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The GC/AED studies on the reactions of sulfur mustard with oxidants
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Abstract

A gas chromatograph coupled with an atomic emission detector was used to identify and to determine the products formed on oxidation of
sulfur mustard. The oxidation rate and the resulting oxidates were studied in relation to oxidant type and reaction medium parameters. Hydrogen
peroxide, sodium hypochlorite, sodium perborate, potassium monopercarbonate, ammonium peroxydisulfate, potassium peroxymonosulfate
(oxone), andtert-butyl peroxide were used as oxidants. Oxidations were run in aqueous media or in solvents of varying polarities. The
oxidation rate was found to be strongly related to oxidant type: potassium peroxymonosulfate (oxone) and sodium hypochlorite were fast-
a te oxidants;
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cting oxidants; sodium perborate, hydrogen peroxide, ammonium peroxydisulfate, and sodium monopercarbonate were modera
ert-butyl peroxide was the slowest-acting oxidant. In non-aqueous solvents, the oxidation rate was strongly related to solvent po
igher the solvent polarity, the faster the oxidation rate. In the acid and neutral media, the mustard oxidation rates were compar
lkaline medium, oxidation was evidently slower. A suitable choice of the initial oxidant-to-mustard concentration ratio allowed t

he type of the resulting mustard oxidates. As the pH of the reaction medium was increased, the reaction of elimination of hydroge
rom mustard oxidates becomes more and more intensive.

2005 Elsevier B.V. All rights reserved.
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. Introduction

In 1993, the UN General Assembly adopted the Con-
ention on the Prohibition of the Development, Production,
tockpiling, and Use of Chemical Weapons and on their De-
truction, and in 1997, this Convention came into force[1].
hese events as also the fact that some states or subnational
roups have been neglecting the international law, made us
eem it necessary to continue to develop new methods and
aterials to be used to destroy the chemical substances that
elong to the category of chemical warfare agents (CWA).

mproving the decontamination methods and studying the
roducts of decontamination continues to be of great impor-

ance because so far neither perfect decontamination proce-
ures nor perfect decontaminants have been developed[2].

∗ Corresponding author. Fax: +48 226669041.
E-mail address:witkiew@wp.pl (Z. Witkiewicz).

A review of the CWA literature reveals three major
rections of study. One direction is to develop procedure
destroy CWA on a large scale[3,4]. Such procedures a
applicable to the CWA accumulated in the chemical am
nition that still is included into the arsenals of various arm
[5,6]. Another direction is to search for new decontamina
methods, in view of potential contamination of various
jects as a result of military[7–9] or terrorist actions[9–12]
using CWA. The third direction comprises basic researc
tended to analyze the products formed while CWA are b
decontaminated[13–15]. This direction stems from the ne
essary conditions to be met by a good decontaminant.
CWA should be destroyed rapidly and completely and
resulting products should be non-toxic[2,16].

From the viewpoint of the mechanism of the reactions
volved, decontamination of sulfur mustard is a complic
process, which is difficult to carry out. A common belie
that nearly each decontaminant that destroys sulfur mu

304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.02.018



S. Popiel et al. / Journal of Hazardous Materials B123 (2005) 94–111 95

efficiently can be used to decontaminate nearly any other
CWA. One method to decontaminate sulfur mustard is to ox-
idize it. Numerous conflicting opinions have arisen around the
oxidation of sulfur mustard. Oxidants like hydrogen perox-
ide, nitric acid, potassium permanganate, chromic acid, and
hypochlorites oxidize sulfur mustard to the sulfoxide and to
the sulfone[17,18]. Some investigators believe that low tem-
peratures and low mustard concentrations are favorable to the
formation of the sulfone, rather than the sulfoxide, whereas
others are of just the opposite opinion[19]. Discrepant opin-
ions are also uttered about the effect the solvent polarity and
initial mustard concentration have on the resulting sulfone-
to-sulfoxide ratio. These conflicting opinions may well have
been due to the fact that mustard oxidation was studied under
dissimilar reaction conditions.

Some sources maintain each of the two major mustard
oxidation products to be vesicant, whereas others consider
only the sulfone[16,20–22], or only the sulfoxide, to be a
vesicant or blister agent[17]. In spite of these conflicting
opinions, oxidation of sulfur mustard is generally considered
to be a useful decontamination procedure, mainly because,
rather than liquids, the oxidates are crystalline solids that
have no tendency to percutaneous absorption by the skin. The
strong blister action occurs only after these compounds have
been injected; yet, the substances are not resorbed through
the skin.

The oxidative decontamination of sulfur mustard has been
very little looked into because numerous investigators con-
sider this procedure to be relatively inefficient. However,
even in this respect, numerous discordances exist: some

F
s

ig. 1. Chromatograms recorded for the sulfur channel compounds: (a) sulfox
ulfoxide, (4) vinyl-2-chloroethyl sulfone, (5) mustard sulfone, (6) mustard su
ides, (b) sulfones; (1) divinyl sulfoxide, (2) divinyl sulfone, (3) vinyl-2-chloroethyl
lfoxide.
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Table 1
Mustard concentrations (relative to initial mustard concentration) in relation to time of mustard reaction with oxidant; [oxidant]/[mustard] initial mole ratio,
5:1; oxidant concentration, 0.027 mmol/mL; reaction temperature, 20◦C

Oxidant Mustard content in reaction mixture after a period of time (min) t1/2 (min)

2 20 60 120 600 1200

Potassium peroxymonosulfate <0.1 0 0 0 0 0 �1
Sodium hypochlorite 84 17 0.5 0 0 0 8
Ammonium peroxydisulfate 94 57 18 3 0 0 24
Sodium perborate 95 59 20 4 0 0 26
Sodium percarbonate 99 87 66 44 2 0 100
Hydrogen peroxide 99 90 73 53 4 0 133
tert-Butyl peroxide 99.9 99 97 94 74 55 1373

The mustard half-value periods in the oxidant solutions are seen to rise in the following ascending order:

.

investigators maintain that oxidation is an efficient proce-
dure to decontaminate some CWA, and particularly sulfur
mustard[15,17,20,23]. These conflicting opinions as well as
the lack of unambiguous evidence to support the one or the
other opinion allows to consider further studies on mustard
oxidation reactions to be worthwhile. In this study, several ox-
idants were used to oxidize sulfur mustard and the reaction
medium was modeled so as to see the effect of the reaction
conditions on the nature and the amounts of the resulting
products.

2. Apparatus, reagents and methods

2.1. Apparatus

Each analysis was carried out by the use of a HP 6890 gas
chromatograph coupled with an HP G2380A atomic emission
detector. A Chemstation HP 35920A program was used to
operate the instrument and to process the data recorded.

F
a

Fig. 3. The effect of solvent’s polarity on the rate of oxidation of mustard
with hydrogen peroxide.

Fig. 4. The mustard oxidation rate in aqueous hydrogen peroxide in relation
to pH.
ig. 2. The fall of mustard concentration in the reaction with H2O2 in an
queous medium at 20◦C; [oxidant]/[mustard] initial mole ratio = 5:1.
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2.2. Reagents and solutions

The oxidants used to oxidize sulfur mustard included
reagent-grade potassium monopercarbonate, ammonium per-
oxydisulfate, sodium perborate, nitric acid, sodium hypoch-
lorite, chromic anhydride, hydrogen peroxide (POCH, Gliw-
ice, Poland), potassium peroxymonosulfate (Oxone) (Riedel-
deHäen), andtert-butyl peroxide (Merck, Darmstadt).

Sulfur mustard was prepared in this laboratory in the 1990s
and stored in a sealed glass ampoule; its purity (99.8%) was
now checked by GC/MS.Warning: mustard is a potent vesi-
cant and must be handled in a closed system or in a hood
with good ventilation.

Reagent-grade solvents in which sulfur mustard was oxi-
dized included: hexamethylphosphoric triamide (HMPA)
(Merck, Darmstadt), aqueous 15% 1-cyclohexyl-2-pyrrolidi-
none (Aldrich, Milwaukee), and dioxane, acetonitrile
(AcCN), dimethylformamide (DMF), ethanol (POCH, Gli-
wice). Reagent-grade dichloromethane (POCH, Gliwice)
was used to extract mustard oxidation products from reac-
tion mixtures. The dichloromethane solutions prepared by
using aqueous samples were dried over anhydrous magne-
sium sulfate (POCH, Gliwice).

Aqueous hydrogen peroxide solutions, pH 2, 7, and 11,
were prepared by mixing aqueous 30% H2O2 with appro-
priate Britton–Robinson buffer solutions. Britton–Robinson
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2.2.2. Syntheses of standard specimens of substances
anticipated to be sulfur mustard oxidates

To identify mustard oxidates, commercial standard spec-
imens of 1,4-thioxane and divinyl sulfone were used. In ad-
dition, the following standard specimens were prepared in
this laboratory: sulfur mustard sulfoxide, divinyl sulfoxide,
vinyl-2-chloroethyl sulfoxide, sulfur mustard sulfone, vinyl-
2-chloroethyl sulfone, 2-chloroethyl-2′-hydroxyethyl sulfide
(semimustard), 2-chloroethyl-2′-hydroxyethyl sulfone, and
vinyl-2-hydroxyethyl sulfone.

The standard specimens synthesized were identified by
using the Chemstation HP 35920A program that enabled the
empirical formulas to be deduced from the elemental analysis
data supplied by GC/AED.

Sulfur mustard sulfoxide[17]:

(1)

Concentrated HNO3, 50 mL, was placed in a flat-bottomed
flask equipped with a stirrer, a dropping funnel and a re-
flux cooler, and sulfur mustard, 10 mL, was slowly added
dropwise at 20◦C. The reacting mixture was stirred for
1 h, then poured onto ice–water and, after ice had dis-
solved, the resulting solution was extracted thrice with
d twice
w mag-
n , and
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h
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uffers were prepared in a usual way, i.e. by mixing a s
ion of 0.04 mol/L phosphoric acid, 0.04 mol/L acetic ac
nd 0.04 mol/L boric acid with the appropriate amoun
.2 mol/L sodium hydroxide solution[24]. Chemicals for th
reparation of the Britton–Robinson buffers were obta

rom POCH (Gliwice).

.2.1. Preparation of oxidant solutions
Aqueous 0.027 and 0.108 mmol/mL sodium perbo
ammonium peroxydisulfate, potassium peroxymono
fate (Oxone), and sodium monopercarbonate solu
were prepared by weighing a suitable amount of the
ticular reagent and dissolving it in distilled water.

Aqueous 0.027 and 0.108 mmol/mL hydrogen perox
tert-butyl peroxide, and sodium hypochlorite solutio
were prepared by pipetting the original reagent solu
and diluting it with distilled water.
Solutions of 0.027 mmol/mL hydrogen peroxide
ethanol, dioxane, HMPA, and in aqueous 15%
cyclohexyl-2-pyrrolidinone were prepared by pipetting
original hydrogen peroxide reagent solution and dilu
it with the corresponding solvent.
ichloromethane. The extracts were combined, washed
ith aqueous sodium bicarbonate, dried over anhydrous
esium sulfate, concentrated in a vacuum evaporator

he resulting solids were crystallized twice from aceto
exane.

.2.2.1. Divinyl sulfoxide (authors’ original procedur
thanolic sodium ethanolate was added in small portio
mL mustard sulfoxide dissolved in dichloromethane u

he chromatograms recorded for the reaction mixture sh
nly a single peak attributable to divinyl sulfoxide and
emaining peaks (mustard sulfoxide and vinyl 2-chloroe
ulfoxide) completely disappeared.

The reaction followed the scheme:

(2)

.2.2.2. Vinyl-2-chloroethyl sulfoxide (authors’ original p
edure).Ethanolic sodium ethanolate was added port
ise to 5 mL mustard sulfoxide dissolved in dichlorometh
ntil the chromatograms recorded for the reaction mix
howed only small peaks due to mustard sulfoxide and di
ulfoxide, and the peak due to vinyl-2-chloroethyl sulfox
as the largest.
The sulfur compounds chromatogram run for a mixtur

he three standard compounds expected to form on oxid
f sulfur mustard is presented inFig. 1a.



98 S. Popiel et al. / Journal of Hazardous Materials B123 (2005) 94–111

2.2.2.3. Sulfur mustard sulfone[17] . To glacial acetic acid,
50 mL, placed in a flat-bottomed flask equipped with a stirrer,
dropping funnel and a reflux cooler, 120 g CrO3 was added;
the mixture was stirred with heating to 100◦C, and then 2 mL
mustard was added dropwise. After the whole amount of
mustard had been added, the reaction mixture was heated
at 100◦C for 30 min, then poured onto water–ice, and the re-
sulting solution was extracted thrice with dichloromethane.
The extracts were combined, washed twice with aqueous
sodium hydrogen carbonate, dried over anhydrous magne-
sium sulfate, the solvent was evaporated in a vacuum evapo-
rator, and the product was crystallized twice from acetone–
hexane.

The reaction followed the scheme:

(3)

2.2.2.4. Divinyl and vinyl-2-chloroethyl sulfones.Ethanolic
sodium ethanolate was added dropwise very slowly to 5 mL
mustard dissolved in dichloromethane until the peaks of mus-
tard sulfone, vinyl-2-chloroethyl sulfone, and divinyl sulfone
were approximately identical in size. The scheme of the re-
a
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its impurities. The ethereal solution was dried over anhy-
drous MgSO4. Since undiluted “semimustard” is known to
polymerize and to form sulfonium salts, the preparation was
stored as the ethereal solution in a refrigerator and the ether
was removed directly before the use of the preparation.

The synthesis run according to the scheme:

(5)

2.2.2.6. 2-Chloroethyl-2′-hydroxyethyl sulfone (authors’
original procedure).Aqueous 30% hydrogen peroxide,
2.2 mL, was added dropwise with magnetic stirring to 11 mL
acetic anhydride at a temperature of 80–85◦C. After addi-
tion of the last portion, the solution was maintained for 1 h at
90◦C. The resulting peracetic acid solution (∼0.022 mol) in
acetic acid was cooled to 5◦C and added dropwise to 40 mL
“semimustard” solution in ethyl ether at a temperature of
5◦C. The solution contained 1.4 g (0.01 mol) of semimustard.
After addition, the reaction mixture was stirred for 60 min and
its temperature was progressively increased to room temper-
ature. The resulting solution was freed from the ethyl ether,
acetic acid and the excess of peracetic acid in a vacuum evap-
o

2 ro-
c ped
1 ,
2 was
a min,
a hase
w

ction is:

The reactions of mustard sulfone transformation into
inyl sulfone(4) is much faster than the reactions of m
ard sulfoxides into divinyl sulfoxide(2). The chromatogram
ecorded for the standard specimens of the sulfones like
orm on oxidation of sulfur mustard is shown inFig. 1b.

.2.2.5. 2-Chloroethyl-2′-hydroxyethyl sulfide (“semimu
ard”) [25] . Thionyl chloride (SOCl2), 4.8 g (0.04 mol), wa
issolved in 12 mL chloroform and added dropwise w
agnetic stirring to a solution of 9.6 g (0.08 mol) thiodigly

TDG, 2,2′-thiodiethanol) in 21 mL chloroform at room tem
erature. After the last portion of SOCl2 had been added, st
ing was discontinued and the reaction mixture was allow
tratify into the chloroform-soluble and insoluble phases.
hloroform phase was separated from the water phase,
ver anhydrous MgSO4 and vaporized in an evaporator to
ove the chloroform. To remove small amounts of a mus
y-product, the remaining liquid was extracted four tim
ith 5-mL portions of a (1:1 v/v) cyclohexane–petrole
ther mixture. The residual petroleum ether and cyclo
ne were removed in an evaporator. The remaining sy

iquid was redissolved in 50 mL ethyl ether and rapidly
racted thrice with 5-mL portions of water. This extract
as allowed to remove sulfonium salts, residual TDG,
(4)

rator.

The synthesis followed the scheme:

(6)

.2.2.7. Vinyl-2-hydroxyethyl sulfone (authors’ original p
edure).To 2 mL dichloromethane placed in a screw-cap
0-mL test tube, 2-chloroethyl-2′-hydroxyethyl sulfone
00�L, was added and then 1.5 mL aqueous 2 M NaOH
dded dropwise. The test tube was closed, shaked for 1
nd set aside to allow phases to stratify. The organic p
as separated and dried over anhydrous MgSO4.
The synthesis followed the scheme:

(7)
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Fig. 5. The mustard oxidation rate in ethanolic hydrogen peroxide solutions
in relation to temperature.

2.3. Methods

2.3.1. Reactions of sulfur mustard with oxidants
Sulfur mustard was oxidized in a thermostated vessel with

magnetic stirring. Into an oxidant placed in the vessel and
stirred for 5 min to allow the temperature to equilibrate, a cal-
culated amount of sulfur mustard was micro-syringed with
stirring continued and since then the reaction time was reck-
oned.

2.3.2. Withdrawal and preparation of samples for
analysis

Liquid–liquid extraction was used to prepare samples.
This technique allowed the components to be relatively
quickly isolated from the reaction mixture. Of the various
solvents tried, dichloromethane was found to be the most
suitable. It enabled the substances analyzed to be recovered
from the reaction mixture in high yields and its boiling point
was low enough to enable this solvent to be easily separated
from the mixture analyzed when a chromatogram was run.

At specified time intervals, 2 mL of the reaction mixture
was pipetted and placed together with 2 mL dichloromethane
in a screw-capped test tube, shaked for 15 s and set aside to
allow the phases to stratify. The dichloromethane hypophase
was transferred into another test tube and dried over anhy-
d zed.
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rous MgSO4. The dried solution was decanted and analy

able 2
he mustard oxidation rate expressed in terms of the half-value peri

ablished in the solvents in which the reactions were run

olvent Dipole moment, D t1/2 (min)

MPA 5.5 23
imethylformamide 3.8 72
cetonitrile 3.4 88
ater 1.84 133
thanol 1.7 270
,4-Dioxane 0.4 1416

he dipole moments from Lange’s Handbook of Chemistry[24].
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2.3.3. Chromatographic analysis
A HP 6890 gas chromatograph coupled with an HP

G2350A atomic emission spectrometer was operated at: cav-
ity plasma temperature, 270◦C; column–detector transfer
line temperature, 270◦C; injector temperature, 260◦C; split-
ter, 20:1; time of solvent removal from column, 0.9–2.2 min;
helium carrier gas flow rate, 2 mL/min. The following re-

action gases were used: hydrogen, oxygen, or (10:90,v/v)
methane–nitrogen. Chromatograms were run at tempera-
tures increased according to a program. Sulfur mustard and
its oxidation products were chromatographed in a HP-5
(30 m× 0.25 mm i.d.) capillary column coated with (5:95,
w/w) diphenyl polysiloxane–dimethyl polysiloxane as a sta-
tionary phase film, 0.25�m thick. The column was heated

F
(
(

ig. 6. Chromatograms of sulfur products of the reactions of mustard with the f
f) tert-butyl peroxide: (1) divinyl sulfoxide, (2) divinyl sulfone, (3) vinyl-2-chl
6) vinyl-2-hydroxyethyl sulfone, (7) mustard sulfone, (8) mustard sulfoxide,
ollowing oxidants: (a) NaBO3, (b) H2O2, (c) KHSO5, (d) NaOCl, (e) (NH4)2S2O8,
oroethyl sulfoxide, (4) unconverted mustard, (5) vinyl-2-chloroethyl sulfone,
(9) 2-chloroethyl-2′-hydroxyethyl sulfone, (10) unidentified compound.
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Fig.6. (Continued).

Fig. 7. Chromatograms of sulfur products of the reactions of mustard with NaBO3: (a) 5:1, (b) 20:1; (NH4)2S2O8, (c) 5:1, (d) 20:1; or H2O2, (e) 5:1, (f)
20:1. (1) Divinyl sulfoxide, (2) unidentified compound, (3) divinyl sulfone, (4) vinyl-2-chloroethyl sulfoxide, (5) unconverted mustard, (6) vinyl-2-chloroethyl
sulfone, (7) unidentified compound, (8) mustard sulfoxide, (9) unidentified compound.



102 S. Popiel et al. / Journal of Hazardous Materials B123 (2005) 94–111

Fig. 7. (Continued).

Fig. 8. Chromatograms of sulfur products of the reactions of mustard with H2O2 in solvents of various polarities: (a) HMPA, (b) water, (c) aqueous 15%
1-cyclohexyl-2-pyrrolidinone, (d) ethanol: (1) divinyl sulfone, (2) unidentified compound, (3) vinyl-2-chloroethyl sulfoxide, (4) unconvertedmustard, (5)
vinyl-2-chloroethyl sulfone, (6) vinyl-2-hydroxyethyl sulfone, (7) unidentified compound, (8) mustard sulfone, (9) mustard sulfoxide, (10) 2-chloroethyl-2′-
hydroxyethyl sulfone.
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from a temperature of 80 to 270◦C at a rate of 10◦C/min.
The final temperature of the column was maintained for 5 min
(chromatography conditions I). Some chromatograms were
recorded at temperatures raised from 82 to 110◦C at a rate
of 1◦C/min; the final temperature was maintained for 10 min
(chromatography conditions II).

For purposes of identification, the retention times and the
elemental analyses of mustard oxidates were compared with
those of standard specimens. Quantitative analyses were car-
ried out by the absolute calibration method.

2.3.4. Determination of reaction rates
Mustard’s half-value period (t1/2), i.e. the time required for

the concentration of mustard to decrease to one-half its origi-
nal value in the oxidizing solution, was used to determine the
mustard oxidation rate. Quantitative chromatographic analy-
ses allowed to evaluate the percentual content of mustard in
the reaction mixture and to calculate the fraction of the initial
mustard content. As a result, curves were drawn of mustard
concentrations in the reaction mixture as a function of time.
An illustrative plot used to determine the mustard half-value
period is presented graphically inFig. 2.

3. Results and discussion

3.1. Mustard oxidation rate in relation to oxidant type

Mustard oxidation reactions with various oxidants are
summarized inTable 1. In each case, the initial concentration
ratio of the oxidant-to-mustard was 5:1 by moles. Preliminary
experiments showed that, when the oxidant concentration
exceeded five times the mustard concentration, the oxida-
tion proceeded to completion and the solution continued
to retain its oxidizing capability even after mustard had
been entirely degraded. In the present studies, the initial
mustard concentration was 0.0054 mmol/mL, which corre-
sponds to the maximum solubility of mustard in water at
20◦C.

3.2. The effect of solvent polarity on mustard oxidation
rate

Hydrogen peroxide was used to study the effect of sol-
vent’s polarity on mustard oxidation rate. In each experimen-
tal reaction mixture, the initial concentration of hydrogen

F
s

ig. 9. The chromatograms of the sulfur channel compounds illustrating th
olutions of various pH. (1) Divinyl sulfoxide, (2) vinyl-2-chloroethyl sulfoxide
e transformations of mustard on oxidation with hydrogen peroxide in aqueous
, (3) unidentified compound, (4) unidentified compound, (5) mustard sulfoxide.
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peroxide was 0.027 mmol/mL and the mole concentration
ratio of the oxidant-to-mustard was 5:1. An increase in sol-
vent’s polarity, expressed in terms of the dipole moment of
the solvent in which the reaction was run, was found to result
in accelerated oxidation of sulfur mustard (Fig. 3).

To show more clearly, the mustard oxidation rate in re-
lation to solvent polarity, dipole moments of the solvents
used and the mustard half-value periods are summarized in
Table 2.

3.3. The effect of pH on the rate of oxidation of mustard
with hydrogen peroxide

Aqueous hydrogen peroxide solutions, pH 2, 7, and 11,
were used to study the rate of oxidation of mustard at ini-
tial H2O2 concentration and [H2O2]/[mustard] mole ratio of
0.027 mmol/mL and 5:1, respectively. Curves showing how
mustard concentration decreased as a function of reaction
time are presented inFig. 4at incremented pH values. Over

F
d
(

ig. 10. The chromatograms of the sulfur channel compounds formed on ox
ivinyl sulfone, (2) vinyl-2-chloroethyl sulfoxide, (3) unconverted mustard, (4
7) mustard sulfoxide.
idation of mustard with sodium monopercarbonate in relation to reaction time:(1)
) unidentified compound, (5) vinyl-2-chloroethyl sulfone, (6) mustard sulfone,
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pH 2–7, the mustard oxidation rates are seen to remain al-
most unaffected and, over pH 7–11, to decrease by a factor
of nearly 3.

3.4. The effect of temperature on mustard oxidation rate

Mustard was oxidized with ethanolic hydrogen peroxide
solution at temperatures of−25, 0, and +20◦C. The ini-
tial H2O2 concentration in ethanol was 0.027 mmol/mL. At
each temperature, the initial [H2O2]/[mustard] mole ratio was
5:1. Curves showing how mustard concentration decreased
on oxidation at the specified temperatures are presented in
Fig. 5.

At −25 and 0◦C, the oxidation rates were too slow to
determine the half-value periods. At−25◦C, a non-freezing
solution was required. Therefore, an alcoholic solution of
H2O2 had to be used. In this solution, the mustard disappear-
ance rate was rather low (cf. Point 3.2) and it would take too
long to monitor its course until the half-value was attained
and crossed.

3.5. The nature of mustard oxidation products in
relation to oxidant nature

Reaction mixtures were analyzed for mustard oxidation
products after the oxidation had been terminated (and mus-
tard concentration fell below 1% of the initial value). Aque-
ous oxidant solutions were used. In each oxidation experi-
ment, the initial oxidant-to-mustard concentration ratio was
identical, 5:1 by moles. The initial concentration of the ox-
idant was in each experimental reaction system identical at
0.027 mmol/mL. Oxidation was carried out at 20◦C. Chro-
matograms of the reaction mixture components are presented
in Fig. 6; the resulting groups of oxidation products are listed
in Table 3.

With hydrogen peroxide, ammonium persulfate, sodium
monopercarbonate, and sodium perborate used as oxidants,
sulfoxides were the major oxidates formed under the ex-
perimental conditions. With sodium hypochlorite as oxidant
used under identical conditions, mustard was oxidized to
sulfonium compounds (to yield mainly vinyl-2-chloroethyl
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ig. 11. The chromatograms of the sulfur channel products formed on oxid
ulfoxide, (2) unidentified compound, (3) divinyl sulfone, (4) vinyl-2-chloroeth
ation of mustard with sodium perborate in relation to reaction time: (1) divinyl
yl sulfoxide, (5) unconverted mustard, (6) mustard sulfoxide.
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sulfone and slight amounts of mustard sulfone and divinyl
sulfone). Potassium peroxymonosulfate oxidized mustard
mainly to vinyl 2-hydroxyethyl sulfone and to chloroethyl-
2′-hydroxyethyl sulfone.

Analysis of the data presented inTable 3and inFig. 6
allows to conclude that, even if there is hardly any relation
between the oxidant type and the nature of the resulting mus-
tard oxidates, potassium peroxymonosulfate deserves special
mention because it afforded products different from those ob-
tained with the other oxidants.

The data listed inTable 1 can help us explain these
results. They show the time to reach the half-value pe-
riod of mustard oxidized with potassium peroxymono-
sulfate to be much shorter than the half-value period
of mustard hydrolysis. Hydrolysis of mustard is well known
to accompany the oxidation of mustard and to proceed as an
independent process. In this situation, hydrolysis affords a
considerable number of semimustard molecules, which are

almost immediately oxidized to yield semimustard sulfone
(2-chloroethyl-2′-hydroxyethyl sulfone), which in a subse-
quent reaction is converted into the major product, viz.,
vinyl-2-hydroxyethyl sulfone. The remaining oxidants oxi-
dize mustard slowly enough (cf.Table 1) to convert only a
part of the mustard into thiodiglycol, and this fact allows
products of oxidation of unhydrolyzed mustard to be de-
tected. It should also be taken into account that hydrolysis of
2-hydroxyethyl-2′-chloroethyl sulfide is faster than is the hy-
drolysis of mustard and, therefore, no thiodiglycol oxidation
products were found to occur under the present experimental
conditions.

3.6. The type of mustard oxidates in relation to
oxidant-to-mustard concentration ratio

NaBO3, (NH4)2S2O8, and H2O2 were used as oxidants in
the mole ratio of 5:1 or 20:1 with respect to mustard (Fig. 7).
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ig. 12. The chromatograms of the sulfur channel compounds showing the
eroxide in an ethanolic solution: (1) divinyl sulfone, (2) vinyl-2-chloroethyl s
ulfone, (6) mustard sulfoxide, (7) 2-chloroethyl-2′-hydroxyethyl sulfone.
effect of oxidation time on the nature of mustard oxidates formed with hydrogen
ulfoxide, (3) unconverted mustard, (4) vinyl-2-chloroethyl sulfone, (5) mustard
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When used in the 20:1 and 5:1 ratios, these oxidants oxi-
dized mustard primarily to sulfonic compounds and to mus-
tard sulfoxide, respectively. This fact shows that the oxidant-
to-mustard concentration ratio allows to control the type of
the resulting mustard oxidates.

3.7. The type of mustard oxidates in relation to solvent
polarity

The effect of solvent polarity on mustard oxidation rate
has been described under Point 3.2. The effect of solvent
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ig. 13. The chromatograms of the sulfur channel compounds showing the
ypochlorite: (1) divinyl sulfoxide, (2) divinyl sulfone, (3) vinyl-2-chloroethyl
hloroethyl sulfone, (7) mustard sulfone, (8) mustard sulfoxide.
effect of oxidation time on the nature of mustard oxidates formed with sodium
sulfoxide, (4) unconverted mustard, (5) unidentified compound, (6) vinyl-2-
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type was studied in the oxidation of mustard with hydrogen
peroxide ([H2O2]/[mustard] = 5:1 by moles), carried out in
several solvents. The initial concentration of hydrogen per-
oxide was 0.027 mmol/mL, and the initial concentration of
mustard was 0.0054 mmol/mL.

The chromatograms (Fig. 8) show the oxidation of mus-
tard with hydrogen peroxide run in water and ethanol as sol-
vents to yield mainly mustard sulfoxide; and, with HMPA,
mainly vinyl-2-hydroxyethyl sulfone; on the other hand, the
oxidation run in the solution of 1-cyclohexyl-2-pyrrolidinone
afforded mainly 2-chloroethyl-2′-hydroxyethyl sulfone.

3.8. The type of mustard oxidates in relation to pH of the
oxidant solution

Fig. 9 shows the chromatograms recorded for the sulfur
compounds from the sulfur channel produced on oxidation of
mustard with aqueous hydrogen peroxide solutions of various
pH-values. The initial concentrations of hydrogen peroxide
and mustard were 0.027 and 0.0054 mmol/mL, respectively.
Oxidation was continued until the content of mustard in the
solution fell beneath 1% of the original concentration.

The chromatograms (Fig. 9) show the products formed in
the neutral and acidic solutions to be quite similar; they in-
clude mainly mustard sulfoxide and vinyl-2-chloroethyl sul-
foxide. In the acidic solution, mustard sulfoxide was trans-
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chloroethyl sulfoxide began to build up and its amount contin-
ued to increase throughout the entire reaction time. Mustard
sulfoxide, too, was found to appear, but its transformation
into the vinyl and divinyl derivatives was incomplete.

The chromatograms ofFig. 12show mustard sulfoxide to
be the major product formed on oxidation of mustard with
hydrogen peroxide in an ethanolic solution at a relatively low
initial concentration ratio ([H2O2]/[mustard] = 5:1 by moles).
Sulfone compounds were formed, too, as minor by-products.

As evident from the chromatograms ofFig. 13, sodium
hypochlorite oxidized mustard first to the sulfoxides and later,
after the whole mustard had been oxidized, the reaction mix-
ture contained mainly three sulfones. Such a composition of
the reaction mixture was found to occur in 50 min of the re-
action time.

4. Summing up and conclusions

A general scheme (Schemes 1 and 2: part I, part II) was
developed to depict the mustard transformations occurring
in aqueous oxidant solutions. The organosulfur compounds
grouped in columns represent sulfides, sulfoxides and sul-
fones in due succession. In aqueous oxidant solutions, sul-
fur mustard can undergo hydrolysis (downward arrows in
the scheme), oxidation (horizontal arrows), and elimination
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nd divinyl) and two more compounds that could no

dentified.
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xidation time and oxidant concentration

Four oxidants were selected for the study, viz., sod
onopercarbonate, sodium perborate, hydrogen pero
nd sodium hypochlorite. In each case, water was us
olvent, and the experimental temperature was 20◦C.

Fig. 10allows to conclude that oxidation of sulfur must
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p. At the final stage of the reaction, mustard sulfone and

ard sulfoxide appeared. This sulfoxide is likely to have b
ormed as a result of oxidation of successive amounts of
ard when the oxidant concentration was already depl

hereas mustard sulfone is likely to have formed beca
t this stage of the oxidation, equilibrium was establishe

he solution and not all the molecules of the ever-forming
one could be transformed into vinyl-2-chloroethyl sulfo
nd then into divinyl sulfone.

Sodium perborate (Fig. 11), from the very beginning o
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f hydrogen chloride (upward arrows). Mustard hydro
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Scheme 1. Sulfur mustard transformations in aqueous oxidant solutions (part I). The names of the compounds from this scheme are given in the part II of this
scheme.

The final product of mustard oxidation shown in the
scheme is divinyl sulfone. This compound is likely to enter
into further oxidation reactions (to yield gaseous products),
but these processes go already beyond the scope of the present
study.

A gas chromatograph coupled with an atomic emission
detector enabled the sulfur mustard transformations caused
by oxidants to be studied qualitatively and quantitatively. The
following conclusions could thus be deduced:

• The rate of oxidation is strongly related to oxidant type.
The fast-acting oxidants include potassium peroxymono-
sulfate (Oxone) and sodium hypochlorite. The oxidants
like sodium perborate, hydrogen peroxide, ammonium per-
oxydisulfate, and sodium monopercarbonate are moderate
oxidants;tert-butyl peroxide is the slowest oxidant.

• Mustard oxidation rate is strongly controlled by the polar-
ity of the solvent used as a reaction medium. The higher
the solvent polarity, the faster the oxidation rate.

• In the acid and neutral media, mustard oxidation rates are
comparable; in the alkaline medium, oxidation is evidently
slower.

• A suitable choice of the initial oxidant-to-mustard con-
centration ratio allows to control the type of the resulting
mustard oxidates.

• As the pH of the reaction medium is increased, the reaction
of elimination of hydrogen chloride from mustard oxidates
becomes more and more intensive.

• As a result of the hydrogen chloride elimination reaction,
the�-chloroethyl sulfones are converted into vinyl deriva-
tives much faster than�-chloroethyl sulfoxides. This find-
ing contradicts the reported statement: “in a basic medium
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Scheme 2. Sulfur mustard transformations in aqueous oxidant solutions (part II). (1) Sulfur mustard, (2) mustard sulfoxide, (3) mustard sulfone, (4) vinyl-
2-chloroethyl sulfide, (5) vinyl-2-chloroethyl sulfoxide, (6) vinyl-2-chloroethyl sulfone, (7) divinyl sulfide, (8) divinyl sulfoxide, (9) divinyl sulfone, (10)
2-chloroethyl-2′-hydroxyethyl sulfide, (11) 2-chloroethyl-2′-hydroxyethyl sulfoxide, (12) 2-chloroethyl-2′-hydroxyethyl sulfone, (13) thiodiglycol (TDG),
(14) TDG sulfoxide, (15) TDG sulfone, (16) 1,4-thioxane, (17) 1,4-thioxane sulfoxide, (18) 1,4-thioxane sulfone, (19) vinyl-2-hydroxyethyl sulfide, (20)
vinyl-2-hydroxyethyl sulfoxide, (21) vinyl-2-hydroxyethyl sulfone.

the reaction of elimination run faster for sulfoxides than
for sulfones”[17].

• The qualitative composition of the mustard oxidation prod-
ucts was found to be hardly related to the oxidant type. On
the other hand, this composition is strongly related to the
physicochemical parameters of the oxidation reaction.
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