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a b s t r a c t

The rate of degradation of the chemical warfare agent sulfur mustard, bis(2-chloroethyl) sulfide, was
measured on ambient and moist concrete using 13C Solid State Magic Angle Spinning Nuclear Magnetic
Resonance (SSMAS NMR). Three samples of concrete made by the same formulation, but differing in age
and alkalinity were used. The sulfur mustard eventually degraded to thiodiglycol and 1,4-oxathiane via
the intermediate sulfonium ions CH-TG, H-TG, H-2TG and O(CH2CH2)2S+CH2CH2OH on all of the concrete
samples, and in addition formed 8–31% vinyl moieties on the newer, more alkaline concrete samples.
This is the first observation of the formation of O(CH2CH2)2S+CH2CH2OH on a solid substrate. The addi-
tion of 2-chloroethanol to concrete on which mustard had fully degraded to thiodiglycol and 1,4-oxathiane

+

ulfonium ion
D

3C SSMAS NMR

resulted in the formation of O(CH2CH2)2S CH2CH2OH, thus demonstrating the reversibility of sulfur mus-
tard degradation pathways. The sulfur mustard degradation half-lives on ambient concrete at 22 ◦C ranged
from 3.5 to 54 weeks. When the substrates were moistened, the degradation half-lives at 22 ◦C ranged
from 75 to 350 h. The degradation of sulfur mustard occurred more quickly at elevated temperatures and
with added water. The non-volatile toxic sulfonium ions persisted for months to years on concrete at 22 ◦C
and weeks to months on concrete at 35 ◦C, before decomposing to the relatively non-toxic compounds

iane.
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thiodiglycol and 1,4-oxath

. Introduction

The Chemical Warfare Agent sulfur mustard, a potent vesicant,
as used during World Wars I and II [1] and was used recently in the

ran–Iraq wars of the 1980s [2]. Poor disposal methods of unused
ulfur mustard stockpiles and ordnance, especially ocean dump-
ng, have led to the resurfacing and continuance of sulfur mustard
n the environment [3–5]. In addition, there is the possibility that
arious terrorist groups may manufacture or procure chemical war-
are agents (CWAs) to harm civilian populations, as happened when
he group Aum Shinrikyo released Sarin (GB) in the Tokyo subway
n March, 1995 [6].

In the event of contamination of a large area with sulfur mus-
ard, knowledge of whether the sulfur mustard will degrade on a
iven surface, how quickly decomposition will occur, and the cor-
ect assessment of the identity, amount and toxicity of the products

ormed is crucial for making correct decisions about the need for
dditional decontamination.

Environmentally, sulfur mustard has been observed to persist for
years in soil [7]. Wagner and MacIver [8] used 13C SSMAS NMR to

∗ Corresponding author. Tel.: +1 410 436 1761; fax: +1 410 436 7203.
E-mail address: carol.brevett@us.army.mil (C.A.S. Brevett).
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how that sulfur mustard persisted for several weeks on dry soil,
ut hydrolyzed and polymerized to form the toxic sulfonium ions
H-TG and H-2TG within 2 days when water was added.

Yang et al. [9] showed that although sulfur mustard has low
olubility in water (1 mg/mL), forming droplets within it, reac-
ions occurred at the water–sulfur mustard interface to form the
ydrolysis products chlorohydrin (CH, ClCH2CH2SCH2CH2OH) and
hiodiglycol (TDG, HOCH2CH2SCH2CH2OH), which subsequently
ormed the sulfonium ions H-2TG and CH-TG (Scheme 1) [10,11].
illey [12] measured the hydrolysis of 0.35 mM sulfur mustard in
queous mixtures of ethanol, acetone and dimethyl sulfoxide at
5 ◦C, and calculated a hydrolysis half-life for mustard in pure water
f 4 min. Bartlett and Swain [13] calculated a sulfur mustard hydrol-
sis half-life of 4.3 min. The half-life of 2 mM sulfur mustard in D2O
t 22 ◦C as measured by Logan and Sartori [14] was 7 min; thus
howing a kinetic isotope effect of ∼2.

Brevett et al. [15] showed that sulfur mustard on moist sand,
imestone and asphalt degraded to form TDG via H-2TG and CH-
G [16]. Brevett et al. [17] demonstrated that sulfur mustard on
mbient concrete would remain as mustard for 12 weeks, but after

he passage of 2 weeks it was non-extractable.

Tang et al. [18] showed that sulfur mustard vapor diffused into
ement, and droplets of sulfur mustard migrated through a layer
f cement at the rate of 1.3 × 10−4 cm/min. Loss of sulfur mus-
ard and formation of products were detected by extraction with

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:carol.brevett@us.army.mil
dx.doi.org/10.1016/j.jhazmat.2008.05.033
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cetonitrile followed by GC/MS. The rate for sulfur mustard loss was
alculated to be 4.8 × 10−5 min−1, which corresponded to a first-
rder half-life of 10 days. Products observed in the GC/MS in were
-chloroethyl vinyl sulfide (CEVS), 1,4-oxathiane, Q (sesquimus-
ard, ClCH2CH2SCH2CH2SCH2CH2Cl), and sulfur mustard disulfide
(ClCH2CH2S)2].

Wagner et al. showed that when sulfur mustard was placed on
gO [19] or CaO [20], the products TDG, CEVS and divinyl sulfide

DVS) were the major products. Sulfur mustard reacted on the sur-
ace of ambient alumina to give mostly TDG with minor amounts of
EVS and DVS. When excess water was added, the sulfonium ions
-2TG and CH-TG were formed, and Al(H2O)6

3+ was liberated from
he surface [21]. Vinyl products have also been observed in alkaline
queous solutions [22].

Karwacki et al. [23] showed that sulfur mustard degradation on
ry coconut shell carbon (CSC) at 50 ◦C produced the elimination
roduct, CEVS, and the cyclic ether 1,4-oxathiane. Wagner et al. [24]
emonstrated that on wet CSC at 30 ◦C the products CH and TDG
ere produced in addition to the products that were formed on the
ry CSC. The first-order half-life was 25 days. Prasad and Singh [25]

mpregnated high surface area carbon with a variety of oxidizing
gents to form the products, CH, TDG, 1,4-oxathiane, 1,4-thiazane
nd divinyl sulfone, depending upon the oxidant used [26]. Sharma
t al. showed that carbon impregnated with a vanadium/ruthenium
ixture would oxidize sulfur mustard to the sulfoxide [27].
Wagner et al. [28] studied the thermal degradation of sul-

ur mustard with and without water, finding that the “dry
egradation” products were 1,2-dichloroethane, polysulfides

(ClCH2CH2SCH2CH2SCH2CH2Cl), and 1,4-dithiane, whereas
he “moist degradation” products were 1,4-oxathiane, 2-
hloroethanol, and numerous sulfonium ions, including the
ajor product S(CH2CH2)2S+CH2CH2Cl and the minor product
(CH2CH2)2S+CH2CH2OH.

The formation of sulfonium ions from sulfur mustard is impor-
ant since they have been determined to be a cause of the toxicity of

ulfur mustard [29,30], although the sulfonium ions are often less
oxic than sulfur mustard itself [31].

In the current study, 13C SSMAS NMR techniques were employed
o study the rate of and identify the products for sulfur mustard
egradation on the environmentally and operationally relevant

c
c
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l

able 1
hysical properties of concrete and limestone samples

C04 C90

urface area, m2/g, crushed/monolith 2.2/3.1 1.9/1.4
rushed pH, 1/24 h 12.5/12.5 8.0/8.5
onolith pH, 1/24 h 10.5/12.0 6.5/7.5

ge of sample when pH tested 6 months Est. 10–20
.

ubstrates, ambient and moist concrete, mortar and limestone as
function of the temperature of the sample and the age of the

oncrete.

. Experimental

.1. Concrete and mortar substrates

The substrates used were three samples of concrete, mortar and
imestone. The concrete samples had the same nominal formula-
ion: 16.5% Portland cement, 34.2% natural river siliceous sand as
ne aggregate, 49.3% Caldera Alabama limestone coarse aggregate,
nd a 0.45 water-to-cement ratio. Two samples, C03 and C04 were
pproximately 1 year old when used; they differed in that C03 was
ade in a small lab batch and C04 was made using industrial equip-
ent. The third concrete sample, C90, had been cored from a used

unway, and was estimated to be 10–20 years old. The mortar, M03,
as C03 that lacked the coarse aggregate, limestone, which was

tudied separately. All samples were thoroughly ground and sieved
hrough a ∼2 mm sieve before use, in order to ensure good spinning
n the NMR rotor, which held ∼200 mg concrete. The surface areas
f the crushed concrete were measured using nitrogen gas adsorp-
ion with a 5-point BET analysis [32], and were typically ∼2 m2/g
Table 1). The pH values were measured using pH strips in a slurry of
00 mg concrete and 2 mL water; the pH values did not change dur-

ng the duration of the experiments (Table 1). The ambient labile
ater content of the samples, measured by heating at 100 ◦C for
4 h, was 3.5%.

.2. Agent

Sulfur mustard, {bis(2-chloroethyl) sulfide} (ClCH2CH2)2S, is
ommonly abbreviated H for munitions grade and HD for dis-
illed; distillation removes the impurities that are commonly
resent in munitions grade mustard: Q (sesquimustard, bis(2-

hloroethylthio) ethane, ClCH2CH2SCH2CH2SCH2CH2Cl, 10.1%) the
yclic ether 1,4-dithiane, (S(CH2CH2)2S, 3.2%), 1,2-dichloroethane
2.6%) and 4-chlorobutyl 2-chloroethyl sulfide (1.0%) and 16 other
nalytes (totaling 3.9%). The sulfur mustard used was 50% 13C
abeled at each carbon position, such that two 13C would not be

C03 M03 Limestone

2.0/1.3 2.8/na 2.2/na
12.0/12.0 12.0/12.0 6.0/7.0
8.5/9.0 na/na 7.5/7.5

years 1 year 3 years na
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degradation occurred (Fig. 4). Sample C90 had numerous spinning
side bands and the peaks widths increased from 85 to 400 Hz as
the degradation proceeded; hence the signal partially merged into
the baseline, and the final total integrated peak area was only one-

Fig. 2. First-order kinetic plots for sulfur mustard loss on ambient C04a at 22 ◦C (�),
C04 at 35 ◦C (�, ♦), and C03 at 22 ◦C (�) concrete samples.
C.A.S. Brevett et al. / Journal of Ha

djacent, and was 99.5% pure by GC/MSD. This allowed for good
etection of the 13C signal, but avoided the 13C–13C couplings that
ould be present if 100% labeling were used. The notation for the

ulfur mustard used was HD*; H for sulfur mustard, D denoting
hat it had been distilled, and the (*) denoting 13C-labeling. Chem-
cal shifts for sulfur mustard on concrete were 44.5 ppm for ClCH2
nd 35.2 ppm for the CH2S. Caution: Sulfur mustard is a potent vesi-
ant, and care must be taken to prevent exposure to liquid or vapor.
t should only be manipulated by trained personnel employing appro-
riate engineering controls and personal protective equipment.

The rotor (silicon nitride, Doty Scientific, Columbia, SC) was
acked with 200 mg concrete and 5 �L agent was added to the con-
rete using an Eppendorf pipette or a microliter syringe. Water, if
sed, was added second; a 13–20-fold molar excess was employed.
he rotor was sealed with double-O-ring Kel-F end caps, and stored
n a glass screw-cap vial. The 35 and 50 ◦C sample vials were placed
n a heater block (Boekel, Feasterville, PA) that maintained the tem-
erature within 0.1 ◦C of the set point.

.3. NMR instrumentation

13C SSMAS spectra for the 22 ◦C samples were collected at 9.4 T
sing a Varian Inova NMR spectrometer (Palo Alto, CA) equipped
ith a Doty Scientific 7 mm standard series VT-MAS (variable tem-
erature magic angle spinning) probe using direct polarization at
pinning rates of ∼2000 Hz and a 90◦ pulse width of 7.5 �s. The
pectra for the 35 and 50 ◦C samples were collected at room tem-
erature at 9.4 T using a Varian Inova NMR spectrometer equipped
ith a Doty Scientific 7 mm supersonic VT-MAS probe using direct
olarization at spinning rates of ∼3500 Hz, and a 90◦ pulse width
f 3.5 �s. Delay times between pulses were at least 5 times the
easured T1, and spectra were referenced to external tetramethyl-

ilane. When there was a great degree of overlap between peaks,
nd for the vinyl resonances, whose chemical shift overlaid the
road background resonance, the deconvolution software supplied
y Varian Inc., VNMR version 6.1c was employed to determine rel-
tive peak areas.

.4. Gas chromatography with mass spectrometry detection

GC/MSD analysis of the organic liquid extracts was performed
n an Agilent Technologies (Santa Clara, CA) 6890N GC/5973 MSD
quipped with a 30 m × 0.25 mm HP-5 capillary column (Agilent
echnologies, Santa Clara, CA). The oven temperature profile was
amped from 45 ◦C (5 min) to 265 ◦C at 10 ◦C/min. The injection
emperature was 250 ◦C; MSD transfer line 280 ◦C; MSD quad
50 ◦C; and MSD source at 230 ◦C. The sample extracts were ana-
yzed in the electron impact (EI) mode scanning from 40 to 350 amu.
ne microliter was injected on a split/splitless inlet with a purge

ime 0.5 min; purge flow rate 25 mL/min; with a constant helium
olumn flow rate of 1 mL/min (average linear velocity of 36 cm/s).
C/MS of the extracts detected 1,4-oxathiane, 2-hydroxyethyl vinyl
ulfide (HOEVS), CEVS, and TDG.

. Results

.1. Kinetics on ambient concrete

The first half-lives for the degradation of sulfur mustard at 22 ◦C
n ambient concrete showed a great degree of variability, ranging

rom 3.5 to 54 weeks.

The degradation of sulfur mustard on concrete C03 exhibited
ery clean first-order kinetics (Figs. 1 and 2), and the half-life was 25
ays. The degradation of sulfur mustard on concrete M03 exhibited
ero-order kinetics, with a half-life of 54 weeks (Fig. 3). F
ig. 1. 13C SSMAS NMR spectra of sulfur mustard degradation on ambient concrete
03.

Sample C90 gave no reaction for several months, and then the
ig. 3. Loss of sulfur mustard on ambient M03 at 22 ◦C (♦) and C04b at 22 ◦C (�).
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The products were identified based upon their relative inte-
grated peak areas and chemical shifts, which, due to medium
effects, were within 3 ppm of those observed in solution and on
other matrices. Vinyl species and sulfonium ions formed immedi-
ig. 4. 13C SSMAS NMR spectra of sulfur mustard degradation on ambient concrete
90 at 22 ◦C; five bottom spectra were acquired using a 15-s recycle time; the top
sing a 0.3 s recycle time. The top two spectra are magnified. The (*) denote spinning
ide bands.

hird of the original. In order to enhance the product resonances
elative to the reactant, the 39-week spectrum was acquired with
shorter, 0.3 s recycle time, compared to the typical 15-s recycle

ime (Fig. 4, top spectrum). Thus, the product resonances at 65 and
7 ppm were more clearly seen.

Two samples of sulfur mustard on ambient concrete C04 at 22 ◦C
ere made within 4 months of each other. Sample C04a had an

nitial 10 mg dose of sulfur mustard, and degraded according to
rst-order kinetics with a half-life of 15 weeks (Fig. 2). Sample C04b
ad an initial 5 mg dose of sulfur mustard and degraded according
o zero-order kinetics with a first half-life of 48 weeks (Fig. 3). The

ass balance of sample C04b also decreased gradually during the
ourse of the experiment, but due to the lengthy 82-week period of
tudy, the calculated half-life was the same with and without the
ass balance correction.
No degradation of sulfur mustard on the ambient limestone was

een for 1 year.
The degradation of mustard on ambient C04 at 35 ◦C was mea-

ured using duplicate samples that were made at the same time;
he kinetics were first order and the half-lives were 46 and 56 days
Fig. 2).

.2. Kinetics on moist concrete

Sulfur mustard on moist C03 at 22 ◦C exhibited degradation at
days, by 11 days it was difficult to distinguish between the sulfur
ustard and the products (Fig. 5). Sulfur mustard degradation on
oist M03, C90 and C04 at 22 ◦C gave similar results. First-order

inetic plots were used to calculate the rate constants for samples
03, M03 and C04; the half-lives were 92, 75 and 350 h, respectively.

ue to the paucity of data the first-order half-life for sulfur mustard
n C90 was estimated from one data point; it was ∼107 h, based
pon the loss of the 35 ppm HD* resonance (Fig. 6).

The degradation of sulfur mustard on moist C04 at 35 ◦C was
easured using duplicate samples that were made at the same F
ig. 5. 13C SSMAS NMR spectra of sulfur mustard degradation on moist concrete C03
t 22 ◦C. The (*) denote spinning side bands.

ime; the kinetics were first order and the half-lives were 23 and
4 h. The kinetics for the degradation of the sample at 50 ◦C were
oo fast to measure accurately, but were estimated to be less than
h.

Sulfur mustard on moist limestone at 22 ◦C exhibited degrada-
ion at 6 days and was complete in approximately 7 weeks; mass
alance was maintained throughout the course of the reaction. The
alf-life was estimated to be 260 h.

.3. Product identification
ig. 6. 13C SSMAS spectra of sulfur mustard degradation on moist C90 at 22 ◦C.
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(HOEt-OT 65, 57 ppm and H-2TG, 57, 27 ppm), 1,4-oxathiane (33
and 72 ppm), and 1,4-dithiane (33 ppm) (Fig. 8) with 100% mass
balance. By contrast, sample C04b had a zero-order half-life of 45
weeks, a 50% mass balance after 80 weeks, and yielded products

Fig. 7. Evolution of peaks in 13C SSMAS NMR spectra for sulfur mustard degradation
on ambient C03 concrete at 22 ◦C: 72 (�), 33 (�), 61 (�), 66 (�), and 57 (�) ppm.
Sch

tely. The elimination product 2-chloroethyl vinyl sulfide (CEVS)
ad distinct vinyl resonances at 112 and 132 ppm, but the aliphatic
EVS resonances (34 and 43 ppm) were concurrent with the sulfur
ustard resonances. In a few samples additional vinyl resonances
ere observed, possibly corresponding to 2-hydroxyethyl vinyl sul-
de (HOEVS, 33, 60, 109, and 138 ppm) or divinyl sulfide (DVS, 114
nd 129 ppm). Given the proximity of the chemical shifts and their
ropensity to shift in different media, it was difficult to definitively
istinguish between the different vinyl species solely based upon
he chemical shift.

The presence of the most prevalent sulfonium ion,
(CH2CH2)2S+CH2CH2OH, 4-(2-hydroxyethyl)-1,4-oxathian-4-

um (HOEt-OT, 33, 46, 57, and 65 ppm, Scheme 2) was monitored
y the characteristic 65 ppm resonance. The presence of a 27 ppm
esonance suggested the H-2TG (27, 44, 46, and 57 ppm), CH-TG
27, 35, 43, 45, 58 and 62 ppm) and H-TG (29, 33, 43, 44, 46 and
9 ppm) sulfonium ions (Scheme 1). The number of overlapping
eaks in the spectra and the low intensity of the 27 ppm peak
ade it difficult to distinguish between these three sulfonium

ons. Thus, any future references to or assignments of H-2TG
nclude the possibility that the species may be CH-TG or H-TG. The
-2TG, CH-TG and H-TG have characteristic resonances at 27–29
nd 57–59 ppm; the resonances at 33–35, 43–46 and 62 ppm
ere concurrent with resonances for other compounds, and thus
ere not diagnostic. The HOEt-OT had characteristic resonances

t 57 and 66 ppm, in addition to the 46 and 32 ppm resonances.
ence, whenever a 57 ppm resonance was present, the 27 and
5 ppm resonances were used to identify which sulfonium ion was
resent. The expected 32 ppm resonance was concurrent with the
hiodiglycol (TDG), 1,4-oxathiane and 1,4-dithane resonances, and
hus was not diagnostic.

After the completion of the degradation of the sulfur mus-
ard and sulfonium ions, TDG (32, 61 ppm) and 1,4-oxathiane (32,
2 ppm) were identified by the relative integrated peak areas of
heir two resonances. A 32 ppm resonance that was larger than that
ue to the sum of TDG and 1,4-oxathiane was taken as evidence
f 1,4-dithiane. These assignments were confirmed by spiking the
otors with the neat compounds at the end of the degradation.

Chlorohydrin (CH, 33, 35, 45, 61 ppm), an intermediate in the
ormation of TDG directly from sulfur mustard (Scheme 1) was
nly observed on moist limestone, and was identified by additional
eaks near the 34 ppm TDG resonance.

.3.1. Products on ambient concrete
Degradation of sulfur mustard on ambient concrete C03 at 22 ◦C,

ielded the intermediates H-2TG, HOEt-OT, and the products CEVS,
DG and 1,4-oxathiane (Fig. 1). The vinyl species at 112 and 133 ppm
rew to a plateau (10%) and persisted. A plot of the 57 and 66 ppm
ulfonium ion peaks with time showed that they grew and then
ecreased in intensity (Fig. 7). The 32, 62 and 72 ppm peaks for

DG and 1,4-oxathiane grew consistently for 4000 h.

Ambient M03, which was C03 without the limestone filler,
ad the products CEVS (112 and 133 ppm), 1,4-oxathiane (32 and
2 ppm), and 1,4-dithiane (32 ppm), coexistent with the mustard
Fig. 8).

F
d

.

Little degradation of sulfur mustard on ambient C90 occurred
ver a period of 11 months; the only additional species observed
as HOEt-OT (Fig. 4).

The difference between the two ambient C04 samples was quite
arked. Sample C04a had a first-order half-life of 15 weeks, and

ielded CEVS (112 and 131 ppm, 14%), the two sulfonium ions
ig. 8. 13C SSMAS spectra of the intermediates formed during sulfur mustard degra-
ation on ambient substrates.
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ig. 9. Evolution of peaks in 13C SSMAS NMR spectra for sulfur mustard degradation
n moist M03 at 22 ◦C: 57 (♦), 66 (�), 43 (�), vinyl (*) and 27 (�) ppm.

EVS (13%), 1,4-oxathiane, TDG and 1,4-dithiane; sulfur mustard
as still present in the sample (Fig. 8).

Sulfur mustard degradation on ambient C04 at 35 ◦C yielded
EVS (18–19%), 1,4-oxathiane, 1,4-dithiane and TDG (Fig. 8); and
ielded CEVS, 1,4-oxathiane, and 1,4-dithiane at 50 ◦C.

.3.2. Products on moist concrete
Sulfur mustard degradation on moist C90 at 22 ◦C formed a trace

f H-2TG, HOEt-OT, TDG and 1,4-oxathiane immediately; no CEVS
as formed (Fig. 6). After a period of 62 weeks as much HOEt-OT
as present as had been at 11 days and had not decomposed, in

ontrast to the other concretes studied.
The sulfur mustard on moist C03 at 22 ◦C initially formed H-

TG (27 and 57 ppm), CEVS (133 ppm, 10%) and prominent 65
nd 43 ppm resonances (Fig. 5). The final spectrum showed 1,4-
xathiane and the minor products TDG and vinyl species. The
egradation of sulfur mustard on moist M03 at 22 ◦C was similar to
03 at 22 ◦C. A plot of the 27, 43, 57 and 66 ppm sulfonium ion peaks
ith time showed that they grew and then decreased in intensity

Fig. 9), whereas the vinyl species at 112 and 133 ppm grew to a
lateau of 8%, and persisted. The 32, 62 and 72 ppm peaks for TDG,
,4-oxathiane and 1,4-dithiane grew consistently, and persisted
Fig. 10). The intermediates and products for the decomposition
f sulfur mustard on moist C04 at 22 ◦C were similar to moist C03
nd M03 at 22 ◦C (Fig. 11).

When sulfur mustard degradation on moist C04 was studied at
5 ◦C, intermediate peaks at 27, 57 and 66 ppm were seen imme-
iately, corresponding to H-2TG and HOEt-OT. The 65 and 57 ppm
eaks reached a maximum intensity in 72 h, and totally degraded
ver 1000 h. TDG and 1,4-oxathiane were the final products; the
nal spectrum had additional peaks at 34 and 63 ppm, both down-
eld of TDG (Fig. 11). There was also a gradual downfield shifting
f the chemical shifts of the products during the reaction. The

ownfield shift was similar to shifts seen previously for sulfo-
ium ions from sulfur mustard degradation on sand [16], due to
he formation of ions in the medium. The vinyl moieties observed
ccounted for 11–12% of the total final resonances. The sample was

ig. 10. Evolution of peaks in 13C SSMAS NMR spectra for sulfur mustard degradation
n moist M03 at 22 ◦C: 71 (♦), 32 (�), 35.4 (�), and 62 (�) ppm.
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ig. 11. 13C SSMAS spectra of the intermediates formed during sulfur mustard degra-
ation on moist substrates.

xtracted with acetonitrile after the final NMR spectrum; GC/MS
f the extract detected 1,4-oxathiane, 2-hydroxyethyl vinyl sulfide
HOEVS), CEVS, and TDG; overall only 2% of the original sulfur mus-
ard spike was recovered, and no unreacted sulfur mustard was
bserved. In the NMR, the HOEVS would have vinyl peaks coinci-
ent with CEVS and aliphatic carbon peaks similar to TDG, hence
he additional resonances observed at 63 and 34 ppm may be due
o HOEVS.

The degradation of sulfur mustard on moist C04 at 50 ◦C ulti-
ately yielded 13% vinyl moieties, TDG, and 1,4-oxathiane; the

inyl species may be present as HOEVS since there was a peak at
4 ppm in addition to the 62 ppm TDG peak, and there was a peak
t 34 ppm in addition to the 32 ppm peak for TDG, similar to moist

◦
04 at 35 C. The intermediate sulfonium ions H-2TG and HOEt-OT
ere also detected (Fig. 11).

In all of the samples of sulfur mustard degradation on moist
oncrete, the 65 ppm peak was initially very prominent, and then
isappeared entirely. Since it was more than twice the size of the
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ulfonium ion 57 ppm peak, additional species may be present at
his chemical shift. One possible assignment for the 65 ppm tran-
ient peak is reactive 2-chloroethanol (63, 47 ppm); ethylene glycol
64 ppm) is not a candidate since it is expected to be a stable prod-
ct.

Sulfur mustard degradation on moist limestone produced 72%
-2TG sulfonium ion, 15% chlorohydrin and 13% thiodiglycol

Fig. 11).

.4. Rate of sulfonium ion decomposition

The characteristic 65 ppm peak for the sulfonium ion HOEt-OT
hat was observed on the concrete samples generally reached a

aximum, and then decomposed. The time for the formation of the
aximum HOEt-OT peak on ambient concrete at 22 ◦C spanned a

ange of 10–77 weeks. The HOEt-OT persisted for at least 30 weeks;
n one case it was still present after a 95-week period of observation
Table 2). The duplicate samples that were made at 35 ◦C exhibited
peak maximum at 13 and 15 weeks, one sample had no HOEt-OT

emaining after 30 weeks, but the other sample still had the HOEt-
T present after 38 weeks (Table 2). Thus, the variability for the
OEt-OT formation and degradation was more extensive that the
ariability for the sulfur mustard degradation on the same samples.

The time for the formation of the maximum HOEt-OT peak on
oist concrete at 22 ◦C spanned a range of 260–530 h, persisted

or at least 22 weeks, and was detected in one sample after 60
eeks (Table 3). The duplicate samples that were made at 35 ◦C both

xhibited a peak maximum at 45 h, and no HOEt-OT was detected
fter 800 and 1000 h (5 and 6 weeks). The first half-life for loss
f the 66 ppm peak showed great variability—24 h for one sam-
le, and 172 h for the other (Table 3). Thus, although the time to
he maximum HOEt-OT concentration was weeks on the ambient
oncrete and hours on the moist concrete, the time for the HOEt-
T degradation was weeks to months on both moist and ambient
oncrete.

.5. Formation of HOEt-OT from added 2-chloroethanol to TDG

nd 1,4-oxathiane on moist concrete

The formation of HOEt-OT was demonstrated by the addition
f 18 �L of neat, natural abundance 2-chloroethanol (63, 47 ppm)
o the 62-week-old C03 sample, which contained the products

w
w
e
c
w

able 2
ormation and decay of the sulfonium ion HOEt-OT (66 ppm Peak) during sulfur mustard

oncrete Temperature (◦C) Time to maximum (weeks)

03 22 10
03 22 77

90 22 n/a
04a 22 42
04b 22 72
04a 35 15
04b 35 13

a The decomposition of the HOEt-OT was incomplete when the last spectrum was take

able 3
ormation and decay of the sulfonium ion HOEt-OT (66 ppm peak) during sulfur mustard

oncrete Temperature (◦C) Time to maximum (h)

03 22 260
03 22 340

90 22 264
04a 22 530
04a 35 45
04b 35 45

a The decomposition of the HOEt-OT was incomplete when the last spectrum was take
ig. 12. 13C SSMAS NMR spectra of sulfur mustard degradation on moist concrete
03 and after the addition of 2-chloroethanol. The arrows show the gain of HOEt-OT
nd the loss of TDG and 1,4-oxathiane.

DG and 1,4-oxathiane. After 24 h the sulfonium ion HOEt-OT was
bserved; over a period of 2 weeks it grew at the expense of the
DG and 1,4-oxathiane (Fig. 12). The integrated peak area of the
-chloroethanol peaks remained relatively unchanged, since the
eaction was catalytic in 2-chloroethanol.

. Discussion

.1. Effect of concrete properties on the product distribution

The concrete samples were studied under ambient conditions
nd with added water. Ambient conditions, meaning that the con-
rete was in equilibrium with room temperature and humidity,

ith no prior drying in an oven, were chosen since drying in an oven
ould cure the concrete and change the structure from the ambi-

nt [33]. The amount of atmospheric water that equilibrated into
oncrete C04 was 3.5%; this corresponded to 7 mg of water, which
ould be roughly an 8-fold excess of water to sulfur mustard on

degradation on ambient concrete

Time to 50% loss (weeks) Time of no detection (weeks)

∼14 >30a

>95 �95a

n/a n/a
>60 �60a

∼12 >83a

∼6 ∼30
∼8 >38a

n.

degradation on moist concrete

Time to 50% loss (h) Time of no detection (weeks)

∼800 ∼54
∼260 ∼42

>10000 �60a

∼500 >22a

∼24 ∼5
∼172 ∼6

n.
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he surface of the concrete. This was enough water to react with the
ulfur mustard, however, the production of the “dry degradation”
roduct 1,4-dithiane, and the absence of H-2TG under ambient con-
itions (M03 and C04b) implied that the bulk of the water remained
ound to the concrete and did not react with the sulfur mustard.

The surface areas of the concrete samples did not vary greatly
rom one sample to another (Table 1). The pH of the C90 sample
as much lower that that of the newer C04, C03 and M03 samples,
ue to carbonation occurring on the concrete with time [34]. This

ower pH in turn affected the product mixture—no vinyl products,
hich are generally associate with alkaline surfaces [19,20] were
etected on the low pH concrete samples.

Assuming a molecular surface area of 38 Å2 [10], 5 mg of sulfur
ustard, the amount typically used in these experiments, would

equire 7 m2 for monolayer coverage of the concrete. However, the
vailable surface area was only ∼0.4 m2, thus approximately 6% of
he sulfur mustard would form the first monolayer. The typical sam-
le formed ∼10% vinyl species based on the integrated peak area of
he vinyl chemical shifts, suggesting that some of the vinyl species

igrated from the surface, and allowed another molecule of sul-
ur mustard to react. In addition, the surface area of the product

olecules is smaller than that of the sulfur mustard, which would
lso allow for additional molecules on the surface.

The largest percentage vinyl species observed (31%) was on the
mbient M03 at 22 ◦C sample (Fig. 8). The only other observed prod-
cts in this sample over the period of a year were 1,4-oxathiane
nd 1,4-dithiane, and sulfur mustard was still present. The high
ercentage vinyl species may be due to the lack of other reaction
athways—that is, insufficient of ambient water to form sulfonium

ons. The ambient C04 at 35 ◦C samples both formed ∼18% vinyl
oieties (Fig. 9). The higher percentage of elimination products

n C04 at 35 ◦C than 22 ◦C may be due to a higher thermal mobil-
ty of the reactants and products, and hence more reactant is able
o reach the concrete surface. Thus, the major contributor to the
ercentage of vinyl species formed was the surface alkalinity, but
he absence of other reaction pathways, especially those involving
ater, also contributed to a higher percentage of vinyl species. In

eneral, more vinyl species were produced on the ambient concrete
han the moist counterpart.

.2. Sulfur mustard degradation

The half-lives observed for the hydrolysis of sulfur mustard
n concrete were 1500 times longer than those observed in
ilute solution; 100 h compared to 4 min, respectively. The much
lower hydrolysis rate on concrete compared to aqueous solution,
lus the formation of elimination and sulfonium ion products,
howed that once formed, the 1-(2-chloroethyl) thiiranium ion,
lCH2CH2S+(CH2)2, reacted preferentially with sulfur mustard
ather than with H2O. This was not surprising, since sulfur mus-
ard was highly solvated in dilute aqueous solution, whereas on
he concrete the amount of sulfur mustard and water was enough to

oisten the surface, but no free liquid was observed. Visual obser-
ations of droplets of sulfur mustard on concrete indicated that the
etting of the concrete by the sulfur mustard was complete within
0 min, and spinning the sample in the rotor aided this wetting
rocess.

The slightly narrower sulfur mustard peak widths obtained
pon the addition of water indicated that the water absorbed on
he hydrophilic concrete surface, and the sulfur mustard formed

roplets between the concrete particles. However, as the reaction
roceeded, the products formed may have migrated between the
ulfur mustard-rich and the water-rich portions of the mixture.

Since the NMR data were collected under quantitative relaxation
ime conditions, and the samples were stored in sealed rotors, the

3
d
r
c
q
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ass balance should have been preserved throughout the course
f the reaction. This was true for 8 of the 14 reactions studied. Two
amples, ambient C90 and C04b, lost mass balance gradually dur-
ng the course of the reaction, possibly due to the adsorption of
he products and reactants into the concrete. Four samples, ambi-
nt C03, ambient M03, moist C03 and moist C90 lost ∼30% of the
ass within the first few days of monitoring, possibly due to the

ormation of multiple minor products whose chemical shifts were
oo small to distinguish from the baseline. The inhomogeneity of
he concrete substrate may also influence the mass balance, that is,
ome components of the concrete may have been more proficient
t forming and absorbing minor products.

An examination of the order of the degradation reaction showed
hat nine of the reactions examined exhibited first-order kinet-
cs based upon a plot of {ln (mg HD*)} versus time. Two ambient
amples, M03 and C04b, which exhibited zero-order kinetics based
pon a plot of {mg HD*} versus time produced 1,4-dithiane, 1,4-
xathiane and a trace of TDG, but no sulfonium ions. This suggested
hat in the presence of water, ambient or added, first-order kinet-
cs occurred, forming sulfonium ions, but when water was lacking,
ero-order kinetics were observed. Zero-order kinetics are known
o occur when a surface or enzyme catalyst is present, and are
bserved when the reactant saturates the catalyst surface [34],
hich would be possible in the absence of water.

The reason for the apparent dearth of water is not well under-
tood, but may be related to the inhomogeneity of the concrete,
hich in turn affected the amount of entrained water, which in turn

ffected the products and order of the reactions. Although great care
as taken to thoroughly grind and mix the concrete samples before
se, the greatly different degradation rates and products observed
n samples C04a and C04b at 22 ◦C suggested that the samples
ere not totally homogeneous. Comparison of the sulfonium ion
egradation rates on moist C04 at 35 ◦C also suggested that these
uplicate samples were not totally homogeneous.

.3. Sulfonium ion formation and decomposition

The formation and decomposition of HOEt-OT to 1,4-oxathiane
32 and 71 ppm, 1:1 ratio), was observed on several concrete sam-
les. According to Scheme 2, HOEt-OT would form from TDG and
-chloroethanol, and then degrade to form 1,4-oxathiane and 2-
hloroethanol. Thus, the net effect was to form 1,4-oxathiane and
ater from TDG with 2-chloroethanol functioning as a catalyst. Ini-

ially, 2-chloroethanol would be formed from the decomposition of
H-TG and H-TG (Scheme 3), which in turn were formed accord-

ng to Scheme 1. Eventually, all of the 2-chloroethanol formed
rom the sulfur mustard would have reacted, since no residual
-chloroethanol resonances (63 and 47 ppm) were seen in the spec-
ra when the reaction was followed to completion. One possible

echanism for the removal of 2-chloroethanol would be via the
eversible formation of H-TG or CH-TG, which would then degrade
ndependently to TDG (Schemes 4 and 5).

The product 1,4-dithiane may be formed by the decomposition
f S(CH2CH2)2S+CH2CH2OH, 1-(2-hydroxyethyl)-1,4-dithianium,
hich has chemical shifts at 56, 43, 37 and 23 ppm (Scheme 3).

he characteristic resonances at the 23 and 37 ppm chemical shifts
ere not seen, which suggested that any 1-(2-hydroxyethyl)-1,4-
ithianium formed and reacted quickly. An additional mechanism
or the formation of 1,4-dithiane from sulfur mustard is via
he intermediates H–H (45, 44, 43, 38, 35, 28 ppm), Q (43,

4, 32 ppm), and S(CH2CH2)2S+CH2CH2Cl, 1-(2-chloroethyl)-1,4-
ithianium (38, 37, 43, 23 ppm) (Scheme 6) [28]. The characteristic
esonances for the S(CH2CH2)2S+CH2CH2Cl at the 23 and 38 ppm
hemical shifts were not seen, thus any formed would have reacted
uickly. The resonances for H–H and Q would have had chemical
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Scheme 3.

Scheme 4.

Scheme 5.
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hifts that were similar to the other species observed, and would
ot have been unequivocally detected had they formed.

In prior studies, sulfur mustard degradation products were
xtracted from soils with hexane several years after contamina-
ion. CEVS, TDG, 1,4-dithiane and 1,4-oxathiane, and multiple other
pecies, many of which were related to the impurities present in
unitions grade sulfur mustard were detected by GC/MS [35]. The

roducts observed in this study using SSMAS NMR were consistent
ith the prior GC/MS studies, although no sulfonium ions were
etected in the prior studies. The passage of time would result in
he degradation of the intermediate sulfonium ions to the prod-
cts that were observed via GC/MS. In addition, any sulfonium ions
resent would not extract into hexane, nor would they be volatile
n the GC, and hence would not have been detected by the GC/MS
echnique used.

. Conclusions

The kinetics of the degradation of sulfur mustard on three sam-
les of airport runway concrete were studied. The first half-lives for
he degradation of sulfur mustard at 22 ◦C on moist concrete fell
ithin a narrow range, between 75 and 350 h, whereas on ambient

oncrete the range was broad, ranging from 25 days to 54 weeks.
he rate was slower on the older, less alkaline concrete. Increas-
ng the temperature also resulted in a faster degradation rate. The

ide range of decomposition rates on ambient concrete samples
ndicated that it would be difficult to accurately predict degrada-
ion rates in an environment where the age and degree of hydration
f the concrete are unknown.

The degradation immediately produced the minor product
-chloroethyl vinyl sulfide on the younger, more alkaline con-
rete samples, but not on the aged sample. The intermediate
ulfonium ions 4-(2-hydroxyethyl)-1,4-oxathian-4-ium, and toxic
-2TG formed immediately; the sulfonium ions decomposed to

orm 1,4-oxathiane and thiodiglycol on the moist samples. On ambi-
nt concrete 1,4-oxathiane and 1,4-dithiane were observed; the
ntermediate sulfonium ions were present in low quantities or not
t all, apparently depending upon the amount of ambient water

hat had been entrained on the concrete. The formation of only
on-toxic products would take years on some samples at 22 ◦C. The
roducts observed were consistent with those observed on alka-

ine metal oxides, aqueous hydrolysis of mustard, and during the
hermal degradation of mustard.
.

In the event of contamination of concrete with sulfur mustard,
he production of toxic intermediates would lead to a condition
n which air monitors would not detect any mustard, but vesicant

aterials would still be present in the concrete. Thus, the concrete
ould need to be tested for the presence of both sulfur mustard

nd toxic sulfonium ions.
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