 for L1 related derivative). L3 was detected in its intact 

form (S/N=123). The TIC of this TD–GC–MS run is shown in Figure 20. 
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Figure 20: TD–GC–MS total ion chromatogram of the triphase liquid sample acidified with 2 

M HCl: 5.0 µl in-tube followed by 3.0 µl BuSH; 2 min purge; 5 min heating at 60°C and 100 

ml/min He flow. Analysis performed using the long (32 min) GC program. 

4 Conclusions 

 

The in-sorbent tube derivatisations followed by TD-GC- full scan MS have been shown to be 

a viable approach for qualitative analysis of CWA and related compounds. The combination 

of glass wool plugs and Tenax® TA provides an adequate surface area for the deposition of 

less volatile analytes and retention of more volatile analytes, as well as a solid support for in-

situ derivatisation. The sample preparation procedures are simple, easy to perform and they 

can be applied to both aqueous and multiphase sample systems without any modification. 

Standard OPCW trimethylsilylation derivatisation with BSTFA reagent and butylthiolation 

derivatisation with BuSH reagent are employed in two separate sample preparation fractions. 

The whole sample preparation per fraction is completed within 10-11 minutes. The sample 

volume required is very small, ranging from 1-10 µl for aqueous solutions in low parts per 
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million concentration ranges, or 10 µl and more for parts per billion ranges. Although using 

selected ion monitoring MS mode instead of the full scan mode would probably result in 

further method sensitivity and selectivity increase, according to the OPCW criteria for on-site 

analysis (Mesilaakso Ed., 2005; OPCW Technical Secretariat, 01 April 2009), the full scan MS 

was applied as the major requirement for verifying the identity of CWC related chemicals.  

The procedures do not require large volumes of organic solvents associated with solvent 

extraction - just a few microliters of derivatising reagents are used. Consequently, the amount 

of dangerous goods needed and hazardous waste generated by the laboratory are reduced to a 

bare minimum. After in-situ derivatisation, the analytes covering a range of volatility, polarity 

and reactivity are analysed in a single GC run. The used TD tube is exchanged after the analysis, 

removing residual contamination deposited onto glass wool or sorbent material. This makes 

the system less susceptible for contamination coming from non-volatile compounts. After 

thermal treatment in the GC inlet, the used TD tube is safe for disposal. The equipment needs 

and related logistics are minimal. Additionally, the same equipment set-up, reagent and TD 

tubes can be used for the collection, preparation and analysis of air samples (Chapter 3). 

Moreover, a change from the PTV TD mode to the standard liquid injections mode is 

accomplished simply by loading of an adequate GC–MS method in the control software 

package. All these features make the method especially convenient for a forensic or 

environmental field laboratory use. The methods applicability to verification analyses was 

demonstrated in the successful identification of the spiked compounds in several Proficiency 

Test samples and an in-house made complex, triphase liquid sample.   
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Abstract  

The on-site verification inspections conducted by the Organisation for the Prohibition of 

Chemical Weapons (OPCW) may provide diverse sampling opportunities and sample types. 

Sample preparation and analysis are preferably performed on-site. These tasks are burdened 

by the regulated inspection time, limited instrumental capabilities and logistic issues. Standard 

analytical strategies and methods of the OPCW mobile laboratory rely on solid-liquid and 

liquid-liquid extractions. The approach has been shown to provide a relatively good coverage 

of the target analytes, but a number of drawbacks have been experienced during inspections 

and international exercises. A low sample throughput, problems with the preparation of 

complex sample matrices, the lack of an air/vapour sampling and analysis capability, and 

logistics involved are amongst the most prominent shortcomings. The analytical strategies 

based on novel sample preparation methods for TD-GC-MS analysis that efficiently deal with 

these issues are presented and discussed in this chapter. The effectiveness of the developed 

approach is illustrated through several practical examples.   

 

1 Introduction 

During inspections at industrial sites the OPCW team may use provisions of the Chemical 

Weapon Convention (CWC) and collect samples at the declared facilities in order to verify the 

absence of undeclared scheduled chemicals (OPCW Technical Secretariat, 1997). Such 

opportunities can provide a range of sample types including neat or diluted samples, mixtures, 

solids or liquids, wipes, aqueous or organic samples as well as solutions containing soluble 

polymers, among others. The exact sample composition will usually not be known to the 

inspection team as it might be considered proprietary information. During challenge 

inspections and investigations of alleged use of chemical weapons (CW) the OPCW inspectors 

may collect samples they consider relevant from any location within the negotiated perimeter. 

These may include wipes, environmental (air, soil, vegetation, particulate deposits, water, snow, 

etc. or effluent samples. The samples may also include toxic chemicals, decontamination waste, 

munitions and devices or their remnants. The concentrations of the target compounds can 
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therefore range from 100% (neat chemicals) down to parts per billion. The sample make up 

has a direct influence on the choice of sample preparation procedure.  

Sample preparation and analyses under auspices of the Convention are preferably performed 

on-site, using the capacity of the OPCW mobile laboratory. When this is not possible, or to 

confirm the results of an ambiguous on-site analysis, the samples can be sent to OPCW 

designated off-site laboratories. Compared to an off-site laboratory, the on-site laboratory has 

many limitations, including reliance on practically only one analytical technique for 

environmental, diluted and complex samples. An inspection may take place in a hard to reach 

and remote area and under challenging working conditions. Another major limiting factor is 

the time available for the analytical procedures. All on-site operations have to be completed 

within a certain time period determined by the CWC for each particular type of inspection. An 

eventual extension over this time period has to be negotiated with the inspected and/or 

requesting State Party (SP). Working conditions and safety concerns can further restrict the 

inspection duration. This reflects directly on the number of samples that can be prepared and 

analysed on-site. Additionally, complex sample matrices generally require more time for 

preparation and can burden the sample preparation procedure. This is especially true for the 

standard liquid-liquid sample preparation methods applied by the OPCW mobile laboratory. 

A review of the standard approach is given by Mesillakso (2005) and Kuitunen (2000).  It has 

been developed to target a large variety of the analytes in different sample matrices. Although 

the approach does provide good coverage of the analytes, it is not time efficient. Especially 

problematic in this sense are aqueous based and complex sample matrices containing polar 

solvent(s) or water, amongst other phases.  

Experience gathered during inspections, training, exercises, and proficiency tests has been used 

in the OPCW Laboratory to improve the existing analytical methods and develop new ones. 

A set of novel sample preparation methods for thermal desorption (TD)-GC-MS analysis has 

been developed that efficiently and in a timely manner deals with aqueous samples, extracts 

and multiphase sample systems (Terzic, 2010; Terzic et al., 2013; Chapter 5). The methods use 

the same portable equipment as the air sampling and analysis method (Terzic et al., 2012; 

Chapter 3), reducing significantly the logistic burden of the on-site laboratory. Only minute 

amounts of sample and derivatising reagents are required minimising the amount of dangerous 
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goods needed and reducing the amounts of hazardous waste to handle. The sample is thermally 

desorbed from a solid adsorbent bed, and the used TD tube can be safely disposed of. These 

advantageous features have been integrated into new analytical strategies for the OPCW 

mobile laboratory, devised to tackle different sample types. This chapter details the analytical 

strategies and their application to test samples simulating different field situations. 

 

2 Instrumentation 

A bench top Agilent 6850 GC-5975 Inert MSD (Agilent Technologies, San Jose, CA, USA) 

equipped with an autoinjector, UNIS 2000 inlet system and Peltier element (Joint Analytical 

Systems Benelux, Eindhoven, The Netherlands) is the principal on-site analytical instrument. 

Therefore, this instrument was used for all validation trials. The UNIS 2000 is a multipurpose 

programmed temperature vaporising (PTV) inlet system that allows for direct in-inlet thermal 

desorption of tubes. The capillary column used was a RXI®-5MS 30 m X 0.25 mm I.D. with 

0.25 µm film thickness (Interscience, Breda, the Netherlands). Equipment from the OPCW 

air sampling kit (Figure 1) was used for collection of air samples and sample preparations. For 

TD-GC-MS analysis, liquid samples/extracts were prepared by injecting small sample portions  

 

Figure 1: The OPCW air sampling kit. 
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(0.5 µl – 10 µl) into a borosilicate one ring restriction GC liner, 88 mm length, and 3 mm ID 

packed with glass wool and ∼70 mg of 60/80 mesh Tenax®TA (Joint Analytical Systems 

Benelux, Eindhoven, The Netherlands), that served as the TD tube. TD tube preparation, 

spiking, water/solvent removal and in-tube derivatisations were performed using a CDS 

Analytical Six-Tube Conditioner Model 9600 (CDS Analytical, Inc., Oxford, PA, USA) as 

described previously (Chapter 5). The same TD tubes and conditioner were used for collection 

and preparation of air samples. During all data acquisitions, the MS interface was maintained 

at 280°C, while the MS quadrupole and source temperatures were set at 150°C and 230°C, 

respectively. The MS was operated in full scan mode (40-450 amu, threshold 100 counts, 

sampling rate 3). The instrument tuning was performed with the Autotune procedure using 

the instrument calibration compound perfluorotributylamine. Prior to the analysis of each 

batch of samples, the instrument performance was tested with an OPCW Test Mixture spiked 

TD tube (1.0 µl). 

Three types of chemical detection devices are normally used by the OPCW mobile laboratory. 

An ion mobility based LCD 3.3 detector (Smiths Detection - Watford Ltd., Hertfordshire, 

United Kingdom) is used for personal warning during work with samples suspected to contain 

highly toxic chemicals. The Raman based FirstDefender RM and FTIR based TrueDefender 

FTX handheld chemical detectors (Thermo Fisher Scientific Inc., Waltham, MA USA) are 

used for initial screening of samples of unknown makeup/matrix. 

3 Sample preparation strategies 

If considered potentially hazardous, sample containers delivered to the on-site laboratory are 

first screened in their over pack for a gross, outside contamination using the LCD 3.3 detector. 

Then the container content is screened using FirstDefender RM and/or TrueDefender FTX. 

Samples stored in transparent, clear containers can be directly screened through the container 

wall using the Raman FirstDefender RM. The FTIR detector requires the application of a small 

amount of sample on a sampling dish. For samples of unknown makeup/matrix, this screening 

can provide valuable data on solvent(s)/solid matrix and/or predominant component(s). 
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3.1 Air/vapour samples 

Air/vapour samples are obtained by drawing a known volume of air/vapour through the TD 

tubes. The volatile and semi-volatile analytes are captured on the adsorbent, while major 

inorganic atmospheric constituents pass through or are partially retained. After sample 

collection, the enclosed sampling tube storage container is over packed in a Ziploc bag and 

delivered to the on-site laboratory for analysis. Prior to the analysis, the sampled TD tube is 

spiked with 0.5 µl of a 50 µg/ml hexachlorobenzene (HCB) solution in dichloromethane as 

internal standard under a 60 ml/min helium flow. The same tube or a duplicate can be 

additionally spiked with 3.0 µl of a 1 mg/ml 1-butanethiol solution in n-hexane (BuSH) as the 

derivatisation reagent for analysis of Lewisites. After two minutes purging with helium, the 

TD tube is transferred into the GC inlet and analysed using an adequate TD-GC-MS method 

installed on the computer. Four different analysis and acquisition TD-GC-MS methods are 

available for air samples. Two are based on a standard 32 min GC run (Terzic, 2010) and differ 

only in the solvent delay extended from 3.5 min to 8.1 min for samples derivatised with BuSH 

solution. In both programs, the Automated Mass spectral Deconvolution and Identification 

System (AMDIS) analysis is performed automatically at the end of each run using Retention 

Index (RI) calibration and internal standard data. The other two methods use a 17 min GC 

run (Terzic et al., 2012) also differing in the solvent delay (3.0 min and 5.1 min, respectively). 

These shorter runs are utilised for screening purposes, with AMDIS performing a simple 

analysis type. The sample preparation scheme for air samples is summarised in Figure 2. 
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Figure 2: Sample preparation flow chart for air/vapour samples. 

3.2 Aqueous samples 

For samples containing visible chunks of suspended solids, filtration through Acrodisc® LC 

PVDF 0.45 µm, 25 mm, (VWR International B.V., Amsterdam, the Netherlands) or 

comparable filter is recommended as the solid material can cause blockage of the GC syringe 

used to inject the sample onto the TD tube. Turbid samples generally do not require filtration. 

The sample preparation flowchart for aqueous samples is given in Figure 3. First, the pH of 

the sample is checked with a universal pH paper (pH range 0-14).  

One portion of the sample is transferred to a screw-capped glass vial and neutralised with 

ammonium hydroxide or hydrochloric acid solution, if necessary. Up to 10 µl of the pH neutral 

aqueous sample may be injected into a clean TD tube using the spiking attachment of the TD 
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tube conditioner under a helium flow of 100 ml/min. The recommended injection volume for 

a low µg/ml (ppm) concentration range is 5.0 µl. Injection of more than 10.0 µl at a time can 

lead to a breakthrough of the liquid spike through the sorbent bed and loss of analytes. 

Injection of the sample is followed by injecting 0.5 µl of HCB internal standard. The TD tube 

is purged for an additional 2 min after the HCB injection to allow the spikes to migrate further 

into the adsorbent bed. A programmable heater is placed over the TD tube and used for the 

removal of water by applying gentle heating (60ºC) while maintaining the helium flow. More 

volatile organic compounds are adsorbed by the adsorbent material, while less-/non-volatile 

compounds are deposited onto the surface of the glass wool plug and/or adsorbent particles. 

After 5 min of the treatment, the TD tube is transferred into the PTV GC inlet and the more 

volatile analytes are desorbed and analysed using the GC-MS acquisition method consisting of 

a 32 min GC run with 3.5 min solvent delay.  

Another portion of the aqueous sample is treated as described above using a new, conditioned 

blank TD tube. In this case the water removal step is followed by in-tube BSTFA (N,O-

bistrifluoroacetamide) derivatisation. For this procedure, the helium flow is reduced to 30 

ml/min. The heating sleeve is placed over the TD tube and 3.0 µl of BSTFA are injected 

immediately after starting the temperature program consisting of 50ºC heating for 2 min. This 

TD tube is analysed for the later eluting (retention time, RT, >6.5 min), more volatile analytes 

and trimethylsilyl (TMS) derivatives of less-/non-volatile analytes. The analytes with RT<6.5 

min are not detected due to the longer solvent delay set in the acquisition method.  

A problem may occur with environmental or industrial samples containing cations like Na+, 

K+, Mg+2, and Ca+2. These form salts with alkylphosphonic and alkylthiophosphonic acids 

reducing the derivatisation yield for the target acids (Butts and Rainey, 1971; Bauer and Vogt, 

1981). Removal of the cations with a cation-exchange cartridge may solve the problem. If 

deemed necessary, another portion of the original sample is eluted slowly through a 

conditioned strong cation-exchange (SCX) cartridge. The eluent is collected and neutralised 

with ammonium hydroxide, if the pH is not 6-7. The eluent is then treated and derivatised 

with BSTFA as described previously. It is important to note that some analytes like 

aminoalcohols are not recovered from the SCX cartridge.  
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Another portion of the original sample is made acidic (pH<2) with hydrochloric acid. Up to 

10 µl of the low pH aqueous sample is injected into a conditioned TD tube under a helium 

flow of 100 ml/min. This is followed by injection of 3 µl of BuSH derivatisation reagent and 

0.5 µl of HCB internal standard. The tube is purged for 2 min, to mix the spikes and allow for 

the derivatisation reaction, and then heated to 60ºC to remove the water/solvent. The tube is 

analysed for Lewisite related compounds using either the fast screening or the standard TD-

GC-MS acquisition method, as explained in paragraph 3.1. 

 

Figure 3: Sample preparation flow chart for aqueous samples. 
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3.3 Water extracts of soil, other solid and wipe samples 

A small portion (≥0.5 ml) of water extract obtained from the dichloromethane pre-treated 

sample residue (OPCW Technical Secretariat, 29 April 2009) is prepared for analysis of less-

/non-volatile analytes only. Water extract obtained from a fresh, untreated solid/wipe sample 

may also be treated for analysis of more volatile analytes. Recommended sample injection 

volumes are 5.0-10.0 µl. The sample preparation flowchart is given in Figure 4. For higher 

recoveries of alkylphosphonic and O-alkyl alkylphosphonic acids, the aqueous eluent from the 

cation exchange (SCX) cartridge may be used. In that case, the recommended sample injection 

volume is 3.0-5.0 µl. Lewisite related compounds may be analysed directly without the use of 

TD tubes after an extractive derivatisation from solid samples with the BuSH reagent (OPCW 

Technical Secretariat, 29 April 2009). 

3.4 Samples with complex matrix 

Complex sample matrices, which may consist of multiphase systems and/or include additives 

like surfactants, foaming agents, polyols, oligomers/polymers etc., are found in many 

industrial, environmental, waste and decontamination waste samples. The application of the 

conventional sample preparation methods (like liquid-liquid extraction) to such systems can 

be troubled by difficult phase separation and loss of sensitivity due to distribution of the 

analytes between different phases in the already diluted sample. Moreover, soluble but non-

volatile oligomers/polymers and other additives can lead to the contamination of the GC inlet 

and column when standard liquid injection is performed.  

The sample is well shaken and divided into two equal portions (≥0.5 ml). The pH of the 

aqueous phase of the first sample portion is checked and neutralised with ammonium 

hydroxide or hydrochloric acid, if the pH is not 6-7. This portion is used for sample 

preparation for the analysis of more volatile and less-/non-volatile compounds as described in 

paragraph 3.2. The pH of the aqueous phase of the second sample portion is checked and 

adjusted to 2 or lower with hydrochloric acid, if necessary.  
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Figure 4: Sample preparation flow charts for water extracts and extractive BuSH derivatisation 

of soil, other solid and wipe samples. 
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This portion is used for sample preparation for the analysis of Lewisites related compounds as 

described in paragraph 3.2. For multiphase systems, prior to any sample withdrawal and 

injection, the sample vial is well shaken. This is necessary to ensure a fairly uniform particle 

size distribution and/or a representative sample. Recommended sample injection volumes are 

3.0-8.0 µl. 

3.5 Preparation of highly diluted samples 

If the sample is perceived to be highly diluted or results of the initial analysis lead to such a 

conclusion, the analytes can be concentrated in the TD tube. For this, the cycle of sample 

injection into the TD tube and thermal treatment is repeated with 10.0 µl sample portions until 

a satisfactory analyte(s) accumulation level is achieved. The injection of the first sample portion 

is followed by injecting 0.5 µl of the HCB internal standard. The TD tube is further treated 

according to the target analyte group(s). For analysis of Lewisite related compounds, 3.0 µl of 

BuSH derivatisation reagent and 0.5 µl of HCB internal standard are injected after the last 

sample portion. 

3.6 Quality control 

Prior to analysis of each batch of samples, the instrument performance is tested with an OPCW 

Test Mixture (Terzic, 2010) spiked TD tube (1.0 µl). Method blank samples are prepared using 

solvent(s)/reagent(s)/TD tube(s) and equipment identical to the ones used for the preparation 

of each authentic sample. They demonstrate that the instrument and sample preparation 

equipment are clean. For air/vapour samples, one randomly selected clean TD tube from the 

same lot as the sample tubes is used as the method blank. This TD tube is kept in a closed 

screw cap glass tube and handled in the same manner as the corresponding authentic sample 

(i.e. spiked with the internal standard and BuSH derivatisation reagent, etc.). For liquid 

samples/extracts, method blanks are prepared as described in (OPCW Technical Secretariat, 

29 April 2009) and handled in the same manner as the corresponding authentic sample (i.e. 

spiked into a randomly selected TD tube, heated, etc.). 
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3.7 Safety 

All operations with potentially toxic and hazardous materials are performed inside the fume 

hood. Samples containing or suspected to contain CW agents and other toxic chemicals are 

handled by teams of at least two persons maintaining visual contact at all times. The minimum 

protective clothing consists of laboratory coats, safety glasses with side-shields or safety 

goggles, and protective gloves, including an air-purifying respirator and auto injectors with 

nerve agent antidotes within hands reach. The working area is monitored by the LCD 3.3 or 

an adequate chemical detection device with an acoustic and/or visual alarm. The sample 

transport container is checked for contamination before opening. Samples and equipment 

must be treated with an appropriate decontamination solution if any contamination is detected. 

4 Method evaluation 

The strategies have been suitably evaluated with OPCW proficiency test samples (Terzic, 2010; 

Terzic et al., 2013), during certification exercises of the OPCW Inspector Analytical Chemists, 

during inspection preparations in the OPCW Laboratory as well as on actual inspections and 

international exercises. Several examples are presented in the text below.  

The OPCW Inspector Analytical Chemists are obliged by an internal regulation to undertake 

a certification exercise every two years. The inspectors receive samples from the OPCW 

Laboratory that they have to prepare, analyse and report following the respective quality 

control documents. In one of the exercises, a sample (code 01AQS) containing diisopropyl 

methylphosphonate, 1,4-dithiane, bis(2-hydroxyethyl)sulfide, O-ethyl methylphosphonic acid, 

2-chlorovinyldichloroarsine, bis(2-chlorovinyl)chloroarsine, O-pinacolyl methylphosphonic 

acid, 2,2-diphenyl-2-hydroxyacetic acid (benzilic acid), all at 10 µg/ml (ppm) level in deionised 

(D.I.) water with a low hydrocarbon and polyethylene glycols background was prepared and 

analysed following paragraph 3.2. The sample injection volume was 5.0 µl.  The total ion TD-

GC-MS chromatograms for sample 01AQS are shown in Figs. 5-7. 

All three major more volatile components from the sample, i.e. diisopropyl 

methylphosphonate, 1,4-dithiane, and bis(2-hydroxyethyl)sulfide, were detected (Figure 5) 

with high signal to noise ratios (S/N). Traces of several impurities from the spiking chemicals  
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Figure 5: TD–GC–MS total ion chromatograms of sample 01AQS: 5.0 µl of the sample in-

tube, analysis for more volatile compounds. 

were detected as follows: 2-hydroxyethyl vinylsulfide, an elimination product of bis(2-

hydroxyethyl)sulfide; diethyl methylphosphonate and diethyl ethyl phosphonate as the 

impurities of diisopropyl methylphosphonate; and tris(2-chlorovinyl)arsine (Lewisite 3, L3), a 

common minor component/thermal degradation product of L1 and L2. 

The BSTFA derivatisation sample fraction (Figure 6) yielded a strong signal (S/N 1564) for 

the TMS derivative of bis(2-hydroxyethyl)sulfide. The procedure has also revealed a TMS 

derivative of its common impurity bis(2-hydroxyethylthioethyl)ether. Other major less-/non-

volatile components of the solution, namely O-ethyl methylphosphonic acid, O-pinacolyl 

methylphosphonic acid, and 2,2-diphenyl-2-hydroxyacetic acid (benzilic acid) were detected as 

respective TMS derivatives with prominent peaks (S/N > 500). Methyl phosphonic acid and 

two monoesters (5 and 7 in Figure 6) detected as their TMS derivatives were hydrolysis 

products/ impurities originating from the phosphonates (1, 3, 4 and 9 in Figure 6). prior to  
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Figure 6: TD–GC–MS total ion chromatograms of sample 01AQS: 5.0 µl of the sample in-

tube, analysis for less-/non-volatile compounds using BSTFA derivatisation. 

the derivatisation, would lead to a loss of 1,4-dithiane and diisopropyl methylphosphonate 

from the sample preparation fraction. Application of the standard sample preparation 

approach, where water is removed by gentle evaporation. When following the procedure 

described in paragraph 3.2, the Tenax bed used in the TD tube retains the compounds during 

the water removal step (1 and 2 in Figure 6). Hydrolysis products of L1 and L2, viz. 2-

chlorovinylarsonous acid and bis(2-chlorovinyl)arsonous acid, yielded their respective TMS 

derivatives (compounds 8 and 10 in Figure 6). At lower concentration levels, TMS 

derivatisation of these species has shown to be of lower reliability (Terzic, 2010). The reaction 

also does not proceed with intact L1 and L2. Therefore, it is still recommendable to perform 

the BuSH derivatisation procedure when dealing with samples of unknown composition or 

concentration.  In-TD tube reaction of the L1 and L2 species with BuSH produced prominent 

peaks of their corresponding derivatives (S/N 475 for compound 8 and S/N 258 for 

compound 9 in Figure 7).  
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Figure 7: TD–GC–MS total ion chromatograms of sample 01AQS: 5.0 µl of the sample in-

tube, analysis for BuSH derivatives of Lewisite related compounds. 

Lewisite 3 (compound 7 in Figure 7) is fairly stable in aqueous solutions and it does not react 

with nucleophiles such as water or BuSH reagent. The BuSH derivatisation procedure requires 

acidification of the sample with hydrochloric acid (paragraph 3.2). It is known that bis(2-

hydroxyethyl)sulfide and hydrochloric acid react to yield bis(2-chloroethyl)sulfide (sulfur 

mustard) at temperatures above 70°C (Wils et al., 1985). The in-situ reaction during thermal 

desorption of the TD tube in a hot GC inlet can explain the appearance of peaks of sulfur 

mustard, 2-chloroethyl 2’-hydroxyethyl sulfide and bis(2-chloroethylthioethyl)ether (O-

mustard, agent T) in the total ion chromatogram shown in Figure 7 (compounds 5, 6, and 10). 

As part of industrial inspection preparation activities, the OPCW Inspectors run serial trials in 

the OPCW Laboratory. If viable, simulations of the industrial processes are performed based 

on information gathered from previous inspection report(s), submitted declarations and open 

source research. The aim of the exercise is to get as close as possible to the actual sample 

composition in order to anticipate unexpected positive and false positive identifications arising 
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from process impurities and/or byproducts, as well as from limitations of the analytical 

technique applied (Mallard and Söderström, 2011).  

In the example described here, the Michaelis-Arbuzov reaction (Murphy, ed., 2004) was 

utilised in the synthesis of dimethyl methylphosphonate starting from trimethyl phosphite and 

methyl iodide. The reaction can be described as an alkylating agent-catalysed rearrangement of 

trimethyl phosphite at elevated temperature (Jaffe, December 5, 1995). A two-neck, round-

bottomed flask containing 0.6 ml of methyl iodide was fitted with a water-cooled condenser 

and a dropping funnel charged with 1.0 ml of trimethyl phosphite. A piece of a porous plate 

was added to the methyl iodide, and about two drops of the trimethyl phosphite were 

introduced. The mixture was heated until the beginning of the exothermic reaction. The heat 

was then removed and the remainder of the trimethyl phosphite was added at such a rate that 

the mixture was kept boiling briskly. After completed addition, the mixture was boiled under 

reflux for 1 h. A portion of the cooled synthesis mixture was prepared and analysed as 

described in paragraph 3.4 for more volatile and less-/non-volatile analytes. The sample (code 

02AQS) injection volume was 5.0 µl.  Total ion TD-GC-MS chromatograms for sample 

02AQS are shown in Figure 8. 

Beside the main component, dimethyl methylphosphonate, a number of side products and 

impurities were identified. Dimethyl phosphite is listed in Schedule 2B.10 of the CWC, while 

phosphonates, alkylphosphonic acids and their monoesters (detected as respective TMS 

derivatives) all belong to Schedule 2B.04. Dimethyl phosphite was not identified in the 

derivatised fraction due to the longer solvent delay of 6.5 min of the acquisition method. 

Sample profiling such as this helps inspectors and inspected State Parties explain for on-site 

analysis results where undeclared scheduled chemicals are detected alongside the declared 

ones. 

In October 2010, the Third OPCW Exercise on the Delivery of Assistance (“ASSISTEX 3”) 

was conducted with Tunisia as the host nation of the exercise. The exercise actively involved 

other international organisations and field teams from several nations. The scenario of the field 

exercise was focused on the response to a request for assistance (under Article X of the CWC) 

after a threat and use of chemical weapons. As part of preparations for the event, the OPCW 

field team and mobile laboratory exercised their protocols at the Serbian Armed Forces CBRN  
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Figure 8: TD–GC–MS total ion chromatograms of sample 02AQS: (A) 5.0 µl of the sample 

in-tube, analysis for more volatile compounds; (B)  5.0 µl of the sample  in-tube, analysis for 

less-/non-volatile compounds using BSTFA derivatisation. 
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Training Centre in Kruševac. An area air sample (code 01ARS) was collected downwind from 

the toxic chemical training area using a battery operated pump (Terzic et al., 2012) with a flow 

of 300 ml/min for 40 min. The sample was prepared and analysed as described in paragraph 

3.1. 

The OPCW mobile laboratory also received an aqueous sample (code 03AQS) obtained by 

spiking pond water with neat bis(2-chloroethyl)sulfide. During the “ASSISTEX 3” exercise, 

another aqueous sample (code 04AQS) of unknown composition was received from a field 

team. Both samples were prepared as described in paragraph 3.2. The sample injection volume 

was 5.0 µl.   

The area air sample 01ARS was analysed using the short screening TD-GC-MS run of 17 min. 

Both, O-isopropyl methylphosphonofluoridate (sarin) and bis(2-chloroethyl)sulfide (sulfur 

mustard) utilised during the open field training were detected. The total ion TD-GC-MS 

chromatogram for sample 01ARS is shown in Figure 9. 

The total ion TD-GC-MS chromatogram for sample 03AQS is shown in Figure 10. 

The TMS derivatisation of bis(2-hydroxyethyl)sulfide was not complete due to a high 

concentration of the compound in the sample. It is interesting to note that non-hydrolysed 

sulfur mustard was detected (S/N 41) in the same TD-GC-MS run with the derivative of its 

more polar hydrolysis product. Following the standard OPCW sample preparation approach, 

sulfur mustard would be detected only in a separate sample preparation fraction, i.e. in an 

organic extract of the sample. 

Total ion TD-GC-MS chromatograms for sample 04AQS are shown in Figure 11. A number 

of sulfur mustard related hydrolysis/degradation products were resolved in a relatively high 

hydrocarbon background. Due to the longer MSD solvent delay, 1,4-oxathiane was not 

detected in the derivatised sample preparation fraction. The more volatile compounds divinyl 

sulfone and 1,4-dithiane were detected together with the derivatised non-/less-volatile 

compounds. Bis(2-trimethylsilyloxyethylthioethyl)ether and 1,2-bis(2-

trimethylsilyloxyethylthio)ethane were detected at lower levels, most probably originating from 

the impurities of bis(2-hydroxyethyl)sulfide. 
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Figure 9: TD–GC–MS total ion chromatograms of sample 01ARS. 

As a part of the OPCW Inspector Analytical Chemists training held on the ranges of Vyskov 

Garrison Training Base, Czech Republic, a sample was prepared by dissolving neat O-

isopropyl methylphosphonofluoridate in dichloromethane. The resulting solution was spiked 

into D.I. water so that the overall analyte content in the thus created two-phase system was 

100 ng/µl (ppm). The sample (code 01BLS) was treated and analysed as described in paragraph 

3.5 with a sample injection volume of 5.0 µl. Non-hydrolysed O-isopropyl 

methylphosphonofluoridate (sarin) and two of its common impurities were detected as more 

volatile components. After derivatisation, O-isopropyl methylphosphonic acid and methyl 

phosphonic acid were identified leading to the conclusion that a part of the sarin originally 

dissolved in the organic phase came in contact with water and hydrolysed. 
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Figure 10: TD–GC–MS total ion chromatogram of sample 03AQS: 5.0 µl of the sample in-

tube, analysis for less-/non-volatile compounds using BSTFA derivatisation. 

Diisopropyl methylphosphonate is generally quite stable and partially soluble in water (8%) 

(Bucci et al., 1997) so that it could partition between water and organic solvent. No sarin and 

dimethyl methylphosphonate were detected in the derivatised fraction due to a longer MSD 

solvent delay set in the TD-GC-MS method. Total ion TD-GC-MS chromatograms for sample 

01BLS are shown in Figure 12. 
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Figure 11: TD–GC–MS total ion chromatograms of sample 04AQS: (A) 5.0 µl of the sample 

in-tube, analysis for more volatile compounds; (B) 5.0 µl of the sample  in-tube, analysis for 

less-/non-volatile compounds using BSTFA derivatisation. 



 Chapter 6 - Analytical Strategies for Thermal Desorption - Gas Chromatography… 

167 
 

 

Figure 12: TD–GC–MS total ion chromatograms of sample 01BLS: (A) 5.0 µl of the sample 

in-tube, analysis for more volatile compounds; (B) 5.0 µl of the sample  in-tube, analysis for 

less-/non-volatile compounds using BSTFA derivatisation. 
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5 Conclusions 
Preparations of aqueous samples, water extracts of solid and multiphase sample systems have 

long been recognised as one of the major rate limiting steps for on-site GC-MS analysis of 

CWA related chemicals. Novel analytical strategies and methods employed by the OPCW 

mobile laboratory that efficiently deal with such matrices were presented. The methods are 

based on in-TD tube sample preparation for TD-GC-full scan MS analysis. The sample 

preparation procedures are simple, easy to perform and very fast, with each sample preparation 

fraction prepared in less than 11 minutes, including the derivatisation. For comparison 

purposes, the standard sample preparation approach would require at least 120 minutes, 

depending on the sample volume. The sample volume required for the new methods is very 

small, ranging from 0.5 µl to 10 µl per sample preparation fraction for aqueous solutions in 

low µg/ml to high ng/ml concentration ranges. The procedures require just a few µl of 

derivatising reagent solutions and desorbed TD tubes are safe for disposal. Consequently, the 

amounts of dangerous goods needed and hazardous waste generated by the laboratory are 

reduced to a bare minimum. After in-situ derivatisation, the analytes covering a range of 

volatility, polarity and reactivity are analysed in a single GC run. Thermal desorption is 

performed using a PTV GC inlet with Peltier element, without the use of external coolant and 

additional control software. The same equipment set-up, reagent and TD tubes are used for 

the collection, preparation and analysis of air samples, involving minimal equipment and 

related logistics needs. All these features make the approach especially convenient for on-site 

forensic or environmental field laboratory use. The applicability of the approach to verification 

analyses was demonstrated by successful processing a number of the Official OPCW 

Proficiency Test samples, during internal and international exercises and OPCW inspections. 
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The present thesis was set out with the aim to further on-site capability for gas 

chromatography-mass spectrometry based analyses of chemical warfare agents and related 

compounds; in particular the capability of the OPCW mobile laboratory. On-site analysis is 

one of the most important verification tools available to the OPCW. However, field exercises 

and experience from actual OPCW on-site missions have revealed two major deficiencies in 

the standard mobile laboratory set-up: it lacked an air/vapour sampling and analysis capability, 

while the methods used for preparations of aqueous and complex sample matrices were shown 

not efficient enough for time-stressed field events, as some types of regular industry 

inspections and investigative inspections are. Reviewing the modern, alternative analytical 

methods published so far led to conclusion that entirely new developments are necessary. 

Therefore, our study sought to develop novel analytical methods and strategies aimed at 

improvement beyond the standard on-site methods, especially in respect to overall analysis 

time, robustness and logistics. This synthesis will focus on linking the problematics and study’s 

research aims to main empirical findings, outlining also prospects for further developments. 

Analytical targets 
An on-site verification analysis under auspices of the CWC targets a large variety of chemical 

compounds with different physical-chemical properties. The targets are not only CWA and 

their precursors as listed in the CWC Schedules of chemicals (OPCW, Conference of the State 

Parties, 23 May 1997), but also products of environmental degradations of the same. In fact, 

the CWA degradation products are very important markers of prior CWA events, since the 

majority of CWA are unstable under the environmental conditions (Munro et al., 1999). 

Knowledge of the environmental degradation behaviour and the inherent physical-chemical 

properties of the target chemicals (Chapter 2) is essential when developing sampling and 

analysis methods. The “golden standard” for on-site verification analyses of CWA and related 

compounds is GC-MS (Chapter 4). The verification analyses are essentially qualitative, 

targeting a large number of compounds. Therefore, the GC-MS screen is performed with the 

MSD running in the full-scan mode. When applied to diluted samples and samples with 

complex matrices, this approach inevitably implies a certain loss in sensitivity compared to the 

selected or multiple ion monitoring MSD modes. The OPCW On-site Central Analytical 

Database (OCAD) contains mass spectra and Retention Index (RI) data of several thousands 
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of the CWC related compounds and their analytical derivatives. The data intended for inclusion 

into the OCAD have to go first through a comprehensive and relatively lengthy validation and 

approval process. All these factors were taken into consideration for method developments 

described in this study. 

Air/vapour sampling and analysis methods 
Air/vapour sampling and analysis capability is pivotal for any field CWA analytical laboratory, 

providing reconnaissance and safety related information. The approach applied in the 

development of such capability for the OPCW mobile laboratory consisted of active air 

sampling onto a sampling tube improvised from a GC inlet liner (Chapter 3). The glass liner 

was packed with Tenax® TA adsorbent and enclosed into a protective container for sampling.  

Powerful, but yet portable air samplers were chosen for this purpose to provide sufficient flow 

rates through the narrow sampling tube containing finally grained (60/80 mesh) adsorbent. 

The sampling tube was spiked with the internal standard and, after the sampling had taken 

place, desorbed directly into the Programmable Temperature-Vaporization (PTV) GC inlet. 

This eliminated the need for an external thermal desorption unit, while the “dead” volume and 

sample transfer path were reduced to a minimum. The approach and optimized methods were 

shown to provide numerous benefits for the mobile laboratory, such as the following: 

 

• A low cost alternative to the commercial solutions with respect to both, equipment 

and consumables, such as thermal desorption tubes needed. 

• Minimal hardware needs and logistics involved. 

• Robust and sensitive analysis of CWA and related compounds in the full scan MSD 

mode. 

• Fast and simple derivatization method for detection of Lewisites that allowed for 

simultaneous analysis of other CWA. 

• Potential as a quantitative method for range of CWA as demonstrated during 

extensive field trials with authentic agents. 
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Sample preparation and analysis methods for aqueous and complex sample matrices 
 Aqueous and complex sample matrices may be encountered on any type of the OPCW 

missions. They may arise from environmental, industrial processes or waste samples. 

Conventionally, such samples are first extracted by an organic solvent for analysis of less 

polar/more volatile analytes. The aqueous phase is prepared for analysis of more polar/less 

volatile analytes and Lewisite related species, respectively (Chapter 1). The more polar/less 

volatile compounds are derivatised for the GC-MS analysis. BSTFA is the preferred reagent 

and water has to be removed from the sample prior to the derivatisation. Lewisite related 

compounds are analysed as the 1-butanethiol derivatives. Mass spectra of a number of BSTFA 

and 1-butanethiol derivatives of target compounds have been included into the OCAD. 

Common problems with preparations of complex sample matrices following this approach are 

incomplete phase separation after the extraction, loss of sensitivity due to distribution of the 

analytes between different phases and/or contamination of the GC inlet and column after 

standard liquid injection. The issue with aqueous matrices is that removal of water prior to the 

derivatisation requires bulky equipment and it presents a lengthy process. The BSTFA 

derivatisation alone requires 30 min. This may have a grave impact on sample throughput rate 

and eventually on success of the sampling and analysis event. A review of published modern 

sample preparation techniques based on liquid-phase microextraction, solid-phase 

microextraction and molecularly imprinted polymers was performed in search for a possible 

alternative approach (Chapter 4). The most promising methods were tried, some in the OPCW 

designated laboratories. A number of the methods was shown to be timely efficient, whilst all 

of them were applicable only for a limited number of the analytes in relatively simple matrices. 

Beside the versatility, they all lacked robustness when dealing with complex and multiphase 

sample matrices. Therefore, a novel approach to the sample preparation was sought in this 

study (Chapter 5). First, a working hypothesis was established with Tenax® TA anticipated as 

a trap for the more volatile/less polar analytes; as a depository for the more polar/less volatile 

analytes; and as a solid support for derivatisations of the latter. This was based on observations 

made during method development for the air/vapour sampling and analysis, where simple and 

effective in-Tenax tube derivatisation for Lewisites spiked as organic solution was 

demonstrated. Moreover, removal of water accidentally drawn into the tube was achieved 
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without noticeable effects on the CWA caught by the adsorbent (Chapter 3). A literature search 

revealed that in-Tenax tube silylation had been tried for the determination of hydroxyl 

polycyclic aromatic hydrocarbons in water (Itoh et al., 2006). Our method development relied 

entirely on the equipment from a previously established air/vapour sampling kit (Chapter 6). 

The thermal desorption tube was modified by addition of a glass wool plug, that served as an 

injection point. This allowed for injection volumes of up to 10 µl of liquid sample at the time. 

Method developments and optimizations resulted in two in-tube derivatisation procedures, 

both using the same reagents as the standard OPCW sample preparation methods. Therefore, 

the same mass spectra of the target compounds already included in the OCAD could be used. 

The other major merits of the approach were demonstrated to be the following:  

 

• Very small sample volumes and increased sensitivity - 1-10 µl of aqueous solutions in 

low parts per million concentration ranges, or 10 µl and more for parts per billion 

ranges are required. For comparison, the standard liquid-liquid extraction approach 

requires 5 ml or more of diluted solutions. 

• The procedures require just a few microliters of derivatising reagents - no use of 

organic solvents associated with the solvent extraction and other dangerous goods for 

on-site transport. 

• Speed - the whole sample preparation per fraction is completed within 10-11 minutes, 

including the derivatisation. 

• Detection of some more volatile/less polar analytes (e.g. HD) in the same 

chromatogram with the derivatives of their degradation products (e.g. TMS derivative 

of thiodyglicol, hydrolysis product of HD). Application of the standard sample 

preparation approach, where water is removed by gentle evaporation prior to the 

derivatisation, would lead to a loss of former from the sample preparation fraction. 

• Robustness – complex samples are prepared following the same basic procedures. 

Non-volatiles remain in the tube after the thermal desorption, reducing the potential 

for contamination of the GC inlet and column. 

• Change from the thermal desorption to the standard liquid injection is achieved 

simply by exchanging the GC liner and loading a method in the acquisition software. 
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• Minimum of hazardous waste generated - used thermal desorption tubes are safe for 

disposal. 

 

Novel analytical strategies and future work 
All advantageous features of the novel sample preparation approach were integrated into 

strategies optimized for different sample types, including air/vapour samples, as outlined in 

Chapter 6. The strategies and methods were successfully tried on a number of samples carefully 

designed to reflect different field situations that the OPCW inspectors could encounter during 

the missions.  

Therefore, the aims of this thesis work were achieved: air/vapour sampling and analysis 

capability has been added to the on-site laboratory; a set of novel methods has been developed 

and demonstrated to improve efficiency, robustness and sample throughput; despite the added 

capacity, the logistic burden of the on-site laboratory has been significantly reduced; the 

approach can be employed by the OPCW on-site laboratory straight away, since no equipment 

or data have to go through lengthy statutory approval process.    

Further work on the optimization of the OPCW on-site analytical methods for high sample 

throughput continues regarding automation of the sample analysis and development of fast 

GC methods. Currently, TD tubes are manually inserted into the PTV GC inlet. Some 

commercial thermal desorption analysers already have an automated liner/TD tube exchange 

capability; an example is the automated liner exchange system ALEX from Gerstel (Lerch, 

2010). Preparations of aqueous and complex sample matrices following the standard liquid-

liquid approach was the “bottleneck” for on-site analysis with a sample preparation cycle 

measured in hours. The standard OPCW GC-MS acquisition method has an analysis cycle time 

of approximately 43 minutes, while the sample preparation cycle for the novel approach 

described in this study is under 11 minutes per sample preparation fraction. Clearly, the sample 

preparation step is not the “bottleneck” for the on-site analysis anymore, but the long GC 

programme (typically 32 min run) instead. Ongoing work in the OPCW laboratory on 

development of a faster GC method with a run-time reduced from 32 minutes to 17 minutes 

is troubled by RI differences falling for some analytes outside established QC limits (OPCW 

Technical Secretariat, 01 April 2009). The RI is used in AMDIS as a penalty to the match factor 
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calculated by the mass spectral comparison (Mallard, 2014). Also, some losses in sensitivity 

have been observed. Further work for the air sampling and analysis method will involve 

modification of the sorbent layer in order to retain very volatile and reactive scheduled 

compounds like phosgene (CG) and perfluoroisobutylene (PFIB). One of the approaches 

could be impregnation of Tenax®  TA with 3,4-dimercaptotoluene reagent, used in the past by 

the OPCW mobile laboratory for derivatization of Lewisites and related compounds. This was 

shown as a viable on-tube derivatisation method for analysis of CG and PFIB in air samples 

(Muir et al., 2006).   

Outside the CWC, the in-sorbent tube sample preparations developed in this study could find 

application in environmental analyses of pollutants, such are organophosphorus pesticides and 

flame retardants and their degradation products, alkylphenols and hydroxy polycyclic aromatic 

hydrocarbons, to name few. Since the World War II, organophosphorus compounds have 

become widely available as pest-control agents (Zhu et al., 2015). This trend was driven by 

their relatively low cost and ability to control a wide range of invertebrates and vertebrates 

(Watson et al., 2014). Nowadays, there are some 200 organophosphorus pesticides formulated 

into practically thousands of different products (Hill, 2003). Originally, the organophosphorus 

pesticides were meant to replace environmentally more persistent and lipophilic 

organochlorine pesticides. However, research has indicated that the products of degradations 

of organophosphorus pesticides can also be very harmful and comprehensive studies for their 

identification were carried out (Pehkonen and Zhang, 2002). Growing concerns over negative 

environmental and health effects of brominated flame retardants led to an increase in 

application of organophosphorus compounds (Waaijers et al, 2013). The organophosphorus 

flame retardants are mainly applied as additives in the production of dyes, varnishes, adhesives, 

synthetic resins, plastics and textiles (Green, 1996; Green, 2001; KEMI, 1996; Akzo Nobel, 

1998, International Programme on Chemical Safety (IPCS), 1998; Commission of the 

European Communities, 1991) in such a way that they are not chemically bound to the 

products they are added to. The physicochemical characteristics of these compounds suggest 

that they may reach the environment by leaching, volatilization and abrasion throughout the 

products’ lifetime. Chlorinated organophosphorous flame retardants appears to pose a risk to 

environment and human health (Reemtsma et al., 2008; van der Veen and de Boer, 2012), 
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while their halogen-free alternatives are already being marketed without complete knowledge 

on their environmental behaviour and toxicological properties (Waaijers et al, 2013). 

Alkylphenols are components and degradation products of non-ionic surfactants used in 

detergents, paints, herbicides, pesticides and plastics (Renner, 1997). Their ubiquitous presence 

in environmental matrices, such as air (Xie et al., 2006), surface waters (Cheng et al., 2006), 

and sediments (Peng et al., 2006) has been reported as well as their adverse effects for aquatic 

organisms (Ying et al., 2002). Determination of alkylphenols in environmental samples is still 

a challenging task (Basheer et al., 2005; Pan and Tsai, 2008). Hydroxy polycyclic aromatic 

hydrocarbons are suspected endocrine disruptors in humans (Kurihara et al., 2005) formed 

from the polycyclic aromatic hydrocarbons (PAHs) emitted from industrial processes and 

during the incomplete combustion of fossil fuel. The process of PAHs conversion can take 

place in both the atmosphere and natural waters (Halsall et al., 2001; Yao et al., 1998; 

Wischmann et al., 1996). Silylation with BSTFA is one of the most common derivatisation 

methods applied in the GC-MS analysis of hydroxy polycyclic aromatic hydrocarbons 

(Evershed, 1993; Helaleh et al., 2001; Itoh et al., 2006). 

Developments in on-site chemical analysis instrumentation 
Instrumentation based on GC-MS is expected to remain dominant in on-site analysis of CWAs 

and other hazardous chemicals because of large chemical discrimination power (Davis and 

Giddings, 1983), i.e. unparalleled qualitative analysis/identification capability. The successful 

coupling of the physics of phase partitioning (GC separation) and mass/charge measurement 

(MS, MS-MS) is broadly applicable to a very wide range of chemical classes and compounds. 

MS detector is both, highly sensitive and highly selective. Ever increasing efforts to bring the 

chemical analysis capability from the laboratory into the field yielded several man-portable and 

field-ruggedised GC-MS systems (Lammert, 2014). These systems however, still lack in 

versatility in sample introduction and robustness when compared to the benchtop, laboratory 

versions. The emergence of microelectromechanical systems (MEMS) fabrication techniques 

and recent trends in miniaturising electronic equipment provided opportunities for further 

miniaturisation of GC-MS systems. Number of miniature GC (Lewis et al., 2010) and MS 

(Badman and Cooks, 2000; Ouyang and Cooks, 2009) instruments have been already 

demonstrated. These developments have nevertheless revealed engineering challenges and 
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constraints yet to overcome before the first truly portable GC-MS system appear on the market 

(Lammert, 2014).   

Another technique showing promise in future developments is desorption electrospray 

ionization (DESI) – MS (Takáts et al., 2004) and its variants. Desorption electrospray 

ionization uses high velocity charged droplets for ionizing the analyte molecules in a sample. 

The charged droplets are impacted on a surface containing the sample. A thin solvent layer is 

formed upon impact that extracts the analytes. The analytes are ionized through process such 

as proton transfer and carried away from the surface in the secondary splash of microdroplets. 

Desolvation follows creating dry ions of the analytes in air that are transferred into MS.  

D'Agostino and his colleagues evaluated SPME-DESI-MS combination for detecting CWAs 

on materials commonly found in interior commodities, such as nylon carpet, fabrics (nylon 

and nylon/polyester mixes), photocopy paper and Dacron swabs used for sampling liquids; all 

samples spiked with either a munitions-grade (impure) nerve agent tabun (GA) or with CWA 

standards (D’Agostino et al., 2007, D’Agostino et al., 2006). The method was shown to be 

simple, with little or no sample preparation required. The results were obtained fast for 

organophosphorus CWA and number of their hydrolysis products without the need for 

derivatization step. A variant of DESI called “reactive DESI” was also employed to determine 

the presence of CWA hydrolysis products, including methyl phosphonic acid, isopropyl 

methylphosphonic acid and ethyl methylphosphonic acid (Song and Cooks, 2007). Interfacing 

ion mobility spectrometry (IMS) with MS resulted in introduction of the rapid separation prior 

to the MS analysis. IMS has found application as the technology of choice in the handheld 

CWA/TIC detectors (Sun and Ong, 2005). Combination with MS and DESI sample 

introduction has allowed for more selective analysis of CWA degradation products (Asbury et 

al., 2000; Steiner et al., 2002; Steiner et al., 2003; Steiner et al., 2005, Steiner et al., 2006; 

Kolakowski et al., 2007). Introduction of MSn capacity and methods has further extended 

application of DESI-IMS-MSn to analysis of CWA and related compounds in number of 

different sample matrices (D’Agostino et al., 2005).   
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Summary 
The Organisation for the Prohibition of Chemical Weapons (OPCW) was set in 1997 

with the task to oversee the implementation of the Chemical Weapons Convention 

(CWC). To this end, the organisation has established the strict verification procedures 

relying essentially upon the on-site sampling and analysis (Chapter 1). The OPCW 

inspection teams use a transportable analytical laboratory with a gas chromatograph - 

mass spectrometer as the main analytical equipment. The on-site laboratory 

equipment was carefully selected and methods developed, tested and validated in 

order to answer to a very demanding analytical task of checking for the absence of 

vast number of diverse CWC related chemicals in virtually any kind of sample 

matrices. The laboratory performance has been regularly evaluated in field and 

scenario exercises. Since 2006, the sampling and analysis has been used regularly in 

inspections of industrial sites that deal with CWC regulated chemicals. The experience 

with sampling and analysis has been continuously reviewed, with the aim to make the 

best possible use of it as a verification tool.  

Following more frequent deployment, a major deficiency of the on-site laboratory 

capacity was revealed as well as a number of weaknesses of the on-site sample 

preparation approach. The laboratory completely lacked an air/ vapour sampling and 

analysis capability. The sample preparation methods had low sample throughput, they 

used bulky equipment, required extensive manual work and extensive use of 

hazardous solvents, generating relatively large amounts of hazardous waste. In 

addition, problems were encountered with the preparation of multiphase sample 

systems such as emulsions.  

Given the importance of the OPCW on-site laboratory work, this study has been set 

with the following objectives:  

• To develop sensitive GC- full scan MS based analytical methods for the 

detection of CWA and related compounds in air/vapour samples; 
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• To assess modern, solvent-minimised sample preparation techniques that 

may be applied for the on-site GC-MS analysis of CWC related chemicals; 

• To develop robust analytical methods for GC-full scan MS screening of CWC 

related chemicals in aqueous and multiphase sample matrices, aiming at a 

reduction in overall analysis time, amount of sample needed, solvents, 

reagents, waste generated and equipment used; 

• To devise accordingly new analytical strategies for the OPCW mobile 

laboratory and to demonstrate their applicability to unambiguous verification 

by analysis of samples in the field. 

 

First, the major CWA of concern are discussed in terms of military and terrorist 

capacity and their past use (Chapter 2). Their environmental behaviour and 

degradation pathways were studied using publicly available data. The majority of CWA 

are unstable under the environmental conditions, yielding the degradation products 

which differ in volatility, solubility, polarity, and reactivity. The main degradation 

reactions are hydrolysis, oxidation, dehydration and photolysis.  

An inventory was made of the selected physical-chemical properties of the CWA and 

their main degradation products, as these properties impact sampling and analysis 

procedures and strategies. Some data were obtained using the predictive tool 

Estimation Program Interface (EPI) Suite (US EPA). A number of CWA degradation 

products were shown to be relatively persistent and inherently rare in the environment 

so that their presence provides good indication of a prior CWA release. A known 

example is the equilibrium mixture of 2-chlorovinylarsonous acid/ 2-

chlorovinylarsonous oxide, as the hydrolysis products of Lewisite 1. Other indicators, 

like thiodiglycol (degradation product of sulphur mustard, HD) and 

methylphosphonic acid (hydrolysis product of G- and V-series nerve agents) are 

relatively persistent, but may originate from legitimate uses of chemicals. 
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The majority of CWA are relatively volatile. Thus, air/ vapour samples collected and 

analysed on-site during an OPCW inspection may provide important verification and 

safety related information. Thermal desorption (TD)-GC-MS methods using Tenax 

sorbent material were shown to be effective in analysis of CWA at storage and 

destruction facilities, and research laboratories. In the present thesis the focus was on 

developing the Tenax TD-GS-MS method sensitive enough whilst acquiring the full 

scan MSD data. The full scan MSD analysis is the prerequisite in an unambiguous 

verification screen that targets a vast number of chemical compounds.  

The acquired GC-MS data are normally processed using the Automated Mass Spectral 

Deconvolution and Identification System (AMDIS). The identity of the target 

chemicals is confirmed by the full scan mass spectrum and retention index that are 

compared to the OPCW Central Analytical Database (OCAD).  

In this study the use of bulky equipment had to be avoided in order to keep the logistic 

requirements of the field laboratory low enough (Chapter 3). The technical solution 

for the method development was found in the use of a Programmable Temperature 

Vapourisation (PTV) GC inlet as the thermal desorber and a Peltier element for rapid 

cooling. The air/vapour sampling tube was improvised by packing of a GC liner with 

a discrete quantity of finely granulated (60/80 mesh) Tenax® TA. The sample inside 

thus created TD tube was desorbed directly inside the GC inlet. The approach 

increased sensitivity by elimination of a secondary focusing step normally applied with 

the TD tubes and by reduction of the transfer time (path) and 'dead volume'. In 

addition, the system did not require an external coolant. 

A powerful, yet still portable air sampler was chosen for the sample collection. 

Lewisite 1 and 2 are highly reactive and corrosive compounds, normally requiring 

derivatisation prior to the GC-MS analysis. A simple and fast in-tube derivatisation 

procedure with n-buthanethiol was devised that enabled their detection along with 

other selected CWA trapped in the TD tube. The methods were further optimized 
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using liquid spiking. The limits of detection ranged from 0.8 ng in tube (GB) to 2.9 

ng in tube (VX). The methods were comprehensively validated on the field with 

authentic CWA. The tests and validation runs have shown that the method has also 

the potential to be a quantitative method for a range of CWA. 

The standard sample preparation approach of the on-site OPCW laboratory for solids, 

wipes and liquid samples is based on laborious sample processing using solid-liquid 

and liquid-liquid extraction, followed by the derivatizations when necessary. For a 

field application, this approach implied weaknesses listed on the beginning of this 

chapter. A review of published modern, solvent minimised, sample preparation 

techniques for GC-MS analysis was performed in search for a possible alternative 

approach (Chapter 4). Different variants of liquid-phase and solid-phase 

microextraction techniques were screened. The most promising candidates were tried 

by the OPCW designated off-site laboratories or the OPCW laboratory itself. 

However, none of the methods were found to be versatile and robust enough, 

especially when dealing with complex and multiphase sample matrices. 

Therefore, the method development in this study sought a novel approach to the 

sample preparation (Chapter 5). The PTV GC liner packed with Tenax® TA and 

used as the air/ vapor sampling tube in the previous development was modified by 

addition of a glass wool plug, that served as an injection point for liquid 

samples/extracts. This allowed for in-tube injection volumes of up to 10 µl of liquid 

sample at a time. The liquid samples were simply injected into the tube. Gentle heating 

under helium flow was applied to remove the water (solvent) and to aid derivatization 

reactions, whereas Tenax material acted as a trap for the more volatile/less polar 

analytes; as a depository for the more polar/less volatile analytes; and as a solid 

support for derivatisations of the latter. This approach provided numerous benefits, 

most notably significant reduction in the sample volume needed; major increase in the 

sample preparation speed, with the complete procedure requiring 10-11 minutes only; 
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improved robustness when preparing multiphase sample matrices; application of the 

standard OPCW derivatisation reagents and use of the validated MS spectra already 

included in the data base; increased sensitivity; major reduction in hazardous waste 

generated and logistic requirements of the on-site laboratory.  

The advantageous features of the novel sample preparation approach were then all 

integrated into a number of strategies optimized for different sample types, including 

air/vapour samples (Chapter 6). The strategies and methods were successfully tried 

on a number of samples carefully designed to reflect different field situations that the 

OPCW inspectors could encounter during the missions.  

The work in this thesis resulted in a set of novel analytical methods and strategies that 

have proven in the field to enhance the capability and efficiency of the OPCW on-site 

laboratory. The approach applied in the work is not restricted to a CWA related field, 

it is convenient for any forensic or environmental field laboratory use. Further 

developments of the methods and instrumentation were discussed (Chapter 7). Also, 

some applications for fields outside the CWC scope were suggested.  The analytical 

instrumentation follows the fast pace of developments in the field of electronics and 

computing, that is primarily focused on miniaturisation. Although some promising 

developments in the sample introduction and separation were demonstrated, the GC-

MS is expected to remain as the "gold standard" for the on-site analysis. 
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Samenvatting  
De Organisatie voor Uitbanning van Chemische Wapens (OPCW) werd opgericht in 

1997 om toezicht te houden op de in- en uitvoering van het Verdrag op Chemische 

Wapens (CWC). De Organisatie heeft een aantal nauw omschreven 

verificatieprocedures ingevoerd. Het vermogen om op locatie te kunnen bemonsteren 

en analyseren speelt bij deze verificatieprocedures een essentiële rol (Hoofdstuk 1). 

De OPCW inspectie teams gebruiken als voornaamste hulpmiddel hiervoor een 

vervoerbaar analytisch laboratorium voorzien van een gaschromatograaf met 

gekoppelde massaspectrometer. Bij de samenstelling van het veldlaboratorium is veel 

aandacht besteed aan keuze van apparatuur en de ontwikkeling en validatie van de 

testprocedures. Het was vanuit analytisch chemisch oogpunt, een zeer moeilijke 

opgave om de afwezigheid aan te kunnen tonen, vanwege het grote aantal chemische 

verbindingen die in het kader van het CWC verdrag van belang zijn, en dit ook nog in 

bijna elke denkbare monster-matrixomgeving. Het voldoen aan alle gestelde eisen van 

dit mobiele -laboratorium is regelmatig getest door middel van scenario oefeningen in 

het veld. Het kunnen nemen van monsters en ter plekke analyseren is sinds 2006 

regelmatig ingezet bij inspecties van industriële productielocaties die te maken hebben 

met chemicaliën die onder de CWC vallen. De ervaring met het nemen van monsters 

en die ter plekke te analyseren is doorlopend geëvalueerd om dit verificatie-instrument 

instrument zo nuttig mogelijk te maken. 

Naarmate er meer ervaring in het veld werd opgedaan, bleek dat de inzetbaarheid van 

het veld laboratorium op één punt behoorlijk tekort schoot. Daarnaast kwamen er 

ook aan aantal zwakke punten aan het licht bij de monstervoorbereiding in het veld. 

Het laboratorium beschikte niet over een manier om lucht/damp monsters te kunnen 

nemen en die vervolgens te analyseren. 
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De monstervoorbereidingsmethodes kenden een te lage doorloopsnelheid, ze waren 

te bewerkelijk, de apparatuur was nogal volumineus, en er moest met grote 

hoeveelheden gevaarlijke oplosmiddelen gewerkt worden waardoor er telkens naar 

verhouding grote hoeveelheden chemisch afval werden gegenereerd. Hierbij stuitte 

men bovendien op problemen met de bereiding van monsters met meer -fasen 

systemen zoals emulsies. Gezien het grote belang van het OPCW veldlaboratorium, 

is het hier beschreven onderzoek opgezet met de volgende doelstellingen: 

 

• Het ontwikkelen van analyse methodes om in lucht/damp monsters 

chemische strijdmiddelen en componenten daarvan door middel van 

Gaschromatografie met gekoppelde massaspectrometrie (GC-MS) aan te 

kunnen tonen, met voldoende gevoeligheid over het hele spectrum; 

• Het evalueren in hoeverre de hedendaagse oplosmiddelarme 

monstervoorbereidingsmethodes geschikt zijn voor toepassing in de GC-MS 

analyse in het veld van de voor het CWC relevante chemische verbindingen; 

• Het ontwikkelen van een breed inzetbare analytische methode om met GC-

MS over de volle scanbreedte, verbindingen die relevant zijn voor het CWC 

aan te kunnen tonen, in zowel waterige en meer-fase monstermatrices. 

Daarbij zijn de voornaamste variabelen: vermindering van de totale 

analysetijd en monstervolume, oplosmiddelen, reagentia, het resulterend 

afval, en ook de te gebruiken apparatuur en hulpmiddelen. 

• Het vervolgens vinden van nieuwe analysestrategieën voor het mobiele 

OPCW laboratorium en het demonstreren van hun bruikbaarheid voor een 

ondubbelzinnige verificatie van chemische strijdmiddelen door middel van 

chemische analyse van monsters uit het veld. 
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Eerst worden de voornaamste agentia in chemische strijdmiddelen besproken aan de 

hand van bruikbaarheid en inzet in het verleden als wapen voor militaire doeleinden 

dan wel in handen van terroristen (Hoofdstuk 2). Het verloop, gedrag, 

degradatiesappen en de vervalreacties in het veld werden bestudeerd met behulp van 

de openbare literatuur en beschikbare gegevens. De meeste agentia in chemische 

strijdmiddelen (CWA) zijn in het veld niet stabiel en de vrijkomende vervalproducten 

hebben een verschillende vluchtigheid, polariteit en reactiviteit. De voornaamste 

vervalreacties zijn hydrolyse, oxidatie, dehydratatie en fotolyse. Er is daarom een 

inventarisatie gemaakt van een selectie aan fysische en chemische eigenschappen van 

CWA en hun voornaamste vervalproducten, omdat dit de eigenschappen zijn die bij 

het bemonsteren en de analyses van invloed zijn, en daarmee dus van belang zijn voor 

de analyse strategieën. Sommige gegevens zijn door berekening verkregen door 

gebruik te maken van het Estimation Program Interface (EPI), een suite van 

rekenprogramma’s van de US Environmental Protection Agency.  

Er is van een aantal CWA vervalproducten bekend dat ze in het veld naar verhouding 

persistent zijn en dusdanig weinig voorkomen, dat het aantonen ervan alleen al een 

goede indicatie is voor het gebruik van een CWA. Een bekend voorbeeld is het 

evenwichtsmengsel van 2-chlorovinylarseenzuur/2-chlorovinylarseenoxide als 

vervalproduct van de hydrolyse van Lewisiet-1. Andere indicatoren zoals Thiodiglycol 

(ontleding van Zwavelmosterdgas, HD) en methylfosfonzuur (hydrolyse 

afbraakproduct van G- en V- agentia) zijn weliswaar naar verhouding ook persistent 

in het veld maar ze kunnen ook ontstaan zijn bij een legitiem gebruik van chemicaliën.  

Het merendeel van de agentia in chemische wapen is relatief vluchtig. Om die reden 

kan het bemonsteren en terplekke analyseren van lucht/damp monsters tijdens een 

OPCW inspectie zowel belangrijke informatie voor het verificatie proces, als 

informatie nodig voor de veiligheid opleveren. Er is eerder aangetoond dat gebruik 

van Tenax absorptiemiddel in combinatie met thermische desorptie GC-MS (TD-GC-
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MS) tot goede analyse resultaten leidt voor CWA zowel in een installatie voor opslag 

en vernietiging als in de omgeving van een onderzoekslaboratorium. In dit 

proefschrift lag de nadruk op het verder ontwikkelen van de analysegevoeligheid van 

de Tenax TD-GC-MS methode en daarbij tegelijkertijd gebruik te maken van MSD 

scans over de volle breedte. Het gebruik maken van een full scan MSD analyse is een 

randvoorwaarde voor het bereiken van een ondubbelzinnige verificatie screening die 

gericht is op het kunnen aantonen van een zeer groot aantal chemische verbindingen.  

Normaal worden GC-MS gegevens verwerkt door het Automated Mass Spectral 

Deconvolution and Identification System (AMDIS). Hierbij wordt de identiteit van 

de gezochte verbindingen aangetoond door de retentie index en het massa spectrum 

over de volledige bandbreedte te vergelijken met de databibliotheek in de OPCW 

Central Analytical Database (OCAD).  

Bij dit onderzoek moest het gebruik van zwaar en moeilijk te hanteren apparatuur 

zoveel mogelijk worden vermeden om de logistieke belasting op het OPCW 

veldlaboratorium zo laag mogelijk te houden (Hoofdstuk 3). De technische oplossing 

die gevonden werd is het gebruik van programmeerbare temperatuur verdamping 

(PTV) voor thermische desorptie aan de ingangszijde van de GC, in combinatie met 

een Peltier element voor de snelle afkoeling. Er werd een lucht/damp 

bemonsteringsbuisje geimproviseerd door een GC buis te vullen met een afgemeten 

hoeveelheid fijn (60/80 mesh zeeffractie) Tenax®TA granulaat. De aldus 

geconstrueerde thermische desorptiebuis werd zo aangebracht dat desorptie al 

binnenin de GC- inlaat plaats kon vinden. Door het op deze manier overslaan van de 

secundaire focus stap die normaal bij TD buizen wordt toegepast en door de transfer 

tijd te verlagen (afstand ) en het ‘dode volume’ te verminderen, bleek dat dat de 

gevoeligheid werd verhoogd. Bovendien bleek het niet meer nodig te zijn om een 

extern koelmiddel te gebruiken.  
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Er werd gekozen voor een robuust maar toch draagbaare luchtbemonsteringsapparaat 

voor het nemen van monsters. Normaal is voor het bemonsteren van een Lewisiet 1 

en 2 een voor afgaande derivatiseringsstap nodig bij een GC/MS analyse, vanwege de 

sterke reactiviteit en hoge corrosiviteit van deze verbindingen. Er werd een simpele 

en snelle derivatiseringsstap voor binnenin de buis ontwikkeld op basis van n-

butaanthiol. Hiermee konden ook deze twee verbindingen in een mengsel van 

verschillende CW agentia opgevangen worden met een TD buisje. De methodes 

werden verder geoptimaliseerd door gebruik van een vloeibaar sleepmiddel. De 

gemeten detectie grenzen bevonden zich tussen 0,8 nanogram voor GB tot 2,9 

nanogram voor VX , netto monstergewicht per TD buisje. Deze methodes werden 

vervolgens uitvoerig gevalideerd in veldproeven uitgevoerd met de echte CW agentia. 

De normale standaard monstervoorbereidingsmethode van het OPCW veld 

laboratorium voor vaste- en vloeistofmonsters alsook voor, veegmonsters gebruikt 

een nogal bewerkelijke vorm van opwerking op basis van vast-vloeistof en vloeistof-

vloeistof extractie, zonodig gevolgd door een derivatiseringsstap. Voor toepassing in 

het veld heeft deze aanpak echter een aantal impliciete nadelen die eerder vermeld zijn 

aan het begin van dit hoofdstuk. 

Op zoek naar een beschikbare alternatieve werkwijze werd ook gezocht in de literatuur 

over hedendaagse micro-monstername technieken voor GC-MS (Hoofdstuk 4). 

Verschillende varianten van zowel vaste fase als vloeistof fase micro-extractie 

technieken werden beoordeeld. De selectie van meest belovende werden vervolgens 

uitgeprobeerd hetzij door de door OPCW geaccrediteerde Off-site laboratoria voor 

analyse van CW, hetzij in het eigen accreditatie Laboratorium van de OPCW. Vooral 

bij de meer complexe en de meer-fasen-monsters bleek echter dat geen van de tot dan 

toe bekende methodes robuust, of breed toepasselijk genoeg was. 
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Voor dit onderzoek werd daarom naar een nieuwe aanpak van monstervoorbereiding 

en -opwerking gezocht (Hoofdstuk 5). De PTV GC binnenbuis, gevuld met 

Tenax®TA die in de voorgaande experimenten als lucht-/dampmonsternamebuis 

was gebruikt werd voorzien van een propje glaswol dat nu als het injectiepunt dienst 

deed voor vloeistof-monsters of de daarmee bereide monsterextracten. Hierdoor 

bleek het mogelijk om met injectie volumes tot 10 microliter per monster te werken 

De vloeistofmonsters werden direct in de buis geïnjecteerd. Er werd voorzichtig verhit 

onder een stroom van helium om water (oplosmiddel) te verwijderen en om de 

derivatiseringsreactie op gang te helpen. Het Tenax materiaal deed hierbij dienst als 

val voor de meer vluchtige/minder polaire te analyseren verbindingen; als een 

verzamelplaats voor de meer polaire/minder vluchtige verbindingen en als een vaste 

drager voor het derivatiseren van de laatstgenoemde stoffen .  

Deze aanpak bleek verschillende voordelen te hebben. De voornaamste waren het 

toekunnen met een significant kleiner monstervolume; een aanzienlijk kortere 

bereidingstijd van slechts 10 – 11 minuten voor de gehele procedure; een meer 

robuuste bereidingsmethode voor meerfasen-matrix monsters; het kunnen blijven 

werken met de standaard OPCW derivatiserings reagentia en reeds gevalideerde MS 

spectra die al in de OPCW databank aanwezig waren; een hogere gevoeligheid; een 

aanzienlijke vermindering van de gegenereerde hoeveelheid gevaarlijk chemisch afval 

en het desalniettemin toch voldoen aan de gestelde logistieke eisen van het OPCW 

veldlaboratorium. 

Alle voordelen van de nieuwe monstervoorbereidingsmethoden werden geïntegreerd 

in een aantal strategieën die zijn geoptimaliseerd voor de verschillende monstertypes, 

inclusief lucht-/dampmonsters (Hoofdstuk 6). De methodes en strategieën werden 

met succes uitgeprobeerd op een aantal monsters die zorgvuldig waren gekozen om 

een aantal situaties te weerspiegelen die OPCW inspecteurs tijdens missies in het veld 

kunnen aantreffen. 



Samenvatting 
 

209 
 

Het onderzoek in dit proefschrift heeft geleid tot een aantal analytische methodes en 

strategieën die bewezen hebben de reikwijdte en de efficiëntie van het mobiele OPCW 

veldlaboratorium in het veld te vergroten. De gebruikte manier van aanpak in dit 

onderzoek is niet alleen beperkt tot het veld van chemische wapens, maar is ook toe 

te passen op het type werk dat in veldlaboratoria voor forensisch- en milieuonderzoek 

wordt gebruikt. In Hoofdstuk 7 werden verder ontwikkelingen van de methoden en 

instrumentatie besproken. Ook werden er een aantal voorstellen gedaan voor concrete 

toepassing buiten het CWC onderszoeksbereik gedaan. De voortuitgang op het gebied 

van analytisch chemische instrumenten is dankzij snelle ontwikkeling van elektronica 

en rekenkracht, vooral gericht op miniaturisatie. Alhoewel er enkele veelbelovende 

ontwikkelingen zijn op het gebied van monstervoorbereiding en introductie is de 

verwachting dat GC-MS toch voorlopig de “gouden standaard” voor veld onderzoek 

zal blijven. 
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Abbreviations 
ACN   acetonitrile 

AMDIS  Automated Mass Spectral Deconvolution and Identification System 

BA  benzilic acid 

BCVAA  bis(2-chlorovinyl)arsinous acid 

BDCDVAO tetrakis(2-chlorovinyl)diarsoxane 

BSTFA  N,O-bis(trimethylsilyl)trifluoroacetamide 

BuSH  1 mg/ml 1-butanethiol solution in n-hexane 

BZ  3-Quinuclidinyl benzilate 

CAR/PDMS carboxen/ polydimethylsiloxane 

CVAA  2-chlorovinylarsonous acid 

CVAO  2-chlorovinylarsonous oxide 

CW  chemical weapon 

CWA  chemical warfare agents 

CWC Chemical Weapons Convention, in this thesis also referred to as “the 

Convention”  

DCM  dichloromethane 

D.I.  deionised 

DIMP   diisopropyl methylphosphonate 

DLLME dispersive liquid–liquid microextraction 

DMMP  dimethyl methylphosphonate 

DT   1,4-dithiane 

EA2192  S-2(diisopropylaminoethyl)methylphosphonic acid 

EMPA   ethyl methylphosphonic acid 

FAMEAD  fiber assisted microevaporation and derivatisation
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FTIR  Fourier transform infrared 

GA  O-ethyl N,N-dimethylphosphoramidocyanidate; tabun 

GC  gas chromatograph 

GB  O-isopropyl methylphosphonofluoridate; sarin 

GD  O-pinacolyl methylphosphonofluoridate; soman 

GF  O-cyclohexyl methylphosphonofluoridate; cyclosarin 

HCB  hexachlorobenzene 

HD  bis(2-chloroethyl)sulphide; sulfur mustard 

HEX   n-hexane 

HF-LPME  hollow-fiber liquid phase microextraction 

HN1  2,2’-dichlorotriethylamine 

HN2  bis-(2-chloroethyl)methylamine 

HN3  tris-(2-chloroethyl)amine  

ID  internal diameter 

IS  internal standard 

L  Lewisite(s) 

L1  2-chlorovinyldichloroarsine; Lewisite 1 

L2  bis(2-chlorovinyl)chloroarsine; Lewisite 2 

L3  tris(2-chlorovinyl)arsine; Lewisite 3 

LC  liquid chromatography 

LOD  limit of detection 

LOQ  limit of quantification 

LSD-25  D-lysergic acid diethylamide 

LPME l iquid phase microextraction 
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LTM  Low Thermal Mass 

MDA  N-methyldiethanolamine 

MIPs  molecularly imprinted polymers 

MPA   methylphosphonic acid 

MS  mass spectrometer 

MSD  mass spectrometry detector 

MTBSTFA  N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide 

m/z  mass-to-charge ratio 

NATO  North Atlantic Treaty Organization 

NIST  National Institute of Standards and Technology  

OCAD  OPCW Central Analytical Database 

OPCW  Organisation for the Prohibition of Chemical Weapons 

PDMS/DVB polydimethylsiloxane/ divinylbenzene 

PMPA   pinacolyl methylphosphonic acid 

PTV  Programmable Temperature-Vapourisation 

QA/QC  Quality Assurance/Quality Control 

RI  retention index 

RMSE  root mean square error 

RSD  relative standard deviation 

SBSE  stir-bar sorptive extraction  

SCX  strong cation-exchange 

SDME  single-drop microextraction 

S/N  signal-to-noise ratio 

SP  States Parties 

SPE  solid phase extraction 

SPME   solid-phase microextraction 
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TD  thermal desorption 

TDG   thiodiglycol 

TMS  trimethylsilyl 

TWA  Time-Weighted Average 

UN  United Nations 

VE  O-ethyl S-2-diethylaminoethyl ethylphosphonothiolate 

VM  O-ethyl S-2-diethylaminoethyl methylphosphonothiolate 

VR  O-isobutyl S-2-diethylaminoethyl methylphosphonothiolate 

VX  O-ethyl S-2-diisopropylaminoethylmethyl phosphonothiolate 
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The Organisation for the Prohibition of Chemical Weapons (OPCW) is 
the international organisation set to oversee the implementation of 
the Chemical Weapons Convention treaty that prohibits the 
development, production, acquisition, stockpiling, retention, transfer 
or use of chemical weapons by States Parties. To this end, the OPCW 
has established the strict verification procedures relying essentially 
upon the on-site sampling and analysis. A transportable analytical 
laboratory was carefully assembled and versed to fit the task. 
Following more frequent deployment, a major deficiency of the on-site 
laboratory capacity and the number of weaknesses of the on-site 
sample preparation approach were revealed. The aim of this PhD thesis 
was to enhance the capability and efficiency of the OPCW on-site 
laboratory. The work resulted in a set of novel analytical methods and 
strategies for the gas chromatography – mass spectrometry 
instrumental technique that are not restricted to the chemical warfare 
agent related field, but also convenient for any forensic or 
environmental field laboratory use.
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