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Abstract

Thermal desorption with gas chromatography—mass spectrometry (TD—GC-MS) remains the technique of choice for analysis of trace
concentrations of analytes in air samples. This paper describes the development and application of a method for analysing the vesicant
compounds sulfur mustard and Lewisites I-lIl. 3,4-Dimercaptotoluene and butanethiol were used to spike sorbent tubes and vesicant vapours
sampled; Lewisite | and Il reacted with the thiols while sulfur mustard and Lewisite 11l did not. Statistical experimental design was used to
optimise thermal desorption parameters and the optimum method used to determine vesicant compounds in headspace samples taken from
decontamination trial. 3,4-Dimercaptotoluene reacted with Lewisites | and Il to give a common derivative with a limit of detection (LOD) of
260g m~3, while the butanethiol gave distinct derivatives with limits of detection arounog3—3.

Crown Copyright © 2005 Published by Elsevier B.V. All rights reserved.
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1. Introduction and aim of investigation ity is believed to be due to reaction of Lewisites I-Il and
their hydrolysis products with sulfhydryl-containing proteins
Sulfur mustard and Lewisite are blister agents that dam- in skin [12-16} Lewisite Ill is inert to nucleophiles and
age the skifl-4]. Sulfur mustard was first used a chemical does not cause blisters. Both sulfur mustard and Lewisite
weapon in World War I. Since then there have been sev- are volatile liquids that readily evaporate and they feature in
eral recorded and suspected incidents of its use, includingSchedule One of the Chemical Weapons Conventiah.
during the Iran—Irag War in the 198(5-7]. Lewisite was Methods for their analysis are becoming increasingly im-
produced by the USAB,9] for deployment in Europe dur-  portant as more effort is being spent on rendering safe old
ing World War |, but when Germany capitulated, the mate- munitions and contaminated landfill sitgs8]. Overshad-
rial was quickly transported by train to the East Coast and owing environmental issues is the threat of their use by
dumped in the Atlantic Ocean. Military use of Lewisite has terrorists. Therefore, forensic methods for analysing these
not been proven, although Japan may have used it againsthemicals and their ‘signatures’ (e.g. impurities, hydroly-
China in 1937-194410]. Lewisite comprises three com- sis products) are of paramount importaifit®]. Being able
pounds called Lewisite | (major component), Lewisite |l to analyse for sulfur mustard and Lewisites I-Ill simultane-
and Lewisite Il (minor componen{L1]. Its blistering abil- ously is of interest as mustard—Lewisite mixtures have been
stockpiled by Russig20]; due to its low freezing point,
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Sulfur mustard can be analysed without difficulty by gas intact volatilised Lewisite present in the headspace of the
chromatography (GC) unlike compounds with-&d bonds, reaction.
which are much more reactive and corrosive. Analysis of
Lewisites | and Il by GC results in rapid deterioration of the
column. Lewisite Il may be analysed directly but is of lesser 2- Experimental methodology
importance. The volatility of the Lewisite compounds de-
creases in the order | (bp 196) < 11 (230°C) <1l (260°C). 2.1. Chemicals
Given that Lewsite | is likely to be the major constituent
in weaponised Lewisite, and that it is the most volatile and ~ Sulfur mustard33] and Lewisites |-IIl were synthesised
hazardous component, more effort has gone into develop-in-hous€9] in an efficient, dedicated fume-cupboard. Heavy
ing methods for its analysis relative to the other arsenicals. rubber gloves, a chemical-resistant Microgard smock (Orvec
Lewisite | has been determined in atmospheric samples usinginternational, Hull, UK) and a face visor were worn. A per-
flame Spectrophotomettgl], with ethanolamine derivatisa- SpeX Safety Sh|e|d was Used during diStillationS. Butanethiol,
tion [22], flow injection[23], atomic emissiori24] and ion 3,4-dimercaptotoluene, methanol and triethylamine were ob-
mobility spectroscopy25]. These methods involve indirect  tained from Aldrich (Gillingham, UK), pentanethiol and
determination and lack sensitivity. Tenax TA has been used hexanethiol from Acros Organics (Loughborough, UK) and
to trap Lewisite | with derivatisation with methanethiol—the heptanethiol from Lancaster Chemicals (Morecambe, UK).
derivative was analysed by GC with flame photometric de- Allwere atleast 95% pure and were used asreceived. Thermal

tection[26]. Other aliphatic thiol$27,28]and some dithiols ~ desorption tubes packed with 100 mg Tenax TA were condi-
[29,30] have been used to derivatise Lewisites | and IL. tioned at 200C for 90 min, 250°C for 30 min, then 340C

The first paper in this series reported a method for de- for 30min, in a flow of nitrogen (100 mimin'). About one
termination of Lewisite compounds in liquid hydrocarbon quarter of the tubes were selected at random and desorbed in
matrices using a series of normal aliphatic thifgs]. We the thermal desorption system. No significant peaks above the
now report a method for the derivatisation of Lewisites |-II baseline were observed; further cleaning was unnecessary.
with butanethiol, pentanethiol, hexanethiol, heptanethiol, and
3,4-dimercaptotoluene on Tenax TA in the presence of sulfur 2.2. Derivatisation procedure
mustard and Lewisite Ill. Although 3,4-dimercaptotoluene
has been used to derivatise Lewisit§2D,32] derivatisa- 2.2.1. Monothiol derivatives of Lewisites | and Il
tion on-tube with thermal desorption has not been reported. (compound$ and6)

We optimised thermal desorption parameters using statisti-  Tubes were spiked with 1001 of a 1.5u.g mi~* solution

cal experimental design to allow analysis of trace levels of Of thiol in methanol (150 ng on tube) using a vapour load-

Lewisites 111l and sulfur mustard in air samples. Structures ing rig (Marks International, UK) at 50 mimirt nitrogen.

of the chemical warfare agents and thiol derivatives inves- Ten microliters of a 5q.g mI~* solution of sulfur mustard

tigated in this study appear ifig. 1L Both intact and hy- ~ and Lewisites I-lIl in methanol (50@g on tube) and 1l

drolysed Lewisite will be derivatised with thiols, but owing ©of a 1.5p.g mi~* solution of triethylamine in methanol were

to the vapour pressure and polarity of the hydrolysed com- loaded onto the tube. Although it would have been preferable

pound, the method is likely to only yield measurement of to use tubes loaded from a vapour generator, such loading
methods generally show poor precision and this would have
masked the influence of varying experimental parameters.

CICH=CHAsCI,  (CICH=CH),AsClI (CICH,CH,),S
1 2 3 2.2.2. Dithiol derivative of Lewisites | and Il
Lewisite | Lewisite Il sulfur mustard (compound?)

Tubes were spiked with 10 of a 1.2 mg mt-! solution of
3,4-dimercaptotoluene in methanol by vapour loadingp8.5

CICH=CH),A CICH=CHAs(SBu CICH=CH),As-SB . C
( s (SBu: JAS-SBY of a 1.2 mgmt? solution of Lewisite | in methanol was then

4 5 6 injected. Loading conditions were identical to those used for
Lewisite Il butanethiol derivatives of Lewisites | and || monothiols.
S Me 2.3. Mathematical models and optimisation of thermal
CICH=CHASs j©/ desorption parameters
\
S

7 2.3.1. Plackett—Burman design for compouBe6

The theory and application of experimental design is re-
viewed elsewher84,35] Initially a Plackett—Burman model
(resolution 111) was constructed for investigation of six pa-
Fig. 1. Structures of vesicant compounds and their thiol derivatives. ~ rameters that would potentially influence the chosen response

3,4-mercaptotoluene derivative
formed from Lewisites | and Il
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Table 1
Plackett—Burman design matrix and corresponding p valie®(05) for investigation of influence of desorption parameters on response of com@@s6nds
Parameter Level values Significance (95% C.I.)
-1 0 +1 Compoun@® Compound4 Compoundb Compounds
X1 200 250 300 0.01 001 >0.05 >005
X2 5 125 20 0.02 004 >0.05 >005
X3 180 220 260 >M5 0.01 003 002
X4 200 250 300 >M5 >005 >005 >005
X5 Slow Fast >[5 >Q005 >Q005 >005
X6 37 937 150 >005 >005 >005 >005

x1: desorption temperaturéQ); x,: desorption time (min)xs: valve temperature’C); x4: trap high (C); xs: trap rate {C s™1); xs: thiol mass (g). 1 and -1
indicate a factorial point, O indicates a centre-point.

(peak area) of the four compounds. The design comprised sixlower limits of each factor were placed on the axial points of

factors: desorption temperaturg;), desorption time ), the design.
valve temperaturexg), trap high temperature), trap heat- 14
ing rate &) and thiol massxg). Although limited in power @ = £(Np)"/* = +1.68 2

to detect higher order interactions, this design was used as a h is th ber of . it il :
screening method to eliminate superfluous variables prior to "/ ereNr Is the number of experiments in factorial portion

development of a response surface design. A single replicate®f 4€sign (8). , _
From the 20 experiments performed, a global optimum

of each run was performed with two centre points added to ) i

detect curvature. The Plackett—Burman design employed is/0f compounds-6 was established. All model assumptions

shown inTable 1 were confirmed using residual plots and normal probability
plots. There was no evidence of lack of fit for any of the

2.3.2. Central composite design for compouBe8 models subsequently described.

Response surface methodology allowed the response of
the system (peak area) to be optimised with respect to three2.3.3. Central composite design for dithiol derivative
parameters: desorption temperature, desorption time and(compound’)
valve temperature. These factors were shown to influence the Using the results obtained from the Plackett—Burman
peak areas of the analytes from the Plackett—Burman designmodel, parameters;, x, andxg were chosen for optimisa-
and hence warranted further investigation. A rotatable, or- tion. A three-factor CCD was selected to model the influ-
thogonal central composite design (CCD) allowed empirical ence of desorption temperature, desorption time and weight
relationships between system response and these parameterd derivatising reagent on observed response of the dithiol
to be elucidated. A mathematical model for a four variable derivative7. A face-centred model requiring 20 experiments

CCD can be described by E@.). was chosen (it was thought unnecessary to extend the domain
to five points for each variable, a conclusion based on the re-

Y = po+ Z Bjxj+ Z ﬁ./ﬁ? + Z Bk j X (1) sults of optimisation for monothiol derivativésand6). The
experimental domain for this design, wittv 1, is shown in

whereY is the response of systemy the variable of system,
andpo, B;, Bjj andpik are regression coefficients for constant,
linear, square and interaction terms, respectively.
Regression coefficients were calculated by fitting the val- 2.3.4. Analysis of vesicant compounds and associated
ues of experimental parameters to the least squares regressic#erivatives by TD-GC-MS
line. A quadratic equation or an equation containing only ~ GC-MS was performed on a Hewlett-Packard 5890
significant terms resulted. This was then used to predict theGC system (series 2) interfaced to a Hewlett-Packard
response of the system for a given value of an experimen-5971A mass-selective detector. A DB5-MS capillary column
tal parameter. The experimental domain levels for the CCD (25 mx 0.25mm, 0.2um) was used with an initial GC oven
appear inTable 2 temperature of 40C maintained for 2 min then increased at a
The CCD consists of a star design imposed through the rate of 20°C min~* to 160°C. A second ramp of 30C min™*
centre of a factorial design. The three-factor design used inwas employed to reach 310 and this temperature was held
this investigation comprised & 2actorial design (eight ex- ~ for 2min. The MS instrument was operated in positive elec-
periments), a star design (six experiments) and 6 centre pointgron impact (El) mode with an electron energy of 70 eV. Ini-
(six in factorial portion and zero in star portion). The result- tially, the MS system was operated in scan mode between
ing 20 experiments were run in a random order in one block. ™z 50 and 400 (2.16 cycles $). Selected ion monitoring
An « value of 1.68 was used to ensure rotatability and orthog- (SIM) experiments were conducted; diagnostic ions chosen
onality of the design as calculated by ER). The upper and  (nV2) were as follows:

Table 3
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Table 2

Level valuesp values and regression coefficients of CCD model for analysis of comp@Hadsignificantp values at the 95% confidence level indicated in bold italics)

Model parameters

Level values

Parameter

p values p=0.05)

+1.68

+1

-1

-1.68

Compound4 Compoundb Compounds Compound3 Compound4 Compounds Compounds

Compound3

0.026 0.427 0.709 2538696 698478 703146 1751576
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0.099"
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X2X3

—708.161

391.651
6542.4

2617.44

28608.8

1905.72

0.606
0.004 3538.42

0.711

0.313

32993.7

0.112 0.361

0.900

regression coefficient.
a Significant effect or8 and5 response at the 90% confidence level.
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Compound3=109, 111, 158, 160.
Compound4d =136, 138, 145, 258.
Compounds =145, 203, 229, 286.
Compound =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. Athermal desorption blank
was run between each optimisation experiment where the pa-
rameters were all set at their maximum values.

For compoundS and6, a tube loading of 500 ng was used
as described in Sectidh2.1 A head pressure of 14.7 psi set
at 40°C (31cms) and an outlet split flow of 10 ml mint
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 valve
temperature = 200C, line temperature = 228, desorption
flow =50 mImin1, and outlet split flow = 10 ml mint.

2.3.5. Calibration and limits of detection (LODSs)

A series of standard solutions containing compouds
were prepared in concentrations of 5, 10, 20, 40, 80 and
160uwg mi~1in hexane. Ten microliters of each standard was
injected and derivatised as described in Sec?iéhDeriva-
tives were characterised from interpretation of El fragmenta-
tion patterns and ions suitable for SIM selected. Calibration
plots were linear for each thiol derivative.

Detection limits were calculated for GC—MS-SIM as de-
scribed by Miller and Millef36]. Each standard was run in
triplicate and linear regression analysis performed to give re-
gression coefficients for each derivative. In all equations, the
intercept term was found to be non-significgmt©.05) and
was excluded from the final equation. The limit of detection
is given by Eq(3). Standard error and slope terms refer to pa-
rameters calculated by performing linear regression analysis
on each derivative concentration and resulting peak area. The
standard deviation is that of the fitted line from the predicted

Table 3
Level valuesp values and regression coefficients for CCD model for analysis
of compound? (significantp values at the 5% level indicated in bold italics)

Parameter Level values Model parameters
-1 0 1 p values B
(p=0.05)
X1 200 275 350 0.013 —5.9e+6
X2 5 125 20 0.105 8.6e+6
X6 12 66 120 0.022 -9.7e+6
x2 0.562 10071
x5 0.552 le+6
x5 0.335 32853
X1X2 0.019 —2.7e+5
X1X6 0.067 28081
XoXg 0.018 —3.8e+5
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line. I and II, as shown previousli31], the reduced peak area
probably caused by incomplete desorption from the sor-
3SE. . .
LOD = Wpe 3) bent. For this reason, all subsequent experiments were per-

formed using butanethiol (to form derivativeésand 6) or

e 3,4-dimercaptotoluene (to form derivative
2.3.6. Stability trials

Percentage recoveries and peak areas were normally dis3 5 gtanethiol derivatives of Lewisites | and I
tributed and no transformation of data was necessary prior to(compound§ and6)
statistical manipulation. Each set of recovery data was exam-
ined for outliers by Dixon'€Q-test. Normality of the recov-
eries was confirmed using the Anderson—Darling normality
test at the 95% confidence level. The data hpdt .05 con-
firming normal distribution.

3.2.1. Plackett—Burman design

Initially a Plackett—Burman design was performed to as-
sesswhichthermal desorption parameters were likely to influ-
s ] ) ence the response observed for each compound. This enabled
Analysis of variance (ANOVA) was performed using 4n_significant variables to be excluded from the subsequent

a two-way general linear model for compound, storage central composite design (referTable 1for p values for this
conditions and storage time and the associated mteractlondesign for six factors and four response signals).

terms at the 95% confidence level. Bonferroni simultane- Compounds3 and4 are significantly influenced by des-

ous confidence intervalg were also.generated as part of theorption temperaturex{). Desorption timex,) influences the
ANOVA to allow comparison of multiple sample means. An  rognonse of sulfur mustagiwhile butanethiol derivatives

Anderson—Darling normality test at the 95% confidence level 4,46 are influenced by valve temperatusg){ None of the
on the residuals of the fitted ANOVA model was used to val- compounds is influenced by cold trap high temperatagk (

idate the model. _ cold trap heating ratex§) or thiol mass Xg). Therefore xa
After optimisation of thermal desorption parameters, sta- andxs were set to their centre point values of 2&Dand

bility trial_s were carried out using three sets of six tubes 949, respectively, whiles was set to high to ensure rapid

loaded with 94.g butanethiol and 200 ng of each compound yansfer of analyte to the column. The value of 260for x4

loaded by vapour injection. Tubes spiked with compounds gngred desorption of all analytes from the cold trap while

3-6 were stored at room temperature (), in a refriger-  onerating at a modest temperature, thus prolonging the life-

ator (2°C) and in a freezer{5°C) for each of five time e of the trap. The midpoint value a§ was adequate for

periods (1, 7, 14, 21 and 28 days). A similar procedure wWas ¢omp|ete derivatisation of Lewisites | and Il and did not result

adopted for dithiol derivativé with storage periods of 7, 14 carryover of excess thiol.

and 30 days at room temperature or in a refrigerator. Variablesx;, xo andxs were selected for further evalua-
tion by CCD since the Plackett—Burman design highlighted

2.3.7. Application of method to the quantitative only main effects—higher order effects and interactions were

determination of sulfur mustard and Lewisite compounds  confounded.

in a decontamination trial

The headspace above a sulfur mustard—Lewisite mix- 3.2.2. Central composite design

ture was sampled during a decontamination trial. The trial A three-factor CCD was constructed with the domain

involved the treatment of such mixtures at various tem- shown inTable 2 Experiments were performed in one block

peratures with candidate hydrolysis-inducing compounds. with randomisationTable 2gives thep values for the anal-

Headspace samples were collected using a calibrated pumgsis of each of the response variables using a full quadratic

setat 11 mir! for atime of 2 min. The quantity of intact vesi- model and the corresponding regression coefficients).

cant compounds in the headspace samples was compared to There was no evidence of any influencexgfs for sulfur

the quantity in the liquid and the degree of hydrolysis eval- mustard (compound) at the 95% confidence level. There-

uated. Data from this trial cannot be fully discussed due to fore, a model was constructed for sulfur mustard at the

commercial restrictions, but a chromatogram of a headspace90% confidence level. Development of the model showed

sample generated from the trial is included in Sec8on x2 and the interaction termyx, significantly influenced the
response of sulfur mustard. Increasing desorption tempera-
ture increased the response presumably by removing more

3. Results sulfur mustard from the sorberfig. 2a shows a character-
istic saddle-shape indicative of second ordér) @nd inter-

3.1. Investigation of the influence of desorption action effectsXix2) when two possible optimal regions exist

parameters on analyte response at the edge of the experimental domain. Desorption of sul-

fur mustard is enhanced by increased desorption time and
Preliminary experiments with pentanethiol, hexanethiol temperature.
and heptanethiol showed greatly reduced peak areas com- The response of Lewisite Il (compoud)l shows a pos-
pared to butanethiol. The former thiols reacted with Lewisites itive linear effect ofx;. Again increased desorption time is
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Fig. 2. Surface plot of peak areas of compouBd6 during optimisation experiments. (a) Compoudaith desorption temperature and desorption time,
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favourable Fig. 20). Therefore, increased desorption time Table 4 o
in conjunction with high desorption temperature should be Optimised parameter values for maximisation of compound response
employed. This is analogous behaviour to sulfur mustard.  Parameter Compound

There is no statistical evidence of a linear relationship be- 3 4 5 6 368 360
tween any .of the factors in the case of the buta}nethlol deriva- ” 235 200 300 Py Py 280
tive of Lewisite | (compound). However, there is strong ev- . 20 5 5 5 5 5
idence of curvature in the relationship betwex@(]xf) andx; X3 260 200 200 180 200 180
(xg) There is also a significant interaction betwagandx; 2 |ndicates optimum conditions for maximum response of compé@iind
which suggests thatincreased desorption time at elevated deskhe presence @&, 4 and6.
orption temperatures greatly decreases the respBitgeX). b Indicates global compromised optimum conditions giving equal impor-

Increasing values of desorption temperature initially resultin @"¢€ © all compounds.

increased peak areas due to efficient desorption of the deriva- . ) ) )

tive from the sorbent. The response reaches a maximum afP=0.05) is marginal but was included in the model. Overall

250°C, thereafter decreases, presumably due to decomposilhe results show the thermal de;orptlon process of thls.com-

tion of the derivative on the sorbent. Similar observations are Pound should be performed at high temperatures resulting in

noted for valve temperature suggesting thermal decomposi-& gradual accumulation of analyte in the cold trap over time.

tion in the valve and during primary desorption above certain

temperatures. 3.3. Mathematical modelling and optimisation of system
The response of the butanethiol derivative of Lewisite Il response

(compoundb) is influenced byxf andx% and the associated

interaction termxzxs). The influence of? on the response ~ 3.3.1. Compound3-6

shows an optimum at around 250 (Fig. 2d). The square Regression equations can be derived to explain response

term for valve temperature$) also influences the response. 0f each analyte using the regression coefficientgable 2

Increased desorption times] are required to completelyre- ~ The equations for the four analytes are described by Egs.

move compoun® from the sorbent which is consistent with  (4)—(7)

this derivative having the h_ighest _molecular Weight of the Compound = —2.7e"8 + (164836:%) + (—401681x2)

four analytes; more energy is required to remove it from the (4)

sorbent. This effect is related to the interaction teraxd)

and acts to increase the response of compdu(ieg. 2e).

The inverted saddle-shape is unusual and seems to indicatgompoundt = —3.9e™7 + (13234381) + (670222) (5)

similar response whex is 5 or 20 min. Confirmatory exper-

iments at both values o revealed short desorption times 7 5 )

and low valve temperatures are favourable for analysis of COMPound = —9.3€™" + (54411x7) + (-1175:)

compoundb. + (—14876¢1x2) (6)
Interestingly, as values of desorption temperature in-

crease, there is a corresponding decrease in response (refer

toFig. 2a—e), indicating degradation of compour3d$. This

— _9gat8  (_ 2 _ 2
illustrates the importance of second order interactions. This Compound = —2.8¢™ + (—54311) + (-313%3)

is perhaps not surprising as the flow path of the thermal des- + (—708x2x3) )
orption unit and the sorbent tubes are made of stainless steel . o
which may initiate or catalyse the thermal degradation. A local maximum response for each compound within the

experimental domain can be determined using the response
optimisation approacl87]. This involves listing the low and

3.2.3. Dithiol derivative of Lewisites | and Il high values for response and applying a maximisation algo-

(compound’) rithm. Optimum conditions for response of each compound
Table 3lists the parametgy values and regression coeffi- were calculated using the desirability function (for results,

cients obtained from the CCD for compoundParameters; refer toTable 4. The purpose of the present analysis was si-

andxg influence the response of this compound by decreasingmultaneous quantitation of all four compoun@8s4), there-

the peak area. The interacti®gx, as shown irFig. 2f sug- fore a response optimisation was performed placing greatest

gests increased desorption times at high desorption temperaemphasis on the butanethiol derivative of Lewisite | (com-
tures results in an increased signal. This is similar behaviour pound5) since this compound gave the lowest average peak
to that of compound8 and4 suggesting this derivative is  area throughout the experiment. Optimum conditions for si-
more stable with respect to temperature than the monothiolmultaneous chromatographic determination of the four an-
derivativess and6. There is no evidence of a linear effect for alytes placing greatest emphasis on compdbiade shown

X2 and square terms do not influence the response of com-in Fig. 3. A desorption temperature 25Q results in com-
pound? but interactions are important. The interactiqmg plete desorption without thermally induced decomposition.



322

valve temp

180 (°C)
180

desorb temp
300

250 (°C)
200

) desorb time
Global D High 0

=0.77851 Opt 5 (mins)
Low

comp 3
y =3.931e+7
d=0.62

comp 4
y = 2.858e+7
d=0.72

comp 5
y = 1.099e+7

d=0.81

comp 6
y = 1.849e+7
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-
-

Fig. 3. Compromised global optimum for compours$ placing greatest
priority on response maximisation of compoutid

A minimal desorption time of 5min 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 compouas cal-
culated as 180C. However, this resulted in intermittent valve
failure and hence a valve temperature of 200was em-
ployed. From the predictive model this represented a de-
crease of 13% for the signal of compouBdThis decrease

in response and hence sensitivity was deemed acceptable as

desirable LODs were still achieved with greater instrument
reliability.
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Fig. 5. Lewisites | and Il form a common adduct with 3,4-

dimercaptotoluene.

Reference td-ig. 3indicates the desirabilitydj for com-
pounds3, 4 and6 was 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 compoursd$ using
these compromise optimum conditions is showfi. 4.

3.3.2. Compound

High-desorption temperatures resultin increased response
of this compound and hence should be set at the upper limit of
350°C. The interactiorn; X2 increases response with longer
desorption times being favouredgig. 2f summarises the in-
fluence of desorption time and desorption temperature on
response. The regression model obtained for compdund
is shown in Eq(8). Optimum conditions were a desorption
temperature of 350C for 20 min using 12.g of thiol.

Compound = 1.5 x 10° + (—5.9 x 10%x1)
+ (1.1 x 10"xg) + (3.1 x 10°x1x2)

+ (—4.1 x 10°x1xg) (8)
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Fig. 4. Extracted ion chromatogram of compoufé6 (5 ng each on column) analysed by placing greatest emphasis on maximising signal of compound
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Fig. 6. Summary of storage stability trials for compour3d§ and associated derivatising reagents. (a) 3,4-Dimercaptotoluene and butanethiol. (b) Sulfur
mustard and Lewisite Ill. (c) Lewisite | and Il-butanethiol derivatives.
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Compound7 was analysed in a different experimental run gests that a second nucleophilic attack can take place with
from compounds$ to 6 as injecting two thiols onto a Tenax loss of chloroethene. The reaction is most likely driven by
TA tube would have given complex results. Derivatisation the formation of two strong AsS bonds and a stable five-
of Lewisites | and Il with 3,4-mercaptotoluene using split- membered ringKig. 5) [38—40] In the context of this paper,
less or on-column injection, or on-tube, gave a common the reaction of Lewisites | and Il with 3,4-mercaptotoluene
product, compound’. Although expected for Lewisite I,  might be of use when total Lewisite is of interest, but the
this outcome was not expected for Lewisite Il, and sug- overestimation of concentration of Lewisite | and underes-
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Fig. 7. Total ion chromatogram and mass spectrum of a headspace sample taken during a decontamination trial showing the presence of sulfur mustard.
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timation of concentration of Lewisite Il must be acknowl- 3) was recovered from 1 to 21 days after spiking. Recovery

edged. decreased to 81% after 28 days. Lewisite Il (compodnd
showed analogous behaviour with recovery falling to a mean
3.3.3. Evaluation of model accuracy of 76% after 28 days. An initial recovery of 93% for the bu-

Mathematical models for the response of each compoundtanethiol derivative of Lewisite | (compouris) decreased
described in SectioB.2 were evaluated to establish predic- to 75% after 7 days with this percentage recovery being ex-
tion accuracy. Five Tenax TA tubes were spiked withu42 hibited for the remainder of the storage trial. A significant
of thiol and 800 ng of compound3-6 and the tubes des- decrease in recovery of the butanethiol derivative of Lewisite
orbed using the optimum conditions established in Section Il (compoundg) from a mean of 88% after 1 day to 64% after
3.2 The predicted response of each compound employing 21 days was observed.
these conditions was obtained from the appropriate model, The 3,4-mercaptotoluene derivative of Lewisites | and Il
and predicted and observed values compared. Model accu{compound?) was not significantly affected by storage time.
racy was found to be 73, 95, 76 and 72% for compou)ds  Recovery of 3,4-dimercaptotoluene decreased to around 80%
4, 5 and®6, respectively. These values proved that the CCD after 7 days and remained at this level for the duration of the
models gave an acceptable estimate of compound responsestudy. This may imply that formation the dithiol analogue of
The accuracy of the model with respect to compoinaas 3,4-dimercaptotoluene is less favoured than the correspond-

not evaluated. ing butanethiol analogue.
3.3.4. Limits of detection and linearity 3.3.6. Application of method to the quantitative
All calibration plots were linear over the calibration range. determination of sulfur mustard and Lewisite compounds
LODs were calculated as described in Secfd5 Linear in a decontamination trial
regression analysis and application of E3).yielded detec- Vesicant compounds were detected and quantitated in

tion limits of 12, 11, 15, and 19 ng on column for compounds headspace samples, using butanethiol derivatisation, within a
3-6, respectively. In a 21 air sample and employing a split few days of the experiments being conducted. Depending on
flow of 10 ml min~1, atmospheric detection limits were cal- the conditions, compoun@s6were observed in the samples.
culated as 24, 35, 28, and g m 3, respectively. These  Fig. 7 illustrates a total ion chromatogram of a headspace
figures, even for the small volume of air sampled, represent sample taken during the decontamination study. The chro-
superior LODs to methods described previously. The LOD matogram shows the presence of sulfur mustard but the ab-
for the 3,4-dimercaptotoluene derivativevas established as  sence of lewisite compounds. Lewisite compounds were only
2609 m—3, considerably higher than that of the butanethiol detected at trace levels in this study as the hydrolysis rate of
derivatives5 and 6. The precision of replicates at all con- Lewisite is 50 times greater than that of sulfur mustard. As ex-
centration levels was excellent with coefficients of variation pected, the concentration of each compound in the headspace
typically less than 5%. Establishment of breakthrough vol- was influenced by the temperature and candidate hydrolysis-
umes for the analytes will potentially allow more air to be inducing reagent.

sampled and perhaps improve LODs.

3.3.5. Storage stability trial 4. Conclusions

Tubes were spiked and stored as described in Sez{i@
Percentage recoveries of compourdlg, butanethiol and Sequential application of statistical experimental design
3,4-dimercaptotoluene under each storage condition over thehas allowed TD—-GC-MS method to be developed for analysis
five time periods evaluated are showrHig. 6a—c. Although of sulfur mustard and Lewisites I-lll in ultra-trace amounts
butanethiol was added in excess, this species was monitoredn air samples. Butanethiol derivatives of Lewisites | and
to observe any formation of dibutyl disulfid€ig. 6 does Il showed significant thermal-induced decomposition in the

not show the percent recovery of dibutyl disulfide, which thermal desorption unit. Decomposition occurred during tube
was detected in samples. With the exception of dibutyl disul- desorption (derivative of Lewisite | and Il) or when pass-
fide, storage conditions were not statistically significantinthe ing through the heated valve (derivative of Lewisite 11). A
ANOVA for any compound. This indicates that butanethiol, short desorption time was adopted (5 min) to reduce this ef-
3,4-dimercaptotoluene and compourds are stable when  fect for the butanethiol derivative of Lewisite | and Il which
stored under each condition. Dibutyl disulfide showed an in- led to a compromise desorption method. However, limits of
crease over the time period with most being observed afterdetection of about 3Qg m~3 were achievable in a 21 air
21 and 28 days. This was pronounced in samples stored asample, approximately 10 times greater than that of the 3,4-
room temperature and was also coincident with the minimum dimercaptotoluene derivative of Lewisites | and 1.
recovery of butanethiol. This supports the thesis of slow con-  Storage conditions did not influence the recovery of any
version to the disulfide on storage at ambient temperature. compound in this study. Sulfur mustard was quantitatively
Storage time was shown to significantly affect recovery recovered (>90%) from 1 to 21 days after spiking. The re-
of analytes. Greater than 90% of sulfur mustard (compound covery decreased significantlp€0.05) to 81% after 28
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days. Lewisite 11l showed analogous behaviour with recov- [13] T.H. Snider, M.G. Wientjes, R.L. Joiner, G.L. Fisher, Fundam. Appl.
ery falling to a mean value of 76% after 28 days. The initial Toxicol. 14 (1990) 262.

recovery of 93% for the butanethiol derivative of Lewisite | [14] M- Kawai, Rev. Int. Serv. Sante Armees 39 (1966) 861.

. . [15] R.H. Inns, J.E. Bright, T.C. Marrs, Toxicology 51 (1988) 213.
0 8
decreased to 75% after 7 days with this percentage recov [16] L.B. Sasser, J.A. Cushing, P.W. Mellick, D.R. Kalkwarf, J.C. Dacre,

ery being exhibited for the remainder of the storage trial. A J. Toxicol. Environ. Health 47 (1996) 321.

statistically significant decrease in the recovery of the bu- [17] Convention on the Prohibition of the Development, Production,
tanethiol derivative of Lewisite Il from a mean value of 88% Stockpiling and Use of Chemical Weapons and on their Destruction,
after 1 day to 64% after 21 days was noted. The Lewisite—3,4- Organisation for the Prohibition of Chemical Weapons (OPCW), The
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[18] N.B. Munro, S.S. Talmage, G.D. Griffin, L.C. Waters, A.P. Wat-
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fore, the above time periods should be acknowledged when  933.
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