
I
o

A
a

b

a

A
R
R
A
A

K
S
(
D
K

1

v
H
v
b
a
T
w
t
t
t
[
T

l
d
b
p
h
c

0
d

Journal of Hazardous Materials 172 (2009) 650–653

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

n-situ degradation of sulphur mustard using (1R)-(-)-(camphorylsulphonyl)
xaziridine impregnated adsorbents

bha Sharma a,∗, Amit Saxena b, Beer Singh b

Industrial Toxicology Research Centre, Mahatam Gandhi Marg, Lucknow, UP, India
Defence Research and Development Establishment, Jhansi Road, Gwalior, MP, India

r t i c l e i n f o

rticle history:
eceived 16 December 2008
eceived in revised form 14 July 2009
ccepted 14 July 2009
vailable online 22 July 2009

eywords:

a b s t r a c t

Bis-2-chloroethyl sulphide (sulphur mustard or HD) is an extremely toxic and persistent chemical warfare
agent. For in-situ degradation of HD and its analogues (simulants), i.e., dibutyl sulphide (DBS) and ethyl 2-
hydroxyethyl sulphide (HEES), different adsorbents systems loaded with (1R)-(-)-(camphorylsulphonyl)
oxaziridine were prepared. Solution of sulphur mustard and its simulants was prepared in carbon
tetrachloride and taken for uniform adsorption on the impregnated systems using incipient volume.
Degradation kinetics monitored by GC/FID were found to be first-order. The half-life of degradation reac-
ulphur mustard
1R)-(-)-(camphorylsulphonyl) oxaziridine
egradation products
inetics

tions for simulants was obtained in less than 30 and for HD in 120 min. From the studied kinetics it was
observed that reaction was very rapid with simulants and decreased rate was found for HD. The order of
reactivity of MgO/Oxa system for HD and simulants was found to be DBS > HEES > HD. Reaction products
of the oxidation reaction of simulants and HD on adsorbents were extracted in dichloromethane and
analysed by GC–MS. The products were found to be non-toxic sulphoxide. The objective of the study is to
develop a reactive adsorbent for in-situ degradation of sulphur mustard which could be used in nuclear

NBC)
biological and chemical (

. Introduction

Bis(2-chloroethyl) sulphide (sulphur mustard or HD) is a strong
esicant and has been employed as a chemical warfare (CW) agent.
D persists in the environment for long periods because of its low
olatility and slow rate of decomposition. HD is highly reactive
ifunctional compound and has been documented as mutagenic,
ntimitotic, carcinogenic, teratogenic and cytotoxic agent [1,2].
he reactivity of HD is determined by central sulphur atom as
ell as by the side chains. Oxidation is a typical example where

he central atom is subjected to electrophilic attack leading to
he formation of sulphone and sulphoxides. Another way of reac-
ion is the formation of sulphonium salts by electrophilic attack
3–8]. The physicochemical characteristic of HD is presented in
able 1.

HD decontamination is very difficult and becomes a major chal-
enge for the researchers and army. Several methods have been
eveloped for the liquid decontamination. It is decontaminated

y using oxidants such as 3Ca(ClO)2·2Ca(OH)2, DS-2, hydrogen
eroxide, nitric acid, potassium permanganate, chromic acid, and
ypochlorites [9,10]. Low solubility of the CW agents, toxicity, and
orrosive properties are the limitation with the liquid decontami-
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nation. Alternatively, researchers have been using solid adsorbents
such as Fuller’s earth, XE-555, bleaching powder, and modified
resins for the decontamination applications [11–13]. Although
these adsorbents remove the agents from contaminated surfaces
physically, they do not detoxify the agents even after several days
due to lack of reactivity.

Sorbents which are not only adsorbed CW agents but also
degrade them such as inorganic oxide such as MgO, CaO, and Al2O3
are used for decontamination of CW agents and is a current subject
utilizing for research. Nanosize MgO, �-alumina, polydivinylben-
zene, nanosize CaO [14–18] were also used for the detoxification
reaction. HD, [O-ethyl S-(2-diisopropylamino) ethyl methyl phos-
phonothionate] (VX), were found to react with CaO [19], MgO [18],
nanosize alumina [20] and zeolites [21].

In the present study we checked the degradation capability of
adsorbent and impregnated adsorbent against HD. For impregna-
tion (1R)-(-)-(camphorylsulphonyl) oxaziridine was selected. It is
a heterocyclic compounds containing oxygen, nitrogen and carbon
atoms in a three-membered ring. It is a highly reactive molecule
and displays novel and unusual chemistry [22,23]. These are apro-
tic oxidising agents capable of selectively oxidising sulphides and

disulphides to sulphoxides and thiosulphinates without over oxida-
tion. Adsorbents impregnated with (1R)-(-)-(camphorylsulphonyl)
oxaziridine were tested for reactivity against HD and its stimulants.
Kinetics of degradation of HD and its stimulants were studied on
the most reactive adsorbent. Rate constant and half life of the reac-
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Table 1
Physicochemical properties of HD.

S. no. Physicochemical properties of HD

1 Chemical formula Bis(2-chloroethyl) sulphide
2 Molecular weight 159.08
3 Melting point 13–14 ◦C
4 Boiling point 215–217 ◦C
5 Vapour pressure (20 ◦C) 0.11 mmHg
6 Density (20 ◦C) 1.27 g cm−3
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Solubility in water 0.8 g/L
Vapour pressure (20 ◦C) 0.115 mmHg
Vapour density 5.4

0 Solubility in organic solvents Highly soluble except in petroleum ether

ion were calculated. Reaction products were also analysed and
dentified as sulphoxides.

. Experimental

.1. Materials

Active carbon of coconut shell origin, particle size 12 × 30
SS (British sieve size) was procured from M/S Active Carbon

ndia Ltd., Hyderabad. Sulphur mustard was obtained from Syn-
hetic Chemistry Division of our establishment. Chloroform (AR
rade), carbon tetrachloride, dichloromethane, dibutyl sulphide,
thyl 2-hydroxyethyl sulphide, magnesium oxide, alumina, cam-
horylsulphonylimine, toluene, potassium carbonate, potassium
ono peroxysulphate, sodium sulphide, magnesium sulphate and

-pentane were obtained from E-merk India Ltd., SD fine India, Lan-
aster, UK. Caution: sulphur mustard and its simulants are highly
oxic.

.2. Preparation of (1R)-(−)-(camphorylsulphonyl) oxaziridine

(1R)-(−)-(camphorylsulphonyl) oxaziridine was prepared by
sing standard method and characterized using NMR in CDCl3.
or the preparation of (1R)-(−)-(camphorylsulphonyl) oxaziridine,
olution of camphorylsulphonylimine and potassium carbonate
as prepared by dissolving 8.2 mmol in 80 mL toluene and 9.5 g

n 50 mL water, respectively. These two solutions were taken in
ound bottom flask containing magnetic bead. The reaction was
tirred vigorously and a solution of potassium mono peroxysul-
hate (6.0 g) in 50 mL water was added drop wise within 15 min.
he formation of (1R)-(−)-(camphorylsulphonyl) oxaziridine was
onitored by NMR. After completion of reaction, the aqueous layer
as separated and washed with 25 mL toluene. The organic layer
as washed with 25 mL of aqueous 10% sodium sulphide and dried

ver anhydrous magnesium sulphate and solvent was evaporated
elow 40 ◦C. The viscous oily liquid was obtained. Oxaziridine was
recipitated out by n-pentane [23].

.3. Preparation of impregnated adsorbents

(1R)-(−)-(camphorylsulphonyl) oxaziridine was loaded on var-
ous adsorbents such as carbon, magnesium oxide and alumina.
olution of (1R)-(−)-(camphorylsulphonyl) oxaziridine (10.0%,
/w) was prepared in chloroform and impregnated using incipient
etness technique [24]. As per this technique, solution was added

o the adsorbent slowly by mixing the adsorbent to avoid hetero-
eneous deposition of impregnants. Impregnated adsorbents were
ried at 50 ◦C for 4 h.
.4. Screening of adsorbents

100 mg impregnated adsorbents were placed in glass tube with
0 �L solution containing 3 �L HD or DBS or HEES in carbon tetra-
Materials 172 (2009) 650–653 651

chloride. The test tubes were sealed and allowed to stand at room
temperature. After 24 h they were extracted with solvent and the
supernated solutions were analysed by GC/FID. The adsorbent sys-
tems which were found reactive, studied for reaction kinetic.

2.5. Reaction procedure

All the reactions were carried out in glass tubes. 100 mg impreg-
nated adsorbents were placed in glass tube containing 50 �L
solution containing 3 �L HD or DBS or HEES in carbon tetrachlo-
ride. These tubes containing the reaction mixture were allowed to
stand at room temperature and each tube was taken out for kinet-
ics studies at regular intervals of time. For kinetics of degradation,
residual toxicants were extracted in carbon tetrachloride and the
solutions were subjected to GC/FID analysis using splitless injection
technique. GC spectra were obtained periodically to monitor the
reaction in-situ. All gas chromatographic analysis was performed
on a Chemito 8610 gas chromatograph equipped with BP5 column
(5% phenyl methyl silicon capillary column of 30 ft. length, 0.3 mm
internal diameter) and flame ionization detector (FID). Isothermal
method was adopted for GC analysis, the oven, injection port and
detector were kept at 120, 220, 250 ◦C respectively. Caution: The
experiments were performed carefully using applicable safety pro-
cedures. All the experiments were performed in the fume cupboard.

2.6. Characterization of reaction products

For products, 500 mg of MgO/Oxa system was taken in the test
tubes. 50 �L solvent containing 10 �L toxicants were dropped in the
MgO/Oxa system. After 24 h, samples were extracted by stirring in
3.0 mL of dichloromethane for 60 min in a well-stoppered test tube.
The mixture was then centrifuged, transferred to another tube,
concentrated by N2 purging and analysed by GC/MS for reaction
products. GC/MS of Agilent make 5973N MSD (inert) equipped with
HP-5 MS column of 30 m × 0.25 mm × 0.25 �m was used. Electron
impact ion source (70 eV electron impact energy) and quadrupole
analyser were maintained at 150 ◦C while injection port and GC/MS
interface kept at 280 ◦C. GC/MS was used in temperature program-
ming mode from 50 to 280 @ 10 ◦C/min.

3. Result and discussion

The (1R)-(−)-(camphorylsulphonyl) oxaziridine was loaded on
different adsorbents such as carbon, MgO and Al2O3. The surface
areas were determined using Autosorb 1C from Quantachrome,
USA and found to be 1250, 45.5 and 105.8 m2/g, respectively. These
impregnated adsorbents were tested for reactivity against HD, DBS
and HEES. Different behaviour of reactions was observed on all the
three impregnated adsorbents. Carbon alone did not participate in
the degradation reaction of HD and carbon supported oxaziridine
was also not found to be reactive against toxicants. This indicates
that oxaziridine became inactive after interaction with carbon. So
carbon was not the suitable support for oxaziridine. In case of alu-
mina supported oxaziridine, alumina (without impregnant) was
found to be more reactive than impregnated alumina. Support itself
(Al2O3) behaved as reactive sorbent. From this observation, it was
observed that oxaziridine did not enhance the reactive power of
alumina in turn it showed the negative effect. MgO was impreg-
nated in same manner and analysed. The results indicated that
MgO alone did not found to be reactive against toxicants but MgO

impregnated with oxaziridine (MgO/Oxa) was found to be reactive
in the degradation of HD.

After screening of adsorbents, the kinetics of degradation of HD
and its stimulants were studied. For this, solution of actual agent
(HD) and its stimulants was prepared in carbon tetrachloride and
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ncipient volume was taken on MgO/Oxa for homogeneous distri-
ution of the toxic chemicals (100 mg MgO containing 3 �L toxicant

n 50 �L carbon tetrachloride). After definite time intervals, residual
oxicants were extracted in carbon tetrachloride and the solutions
ere subjected to GC/FID analysis. Kinetic plots are made by taking

og (a–x) on Y-axis and time on X-axis [25] and is depicted in Fig. 1
here a is the initial concentration and x is the degraded amount.

he linear curves (Fig. 1) indicated that the reactions follow first-
rder rate equation. Rate constant was calculated using the slope of
he straight line drawn. Half-life of reactions was calculated from
.6932/k. MgO/Oxa degraded 27% of HD in 60 min. The rate constant
alue was found to be 6.6 × 10−3 min−1 and half-life of reaction to
e 105 min.

From the studied kinetics it was observed that reaction was very
apid with simulants and decreased rate was found for HD. The
rder of reactivity of MgO/Oxa for HD and simulants was found

o be DBS > HEES > HD. The ease of oxidation of sulphides depends
n the nucleophilicity of the sulphur atom. In case of HD, sulphur
tom is oxidatively less reactive than DBS and HEES because of the
resence of electron withdrawing chlorine atoms. HEES is having
ydroxyl group, which is also a electron withdrawing group but

Fig. 2. Reaction of HD, DBS a
Fig. 1. Kinetic of degradation of HD, HEES and DBS on MgO/Oxa systems.

less strong to chlorine atoms so HEES degradation was found to

be faster than HD. The most reactive sulphide for oxidation was
found to be DBS as no electron withdrawing groups are present
in it. Degradation products were found to be sulphoxide in all the
three cases [26].

nd HEES on Oxa/MgO.
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.1. Reaction schemes

The oxidation of sulphides by oxaziridine is a nucleophilic type
ttack by the sulphides on the electrophilic oxygen atom of the
xaziridine. The SN2 mechanism was previously reported for sul-
hides [27]. Fig. 2 describes the oxidation reaction for the formation
f sulphoxide with HD, HEES and DBS.

. Conclusions

(1R)-(−)-(camphorylsulphonyl) oxaziridine was loaded on
arbon, alumina and magnesium oxide. In screening (1R)-(−)-
camphorylsulphonyl) oxaziridine loaded on magnesium oxide was
ound to be reactive sorbent for the degradation of sulphur mus-
ard and its analogues. On this system kinetics of degradation of
oxicants were studied and found to be followed the first-order rate
quation. The degradation reaction was fast with DBS and HEES and
alf-life values were obtained in less than 30 min. HD was degraded
alf of the initial amount in 105 min. The reactivity order for the
xidation reaction was found to be DBS > HEES > HD. Degradation
roducts were analysed by GC/MS and found to be sulphoxide.
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