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Thermal desorption with gas chromatography–mass spectrometry (TD–GC–MS) remains the technique of choice for analys
oncentrations of analytes in air samples. This paper describes the development and application of a method for analysing t
ompounds sulfur mustard and Lewisites I–III. 3,4-Dimercaptotoluene and butanethiol were used to spike sorbent tubes and vesic
ampled; Lewisite I and II reacted with the thiols while sulfur mustard and Lewisite III did not. Statistical experimental design wa
ptimise thermal desorption parameters and the optimum method used to determine vesicant compounds in headspace samples
econtamination trial. 3,4-Dimercaptotoluene reacted with Lewisites I and II to give a common derivative with a limit of detection (
60�g m−3, while the butanethiol gave distinct derivatives with limits of detection around 30�g m−3.
rown Copyright © 2005 Published by Elsevier B.V. All rights reserved.
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. Introduction and aim of investigation

Sulfur mustard and Lewisite are blister agents that dam-
ge the skin[1–4]. Sulfur mustard was first used a chemical
eapon in World War I. Since then there have been sev-
ral recorded and suspected incidents of its use, including
uring the Iran–Iraq War in the 1980s[5–7]. Lewisite was
roduced by the USA[8,9] for deployment in Europe dur-

ng World War I, but when Germany capitulated, the mate-
ial was quickly transported by train to the East Coast and
umped in the Atlantic Ocean. Military use of Lewisite has
ot been proven, although Japan may have used it against
hina in 1937–1944[10]. Lewisite comprises three com-
ounds called Lewisite I (major component), Lewisite II
nd Lewisite III (minor component)[11]. Its blistering abil-

∗ Corresponding author. Tel.: +44 1980 613599; fax: +44 1980 613834.
E-mail address:bmuir@dstl.gov.uk (B. Muir).

ity is believed to be due to reaction of Lewisites I–II a
their hydrolysis products with sulfhydryl-containing prote
in skin [12–16]; Lewisite III is inert to nucleophiles an
does not cause blisters. Both sulfur mustard and Lew
are volatile liquids that readily evaporate and they featu
Schedule One of the Chemical Weapons Convention[17].
Methods for their analysis are becoming increasingly
portant as more effort is being spent on rendering safe
munitions and contaminated landfill sites[18]. Overshad
owing environmental issues is the threat of their use
terrorists. Therefore, forensic methods for analysing t
chemicals and their ‘signatures’ (e.g. impurities, hydr
sis products) are of paramount importance[19]. Being able
to analyse for sulfur mustard and Lewisites I–III simulta
ously is of interest as mustard–Lewisite mixtures have
stockpiled by Russia[20]; due to its low freezing poin
the mixture remains a liquid in cold weather and at h
altitudes.

021-9673/$ – see front matter. Crown Copyright © 2005 Published by Elsevier B.V. All rights reserved.
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Sulfur mustard can be analysed without difficulty by gas
chromatography (GC) unlike compounds with AsCl bonds,
which are much more reactive and corrosive. Analysis of
Lewisites I and II by GC results in rapid deterioration of the
column. Lewisite III may be analysed directly but is of lesser
importance. The volatility of the Lewisite compounds de-
creases in the order I (bp 196◦C) < II (230◦C) < III (260◦C).
Given that Lewsite I is likely to be the major constituent
in weaponised Lewisite, and that it is the most volatile and
hazardous component, more effort has gone into develop-
ing methods for its analysis relative to the other arsenicals.
Lewisite I has been determined in atmospheric samples using
flame spectrophotometry[21], with ethanolamine derivatisa-
tion [22], flow injection[23], atomic emission[24] and ion
mobility spectroscopy[25]. These methods involve indirect
determination and lack sensitivity. Tenax TA has been used
to trap Lewisite I with derivatisation with methanethiol—the
derivative was analysed by GC with flame photometric de-
tection[26]. Other aliphatic thiols[27,28]and some dithiols
[29,30]have been used to derivatise Lewisites I and II.

The first paper in this series reported a method for de-
termination of Lewisite compounds in liquid hydrocarbon
matrices using a series of normal aliphatic thiols[31]. We
now report a method for the derivatisation of Lewisites I–II
with butanethiol, pentanethiol, hexanethiol, heptanethiol, and
3 ulfur
m ene
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intact volatilised Lewisite present in the headspace of the
reaction.

2. Experimental methodology

2.1. Chemicals

Sulfur mustard[33] and Lewisites I–III were synthesised
in-house[9] in an efficient, dedicated fume-cupboard. Heavy
rubber gloves, a chemical-resistant Microgard smock (Orvec
International, Hull, UK) and a face visor were worn. A per-
spex safety shield was used during distillations. Butanethiol,
3,4-dimercaptotoluene, methanol and triethylamine were ob-
tained from Aldrich (Gillingham, UK), pentanethiol and
hexanethiol from Acros Organics (Loughborough, UK) and
heptanethiol from Lancaster Chemicals (Morecambe, UK).
All were at least 95% pure and were used as received. Thermal
desorption tubes packed with 100 mg Tenax TA were condi-
tioned at 200◦C for 90 min, 250◦C for 30 min, then 340◦C
for 30 min, in a flow of nitrogen (100 ml min−1). About one
quarter of the tubes were selected at random and desorbed in
the thermal desorption system. No significant peaks above the
baseline were observed; further cleaning was unnecessary.
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,4-dimercaptotoluene on Tenax TA in the presence of s
ustard and Lewisite III. Although 3,4-dimercaptotolu
as been used to derivatise Lewisite I[29,32], derivatisa

ion on-tube with thermal desorption has not been repo
e optimised thermal desorption parameters using sta

al experimental design to allow analysis of trace leve
ewisites I–III and sulfur mustard in air samples. Structu
f the chemical warfare agents and thiol derivatives in

igated in this study appear inFig. 1. Both intact and hy
rolysed Lewisite will be derivatised with thiols, but owi

o the vapour pressure and polarity of the hydrolysed c
ound, the method is likely to only yield measuremen

Fig. 1. Structures of vesicant compounds and their thiol derivative
.2. Derivatisation procedure

.2.1. Monothiol derivatives of Lewisites I and II
compounds5 and6)

Tubes were spiked with 100�l of a 1.5�g ml−1 solution
f thiol in methanol (150 ng on tube) using a vapour lo

ng rig (Marks International, UK) at 50 ml min−1 nitrogen
en microliters of a 50�g ml−1 solution of sulfur mustar
nd Lewisites I–III in methanol (500�g on tube) and 10�l
f a 1.5�g ml−1 solution of triethylamine in methanol we

oaded onto the tube. Although it would have been prefer
o use tubes loaded from a vapour generator, such lo
ethods generally show poor precision and this would
asked the influence of varying experimental paramete

.2.2. Dithiol derivative of Lewisites I and II
compound7)

Tubes were spiked with 10�l of a 1.2 mg ml−1 solution of
,4-dimercaptotoluene in methanol by vapour loading. 8�l
f a 1.2 mg ml−1 solution of Lewisite I in methanol was th

njected. Loading conditions were identical to those use
onothiols.

.3. Mathematical models and optimisation of thermal
esorption parameters

.3.1. Plackett–Burman design for compounds3–6
The theory and application of experimental design is

iewed elsewhere[34,35]. Initially a Plackett–Burman mod
resolution III) was constructed for investigation of six
ameters that would potentially influence the chosen resp
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Table 1
Plackett–Burman design matrix and corresponding p values (p= 0.05) for investigation of influence of desorption parameters on response of compounds3–6

Parameter Level values Significance (95% C.I.)

−1 0 +1 Compound3 Compound4 Compound5 Compound6

x1 200 250 300 0.01 0.01 >0.05 >0.05
x2 5 12.5 20 0.02 0.04 >0.05 >0.05
x3 180 220 260 >0.05 0.01 0.03 0.02
x4 200 250 300 >0.05 >0.05 >0.05 >0.05
x5 Slow Fast >0.05 >0.05 >0.05 >0.05
x6 37 93.7 150 >0.05 >0.05 >0.05 >0.05

x1: desorption temperature (◦C); x2: desorption time (min);x3: valve temperature (◦C); x4: trap high (◦C); x5: trap rate (◦C s−1); x6: thiol mass (�g). 1 and -1
indicate a factorial point, 0 indicates a centre-point.

(peak area) of the four compounds. The design comprised six
factors: desorption temperature (x1), desorption time (x2),
valve temperature (x3), trap high temperature (x4), trap heat-
ing rate (x5) and thiol mass (x6). Although limited in power
to detect higher order interactions, this design was used as a
screening method to eliminate superfluous variables prior to
development of a response surface design. A single replicate
of each run was performed with two centre points added to
detect curvature. The Plackett–Burman design employed is
shown inTable 1.

2.3.2. Central composite design for compounds3–6
Response surface methodology allowed the response of

the system (peak area) to be optimised with respect to three
parameters: desorption temperature, desorption time and
valve temperature. These factors were shown to influence the
peak areas of the analytes from the Plackett–Burman design
and hence warranted further investigation. A rotatable, or-
thogonal central composite design (CCD) allowed empirical
relationships between system response and these parameters
to be elucidated. A mathematical model for a four variable
CCD can be described by Eq.(1).

Y = β0 +
∑

βjxj +
∑

βjjx
2
j +

∑
βjkxjxk (1)

whereY is the response of system,xjk the variable of system,
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lower limits of each factor were placed on the axial points of
the design.

α = ±(NF)1/4 = ±1.68 (2)

whereNF is the number of experiments in factorial portion
of design (8).

From the 20 experiments performed, a global optimum
for compounds3–6was established. All model assumptions
were confirmed using residual plots and normal probability
plots. There was no evidence of lack of fit for any of the
models subsequently described.

2.3.3. Central composite design for dithiol derivative
(compound7)

Using the results obtained from the Plackett–Burman
model, parametersx1, x2 andx6 were chosen for optimisa-
tion. A three-factor CCD was selected to model the influ-
ence of desorption temperature, desorption time and weight
of derivatising reagent on observed response of the dithiol
derivative7. A face-centred model requiring 20 experiments
was chosen (it was thought unnecessary to extend the domain
to five points for each variable, a conclusion based on the re-
sults of optimisation for monothiol derivatives5 and6). The
experimental domain for this design, withα = 1, is shown in
T

2
d

890
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m g
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(

ndβ0, βj , βjj andβjk are regression coefficients for consta
inear, square and interaction terms, respectively.

Regression coefficients were calculated by fitting the
es of experimental parameters to the least squares regr

ine. A quadratic equation or an equation containing o
ignificant terms resulted. This was then used to predic
esponse of the system for a given value of an experim
al parameter. The experimental domain levels for the C
ppear inTable 2.

The CCD consists of a star design imposed through
entre of a factorial design. The three-factor design us
his investigation comprised a 23 factorial design (eight ex
eriments), a star design (six experiments) and 6 centre p
six in factorial portion and zero in star portion). The res
ng 20 experiments were run in a random order in one b
n α value of 1.68 was used to ensure rotatability and ort
nality of the design as calculated by Eq.(2). The upper an
n

able 3.

.3.4. Analysis of vesicant compounds and associated
erivatives by TD–GC–MS

GC–MS was performed on a Hewlett-Packard 5
C system (series 2) interfaced to a Hewlett-Pac
971A mass-selective detector. A DB5-MS capillary colu
25 m× 0.25 mm, 0.25�m) was used with an initial GC ove
emperature of 40◦C maintained for 2 min then increased
ate of 20◦C min−1 to 160◦C. A second ramp of 30◦C min−1

as employed to reach 310◦C and this temperature was h
or 2 min. The MS instrument was operated in positive e
ron impact (EI) mode with an electron energy of 70 eV.
ially, the MS system was operated in scan mode betw
/z 50 and 400 (2.16 cycles s−1). Selected ion monitorin

SIM) experiments were conducted; diagnostic ions ch
m/z) were as follows:
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Compound3= 109, 111, 158, 160.
Compound4= 136, 138, 145, 258.
Compound5= 145, 203, 229, 286.
Compound6= 164, 204, 229, 314.

Following optimisation of thermal desorption parameters,
tubes were desorbed and analysed by TD–GC–MS–SIM. A
Perkin-Elmer ATD 400 system was used for thermal desorp-
tion of spiked tubes. ATD parameters were varied to optimise
the system and are discussed later. A thermal desorption blank
was run between each optimisation experiment where the pa-
rameters were all set at their maximum values.

For compounds5and6, a tube loading of 500 ng was used
as described in Section2.2.1. A head pressure of 14.7 psi set
at 40◦C (31 cm s−1) and an outlet split flow of 10 ml min−1

gave approximately 50 ng of analyte on column resulting in a
signal-to-noise ratio of about 30:1 for each analyte in the total
ion chromatogram. Other parameters were set as follows: des-
orption time = 5 min, desorption temperature = 250◦C, valve
temperature = 200◦C, line temperature = 225◦C, desorption
flow = 50 ml min−1, and outlet split flow = 10 ml min−1.

2.3.5. Calibration and limits of detection (LODs)
A series of standard solutions containing compounds3–6

were prepared in concentrations of 5, 10, 20, 40, 80 and
1 −1 was
i
t nta-
t tion
p

de-
s in
t e re-
g , the
i
w tion
i pa-
r lysis
o . The
s cted

T
L lysis
o cs)

P

x
x 6
x

x

x

x

x
x
x

60�g ml in hexane. Ten microliters of each standard
njected and derivatised as described in Section2.2. Deriva-
ives were characterised from interpretation of EI fragme
ion patterns and ions suitable for SIM selected. Calibra
lots were linear for each thiol derivative.

Detection limits were calculated for GC–MS–SIM as
cribed by Miller and Miller[36]. Each standard was run
riplicate and linear regression analysis performed to giv
ression coefficients for each derivative. In all equations

ntercept term was found to be non-significant (p> 0.05) and
as excluded from the final equation. The limit of detec

s given by Eq.(3). Standard error and slope terms refer to
ameters calculated by performing linear regression ana
n each derivative concentration and resulting peak area
tandard deviation is that of the fitted line from the predi

able 3
evel values,pvalues and regression coefficients for CCD model for ana
f compound7 (significantp values at the 5% level indicated in bold itali

arameter Level values Model parameters

−1 0 1 p values
(p= 0.05)

β

1 200 275 350 0.013 −5.9e+6

2 5 12.5 20 0.105 8.6e+

6 12 66 120 0.022 −9.7e+6

2
1 0.562 10071
2
2 0.552 1e+6
2
6 0.335 32853

1x2 0.019 −2.7e+5

1x6 0.067 28081

2x6 0.018 −3.8e+5
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line.

LOD = 3S.E.

slope
(3)

2.3.6. Stability trials
Percentage recoveries and peak areas were normally dis-

tributed and no transformation of data was necessary prior to
statistical manipulation. Each set of recovery data was exam-
ined for outliers by Dixon’sQ-test. Normality of the recov-
eries was confirmed using the Anderson–Darling normality
test at the 95% confidence level. The data had ap> 0.05 con-
firming normal distribution.

Analysis of variance (ANOVA) was performed using
a two-way general linear model for compound, storage
conditions and storage time and the associated interaction
terms at the 95% confidence level. Bonferroni simultane-
ous confidence intervals were also generated as part of the
ANOVA to allow comparison of multiple sample means. An
Anderson–Darling normality test at the 95% confidence level
on the residuals of the fitted ANOVA model was used to val-
idate the model.

After optimisation of thermal desorption parameters, sta-
bility trials were carried out using three sets of six tubes
loaded with 94�g butanethiol and 200 ng of each compound
loaded by vapour injection. Tubes spiked with compounds
3 -
a
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I and II, as shown previously[31], the reduced peak area
probably caused by incomplete desorption from the sor-
bent. For this reason, all subsequent experiments were per-
formed using butanethiol (to form derivatives5 and6) or
3,4-dimercaptotoluene (to form derivative7).

3.2. Butanethiol derivatives of Lewisites I and II
(compounds5 and6)

3.2.1. Plackett–Burman design
Initially a Plackett–Burman design was performed to as-

sess which thermal desorption parameters were likely to influ-
ence the response observed for each compound. This enabled
non-significant variables to be excluded from the subsequent
central composite design (refer toTable 1for pvalues for this
design for six factors and four response signals).

Compounds3 and4 are significantly influenced by des-
orption temperature (x1). Desorption time (x2) influences the
response of sulfur mustard3while butanethiol derivatives5
and6 are influenced by valve temperature (x3). None of the
compounds is influenced by cold trap high temperature (x4),
cold trap heating rate (x5) or thiol mass (x6). Therefore,x4
andx6 were set to their centre point values of 250◦C and
94�g, respectively, whilex5 was set to high to ensure rapid
transfer of analyte to the column. The value of 250◦C for x4
e hile
o life-
t r
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s ck
w l-
y ratic
m

m re-
f the
9 wed
x e
r pera-
t more
s r-
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a ist
a sul-
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t

-
i is
–6 were stored at room temperature (21◦C), in a refriger
tor (2◦C) and in a freezer (−5◦C) for each of five time
eriods (1, 7, 14, 21 and 28 days). A similar procedure
dopted for dithiol derivative7with storage periods of 7, 1
nd 30 days at room temperature or in a refrigerator.

.3.7. Application of method to the quantitative
etermination of sulfur mustard and Lewisite compound
n a decontamination trial

The headspace above a sulfur mustard–Lewisite
ure was sampled during a decontamination trial. The
nvolved the treatment of such mixtures at various t
eratures with candidate hydrolysis-inducing compou
eadspace samples were collected using a calibrated
et at 1 l min−1 for a time of 2 min. The quantity of intact ve
ant compounds in the headspace samples was compa
he quantity in the liquid and the degree of hydrolysis e
ated. Data from this trial cannot be fully discussed du
ommercial restrictions, but a chromatogram of a heads
ample generated from the trial is included in Section3.

. Results

.1. Investigation of the influence of desorption
arameters on analyte response

Preliminary experiments with pentanethiol, hexanet
nd heptanethiol showed greatly reduced peak areas
ared to butanethiol. The former thiols reacted with Lewis
o

nsured desorption of all analytes from the cold trap w
perating at a modest temperature, thus prolonging the

ime of the trap. The midpoint value ofx6 was adequate fo
omplete derivatisation of Lewisites I and II and did not re
n carryover of excess thiol.

Variablesx1, x2 andx3 were selected for further evalu
ion by CCD since the Plackett–Burman design highligh
nly main effects—higher order effects and interactions w
onfounded.

.2.2. Central composite design
A three-factor CCD was constructed with the dom

hown inTable 2. Experiments were performed in one blo
ith randomisation (Table 2gives thep values for the ana
sis of each of the response variables using a full quad
odel and the corresponding regression coefficients).
There was no evidence of any influence ofx1x3 for sulfur

ustard (compound3) at the 95% confidence level. The
ore, a model was constructed for sulfur mustard at
0% confidence level. Development of the model sho
2
1 and the interaction termx1x2 significantly influenced th
esponse of sulfur mustard. Increasing desorption tem
ure increased the response presumably by removing
ulfur mustard from the sorbent.Fig. 2a shows a characte
stic saddle-shape indicative of second order (x2

1) and inter-
ction effects (x1x2) when two possible optimal regions ex
t the edge of the experimental domain. Desorption of

ur mustard is enhanced by increased desorption time
emperature.

The response of Lewisite III (compound4) shows a pos
tive linear effect ofx1. Again increased desorption time
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Fig. 2. Surface plot of peak areas of compounds3–6 during optimisation experiments. (a) Compound3 with desorption temperature and desorption time,
(b) compound4 with desorption temperature and desorption time, (c) compound5 with desorption time and desorption temperature, (d) compound6 with
desorption temperature and valve temperature, (e) compound6with desorption time and valve temperature, (f) compound7with desorption temperature and
desorption time.
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favourable (Fig. 2b). Therefore, increased desorption time
in conjunction with high desorption temperature should be
employed. This is analogous behaviour to sulfur mustard.

There is no statistical evidence of a linear relationship be-
tween any of the factors in the case of the butanethiol deriva-
tive of Lewisite I (compound5). However, there is strong ev-
idence of curvature in the relationship betweenx1 (x2

1) andx2
(x2

2). There is also a significant interaction betweenx1 andx2
which suggests that increased desorption time at elevated des-
orption temperatures greatly decreases the response (Fig. 2c).
Increasing values of desorption temperature initially result in
increased peak areas due to efficient desorption of the deriva-
tive from the sorbent. The response reaches a maximum at
250◦C, thereafter decreases, presumably due to decomposi-
tion of the derivative on the sorbent. Similar observations are
noted for valve temperature suggesting thermal decomposi-
tion in the valve and during primary desorption above certain
temperatures.

The response of the butanethiol derivative of Lewisite II
(compound6) is influenced byx2

1 andx2
3 and the associated

interaction term (x2x3). The influence ofx2
1 on the response

shows an optimum at around 250◦C (Fig. 2d). The square
term for valve temperature (x2

3) also influences the response.
Increased desorption times (x2) are required to completely re-
move compound6 from the sorbent which is consistent with
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Table 4
Optimised parameter values for maximisation of compound response

Parameter Compound

3 4 5 6 3–6a 3–6b

x1 235 300 300 250 250 280
x2 20 5 5 5 5 5
x3 260 200 200 180 200 180

a Indicates optimum conditions for maximum response of compound5 in
the presence of3, 4 and6.

b Indicates global compromised optimum conditions giving equal impor-
tance to all compounds.

(p= 0.05) is marginal but was included in the model. Overall
the results show the thermal desorption process of this com-
pound should be performed at high temperatures resulting in
a gradual accumulation of analyte in the cold trap over time.

3.3. Mathematical modelling and optimisation of system
response

3.3.1. Compounds3–6
Regression equations can be derived to explain response

of each analyte using the regression coefficients inTable 2.
The equations for the four analytes are described by Eqs.
(4)–(7).

Compound3= −2.7e+8 + (164836x2
1) + (−40168x1x2)

(4)

Compound4 = −3.9e+7 + (1323438x1) + (67022x2
1) (5)

Compound5 = −9.3e+7 + (54411x2
1) + (−1175x2

2)

+ (−14876x1x2) (6)

C +8 2 2

A the
e onse
o d
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f atest
e om-
p peak
a r si-
m an-
a
i -
p tion.
his derivative having the highest molecular weight of
our analytes; more energy is required to remove it from
orbent. This effect is related to the interaction term (x2x3)
nd acts to increase the response of compound6 (Fig. 2e).
he inverted saddle-shape is unusual and seems to in
imilar response whenx2 is 5 or 20 min. Confirmatory expe
ments at both values ofx2 revealed short desorption tim
nd low valve temperatures are favourable for analys
ompound6.

Interestingly, as values of desorption temperature
rease, there is a corresponding decrease in response
oFig. 2a–e), indicating degradation of compounds3–6. This
llustrates the importance of second order interactions.
s perhaps not surprising as the flow path of the thermal
rption unit and the sorbent tubes are made of stainless
hich may initiate or catalyse the thermal degradation.

.2.3. Dithiol derivative of Lewisites I and II
compound7)

Table 3lists the parameterp values and regression coe
ients obtained from the CCD for compound7. Parametersx1
ndx6 influence the response of this compound by decrea

he peak area. The interactionx1x2 as shown inFig. 2f sug-
ests increased desorption times at high desorption tem

ures results in an increased signal. This is similar beha
o that of compounds3 and4 suggesting this derivative
ore stable with respect to temperature than the mono
erivatives5and6. There is no evidence of a linear effect
2 and square terms do not influence the response of
ound7 but interactions are important. The interactionx1x6
l

ompound6 = −2.8e + (−54311x1) + (−3137x2)

+ (−708x2x3) (7)

local maximum response for each compound within
xperimental domain can be determined using the resp
ptimisation approach[37]. This involves listing the low an
igh values for response and applying a maximisation a
ithm. Optimum conditions for response of each compo
ere calculated using the desirability function (for resu

efer toTable 4). The purpose of the present analysis wa
ultaneous quantitation of all four compounds (3–6), there-

ore a response optimisation was performed placing gre
mphasis on the butanethiol derivative of Lewisite I (c
ound5) since this compound gave the lowest average
rea throughout the experiment. Optimum conditions fo
ultaneous chromatographic determination of the four
lytes placing greatest emphasis on compound5 are shown

n Fig. 3. A desorption temperature 250◦C results in com
lete desorption without thermally induced decomposi
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Fig. 3. Compromised global optimum for compounds3–6 placing greatest
priority on response maximisation of compound6.

A minimal desorption time of 5 min will also favour max-
imisation of this response. This is consistent with practical
requirements; time should be minimised to give maximum
throughput of samples and desorption temperature should be
low to prolong the longevity of the sorbent.

The optimum valve temperature for compound5was cal-
culated as 180◦C. However, this resulted in intermittent valve
failure and hence a valve temperature of 200◦C was em-
ployed. From the predictive model this represented a de-
crease of 13% for the signal of compound5. This decrease
in response and hence sensitivity was deemed acceptable as
desirable LODs were still achieved with greater instrument
reliability.

Fig. 5. Lewisites I and II form a common adduct with 3,4-
dimercaptotoluene.

Reference toFig. 3 indicates the desirability (d) for com-
pounds3,4and6was modest as expected. A compromise op-
timisation resulted in a decrease in response of 12% for com-
pound3when compared to optimum desorption temperature
of 280◦C. Again this was deemed acceptable for this analy-
sis.Table 4also indicates the optimum conditions for deter-
mination of the compounds simultaneously by placing equal
importance on maximising all responses. The total ion chro-
matogram employing GC–MS–SIM of compounds3–6using
these compromise optimum conditions is shown inFig. 4.

3.3.2. Compound7
High-desorption temperatures result in increased response

of this compound and hence should be set at the upper limit of
350◦C. The interactionx1x2 increases response with longer
desorption times being favoured.Fig. 2f summarises the in-
fluence of desorption time and desorption temperature on
response. The regression model obtained for compound7
is shown in Eq.(8). Optimum conditions were a desorption
temperature of 350◦C for 20 min using 12�g of thiol.

Compound7 = 1.5 × 109 + (−5.9 × 106x1)

+ (−1.1 × 107x6) + (3.1 × 105x1x2)

+ (−4.1 × 105x1x6) (8)

lumn) a ound
Fig. 4. Extracted ion chromatogram of compounds3–6 (5 ng each on co
 nalysed by placing greatest emphasis on maximising signal of comp5.
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Fig. 6. Summary of storage stability trials for compounds3–6 and associated derivatising reagents. (a) 3,4-Dimercaptotoluene and butanethiol. (b) Sulfur
mustard and Lewisite III. (c) Lewisite I and II–butanethiol derivatives.
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Compound7 was analysed in a different experimental run
from compounds3 to 6 as injecting two thiols onto a Tenax
TA tube would have given complex results. Derivatisation
of Lewisites I and II with 3,4-mercaptotoluene using split-
less or on-column injection, or on-tube, gave a common
product, compound7. Although expected for Lewisite I,
this outcome was not expected for Lewisite II, and sug-

gests that a second nucleophilic attack can take place with
loss of chloroethene. The reaction is most likely driven by
the formation of two strong AsS bonds and a stable five-
membered ring (Fig. 5) [38–40]. In the context of this paper,
the reaction of Lewisites I and II with 3,4-mercaptotoluene
might be of use when total Lewisite is of interest, but the
overestimation of concentration of Lewisite I and underes-
Fig. 7. Total ion chromatogram and mass spectrum of a headspace samp
le taken during a decontamination trial showing the presence of sulfur mustard.
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timation of concentration of Lewisite II must be acknowl-
edged.

3.3.3. Evaluation of model accuracy
Mathematical models for the response of each compound

described in Section3.2 were evaluated to establish predic-
tion accuracy. Five Tenax TA tubes were spiked with 12�g
of thiol and 800 ng of compounds3–6 and the tubes des-
orbed using the optimum conditions established in Section
3.2. The predicted response of each compound employing
these conditions was obtained from the appropriate model,
and predicted and observed values compared. Model accu-
racy was found to be 73, 95, 76 and 72% for compounds3,
4, 5 and6, respectively. These values proved that the CCD
models gave an acceptable estimate of compound response.
The accuracy of the model with respect to compound7 was
not evaluated.

3.3.4. Limits of detection and linearity
All calibration plots were linear over the calibration range.

LODs were calculated as described in Section2.3.5. Linear
regression analysis and application of Eq.(3) yielded detec-
tion limits of 12, 11, 15, and 19 ng on column for compounds
3–6, respectively. In a 2 l air sample and employing a split
flow of 10 ml min−1, atmospheric detection limits were cal-
c −3 e
fi sent
s OD
f s
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3) was recovered from 1 to 21 days after spiking. Recovery
decreased to 81% after 28 days. Lewisite III (compound4)
showed analogous behaviour with recovery falling to a mean
of 76% after 28 days. An initial recovery of 93% for the bu-
tanethiol derivative of Lewisite I (compound5) decreased
to 75% after 7 days with this percentage recovery being ex-
hibited for the remainder of the storage trial. A significant
decrease in recovery of the butanethiol derivative of Lewisite
II (compound6) from a mean of 88% after 1 day to 64% after
21 days was observed.

The 3,4-mercaptotoluene derivative of Lewisites I and II
(compound7) was not significantly affected by storage time.
Recovery of 3,4-dimercaptotoluene decreased to around 80%
after 7 days and remained at this level for the duration of the
study. This may imply that formation the dithiol analogue of
3,4-dimercaptotoluene is less favoured than the correspond-
ing butanethiol analogue.

3.3.6. Application of method to the quantitative
determination of sulfur mustard and Lewisite compounds
in a decontamination trial

Vesicant compounds were detected and quantitated in
headspace samples, using butanethiol derivatisation, within a
few days of the experiments being conducted. Depending on
the conditions, compounds3–6were observed in the samples.
F ace
s hro-
m e ab-
s only
d te of
L ex-
p space
w lysis-
i

4

sign
h lysis
o nts
i and
I the
t tube
d ss-
i . A
s is ef-
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l s of
d ir
s 3,4-
d

any
c vely
r re-
c 8
ulated as 24, 35, 28, and 29�g m , respectively. Thes
gures, even for the small volume of air sampled, repre
uperior LODs to methods described previously. The L
or the 3,4-dimercaptotoluene derivative7was established a
60�g m−3, considerably higher than that of the butanet
erivatives5 and6. The precision of replicates at all co
entration levels was excellent with coefficients of varia
ypically less than 5%. Establishment of breakthrough
mes for the analytes will potentially allow more air to
ampled and perhaps improve LODs.

.3.5. Storage stability trial
Tubes were spiked and stored as described in Section2.3.6.

ercentage recoveries of compounds3–7, butanethiol an
,4-dimercaptotoluene under each storage condition ov
ve time periods evaluated are shown inFig. 6a–c. Although
utanethiol was added in excess, this species was mon
o observe any formation of dibutyl disulfide.Fig. 6 does
ot show the percent recovery of dibutyl disulfide, wh
as detected in samples. With the exception of dibutyl d
de, storage conditions were not statistically significant in
NOVA for any compound. This indicates that butaneth
,4-dimercaptotoluene and compounds3–7 are stable whe
tored under each condition. Dibutyl disulfide showed a
rease over the time period with most being observed
1 and 28 days. This was pronounced in samples stor
oom temperature and was also coincident with the minim
ecovery of butanethiol. This supports the thesis of slow
ersion to the disulfide on storage at ambient temperatu

Storage time was shown to significantly affect recov
f analytes. Greater than 90% of sulfur mustard (compo
ig. 7 illustrates a total ion chromatogram of a headsp
ample taken during the decontamination study. The c
atogram shows the presence of sulfur mustard but th

ence of lewisite compounds. Lewisite compounds were
etected at trace levels in this study as the hydrolysis ra
ewisite is 50 times greater than that of sulfur mustard. As
ected, the concentration of each compound in the head
as influenced by the temperature and candidate hydro

nducing reagent.

. Conclusions

Sequential application of statistical experimental de
as allowed TD–GC–MS method to be developed for ana
f sulfur mustard and Lewisites I–III in ultra-trace amou

n air samples. Butanethiol derivatives of Lewisites I
I showed significant thermal-induced decomposition in
hermal desorption unit. Decomposition occurred during
esorption (derivative of Lewisite I and II) or when pa

ng through the heated valve (derivative of Lewisite II)
hort desorption time was adopted (5 min) to reduce th
ect for the butanethiol derivative of Lewisite I and II whi
ed to a compromise desorption method. However, limit
etection of about 30�g m−3 were achievable in a 2 l a
ample, approximately 10 times greater than that of the
imercaptotoluene derivative of Lewisites I and II.

Storage conditions did not influence the recovery of
ompound in this study. Sulfur mustard was quantitati
ecovered (>90%) from 1 to 21 days after spiking. The
overy decreased significantly (p< 0.05) to 81% after 2
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days. Lewisite III showed analogous behaviour with recov-
ery falling to a mean value of 76% after 28 days. The initial
recovery of 93% for the butanethiol derivative of Lewisite I
decreased to 75% after 7 days with this percentage recov-
ery being exhibited for the remainder of the storage trial. A
statistically significant decrease in the recovery of the bu-
tanethiol derivative of Lewisite II from a mean value of 88%
after 1 day to 64% after 21 days was noted. The Lewisite–3,4-
dimercaptotoluene derivative was not influenced by storage
condition with 80% being recovered after 28 days. There-
fore, the above time periods should be acknowledged when
the method is used for atmospheric sampling. This will ensure
adequate sample will be present on the tube when received
by the laboratory for analysis.

The optimised analytical method was employed in a de-
contamination trial to allow successful quantitation of vesi-
cant species in headspace/air samples.
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