
In this review we address health issues related
to chemical warfare (CW) agent disposal and
stockpile destruction. Munro et al. (1)
detailed the acute and chronic toxicity of the
nerve agents tabun (ethyl N,N-dimethylphos-
phoroamidocyanidate; GA), sarin (isopropyl
methylphosphonofluoridate; GB), and O-
ethyl S-[2-(diisopropylamino)ethyl]methyl-
phosphonothioate (VX). Earlier, Watson and
Griffin (2) reviewed the acute and chronic
toxicity of the vesicant agents with special
emphasis on mustard carcinogenicity, and
Munro et al. (3) evaluated nerve and blister
agent antidote use, toxicity, and decontami-
nation procedures in the context of civilian
application.

During this era of CW agent demilitariza-
tion and cleanup of sites and facilities associ-
ated with chemical agent production, testing,
and storage, information on the properties
and toxicity of CW agent degradation prod-
ucts is important for risk management in site

operations and restorations. Although a vari-
ety of breakdown products and impurities
have previously been documented, the signifi-
cance to environmental and/or occupational
health has not been established. 

In this review we assemble the scattered
and often fragmentary literature on environ-
mental fate of the CW agents as well as
what is presently known about the potential
health effects and ecotoxicity of each agent’s
degradation products and contaminants.
We have eliminated certain compounds
from potential concern and focused atten-
tion on those with known significant envi-
ronmental persistence and toxicity. With
the exception of the sulfur mustards, most
of the CW agents are not persistent in the
environment because they are subject to a
variety of abiotic and biotic degradation
mechanisms. It is important to identify per-
sistent and/or toxic chemical agent break-
down products to assist in cleanup processes

and to ensure worker and public safety. We
generally use “environmental persistence” to
refer to the presence of compounds in soil;
environmental persistence is moderate for
compounds that may be stable for weeks to
months and high for compounds that are
stable for months to years. “Persistent com-
pounds” are characterized by low vapor
pressure, low water solubility, and low rates
of natural abiotic and biologic degradation.
Examples include polychlorinated biphenyls
and dioxins; these compounds are not relat-
ed to CW agents. However, compounds
with moderate-to-high water solubility that
are not readily degradable or subject to
hydrolysis may persist in dry soil and/or
leach into groundwater, where they persist
for long periods. 

Toxicity depends on the route of expo-
sure. Relevant routes of exposure for CW
agent breakdown products are oral, inhala-
tion, and dermal. Compounds that are lethal
to 50% of tested animals [median lethal dose
(LD50) or median lethal concentration
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We include in this review an assessment of the formation, environmental fate, and mammalian and
ecotoxicity of CW agent degradation products relevant to environmental and occupational health.
These parent CW agents include several vesicants: sulfur mustards [undistilled sulfur mustard (H),
sulfur mustard (HD), and an HD/agent T mixture (HT)]; nitrogen mustards [ethylbis(2-
chloroethyl)amine (HN1), methylbis(2-chloroethyl)amine (HN2), tris(2-chloroethyl)amine (HN3)],
and Lewisite; four nerve agents {O-ethyl S-[2-(diisopropylamino)ethyl] methylphosphonothioate
(VX), tabun (GA), sarin (GB), and soman (GD)}; and the blood agent cyanogen chloride. The
degradation processes considered here include hydrolysis, microbial degradation, oxidation, and
photolysis. We also briefly address decontamination but not combustion processes. Because CW
agents are generally not considered very persistent, certain degradation products of significant per-
sistence, even those that are not particularly toxic, may indicate previous CW agent presence or that
degradation has occurred. Of those products for which there are data on both environmental fate
and toxicity, only a few are both environmentally persistent and highly toxic. Major degradation
products estimated to be of significant persistence (weeks to years) include thiodiglycol for HD;
Lewisite oxide for Lewisite; and ethyl methyl phosphonic acid, methyl phosphonic acid, and possi-
bly S-(2-diisopropylaminoethyl) methylphosphonothioic acid (EA 2192) for VX. Methyl phosphon-
ic acid is also the ultimate hydrolysis product of both GB and GD. The GB product, isopropyl
methylphosphonic acid, and a closely related contaminant of GB, diisopropyl methylphosphonate,
are also persistent. Of all of these compounds, only Lewisite oxide and EA 2192 possess high mam-
malian toxicity. Unlike other CW agents, sulfur mustard agents (e.g., HD) are somewhat persistent;
therefore, sites or conditions involving potential HD contamination should include an evaluation of
both the agent and thiodiglycol. Key words: anticholinesterase, blood agent, CK, cyanogen chloride,
decontamination, GA, GB, GD, HD, HN, hydrolysis, Lewisite, microbial degradation, nerve agent,
nitrogen mustard, oxidation, sarin, soman, sulfur mustard, tabun, VX, vesicant. Environ Health
Perspect 107:933–974 (1999). [Online 3 November 1999]
http://ehpnet1.niehs.nih.gov/docs/1999/107p933-974munro/abstract.html
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(LC50)] at < 50 mg/kg, < 50 mg/m3, and
< 200 mg/kg after single exposures are con-
sidered highly acutely toxic by the oral,
inhalation, and dermal routes, respectively
(4). Compounds with LD50 or LC50 values
of 50–500 mg/kg, 50–500 mg/m3, and
200–500 mg/kg for the respective routes are
considered moderately toxic, and com-
pounds with values higher than these ranges
are considered to be of a low order of toxici-
ty. Toxic values for chronic exposures by the
respective categories and routes of exposure
are generally an order of magnitude lower.
For aquatic organisms, LC50 values of < 1
mg/L and < 0.1 mg/L are considered highly
acutely and chronically toxic, respectively.

The primary warfare agents of concern
within the U.S. CW agent inventory
include several vesicant or blister agents: sul-
fur mustards {undistilled sulfur mustard
(H), sulfur mustard (HD), and an HD/
agent T mixture (HT)}; nitrogen mustards
[ethylbis(2-chloroethyl)amine (HN1),
methylbis(2-chloroethyl)amine (HN2),
tris(2-chloroethyl)amine (HN3)], and the
organic arsenical Lewisite]; four nerve
agents [VX, GA, GB, and soman (pinacolyl 

methylphosphonofluoridate; GD)], and the
blood agent cyanogen chloride (CK) [Table 1
(2,5–20)]. The nitrogen mustards, GD nerve
agent, and CK were not stockpiled as part of
the U.S. chemical weapons inventory, and
Lewisite and GA were produced in limited
quantities in the United States. The emphasis
in this review is on those potential degrada-
tion products resulting from agent contact
with soil or water, especially from buried
chemical weapons and wastes. The principal
degradation processes include photolysis,
hydrolysis, oxidation, and microbial degrada-
tion. Volatilization is an important mecha-
nism for the transfer of some CW agents
from soil and water to air. Decontamination
procedures may incorporate some or all of
these processes. We do not discuss combus-
tion. 

We assessed each of these processes/
sources of degradation products to assist
those responsible for disposal, cleanup, and
destruction operations to anticipate possible
hazards. For example, knowledge of the
environmental fate of CW agents would aid
in choices of measures needed to ensure the
safety of workers involved in hazardous

waste cleanup and to ensure adequate reme-
diation. It would also assist in determining
the extent of possible contamination where
agent wastes or munitions have been buried.

Different operations and conditions
involve these various processes and therefore
potentially have different breakdown prod-
ucts associated with a given CW agent. In
general, however, photolysis is relevant in the
case of spills, particularly to soil surfaces and
surface waters, as well as in the event of air-
borne release of an agent. Hydrolysis is perti-
nent to warfare agents buried in moist soil, to
disposal in bodies of water, or to inadvertent
releases or spills into surface water bodies.
Compared to many other environmental
contaminants, these agents and some of their
degradation products are susceptible to
hydrolysis, which minimizes their transport
to groundwater. Hydrolysis is also a relevant
disposal option for VX stored in ton contain-
ers (alkaline hydrolysis or neutralization fol-
lowed by supercritical water oxidation)
(21,22) and is an alternate disposal option for
HD stored in ton containers (hot water 
neutralization followed by biodegradation of
the hydrolysate) (21,23,24). Oxidation is
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Table 1. Identity and chemical and physical properties of chemical warfare agents.

Property/ Agent
parameter H/HD HT HN1 HN2 HN3 Lewisite VX GA GB GD CK

Chemical formula C4H8Cl2S C4H8Cl2S C6H13Cl2N C5H11Cl2N C6H12Cl3N C2H2AsCl3 C11H26NO2PS C5H11N2O2P C4H10FO2P C7H16FO2P CNCl
C8H16Cl2OS2

CAS no. 505-60-2 63918-89-8 538-07-8 51-75-2 555-77-1 541-25-3 50782-69-9 77-81-6 107-44-8 96-64-0 506-77-4
Molecular weight 159.08 ND 170.08 156.07 205.54 207.35 267.4 162.1 140.1 182.2 61.48
Physical state Oily liquid Oily liquid Liquid Liquid Liquid Liquid Oily liquid Oily liquid Liquid Liquid Volatile liquid
Color Clear/pale Amber/dark Colorless/ Colorless/ Colorless/ Colorless Light amber/ Colorless to Colorless Colorless Colorless

yellow, black brown pale yellow pale yellow pale yellow (pure), amber/ amber brown
if impure when fresh brown (aged)

Melting point 13–14°C 1°C -34°C -60°C -3.7°C -18°C -39°C -50°C -56°C -42°C -6.9°C
(calculated)

Boiling point 215–217°C > 228°C Decomposes 75°C 230–235°C, 190°C 298°C, 220–246°C 158°C 198°C 12.8°C 
decomposes decomposes

Density, liquid 1.27 at 20°C 1.27 at 20°C 1.09 at 25°C 1.12 1.24 1.89 at 20°C 1.008 at 20°C 1.073 at 25°C 1.102 at 1.022 at 1.18
(g/mL) 20°C 25°C

Vapor pressure 0.11 0.10 0.25 0.427 0.011 0.58 0.0007 0.037 at 20°C 2.10 at 0.40 at 25°C 1,000 at 25°C
(mmHg 20 or 25°C) 0.07 at 25°C 20°C

Volatility 920 831 2.29 3.6 0.12 4,480 10.5 610 22,000 3,900 6,132,000
(mg/m3)

Vapor density 5.5 6.9 5.9 5.4 7.1 7.1 9.2 5.6 4.9 6.3 2.1
(air = 1)

Water solubility 0.92 Practically 12 Sparingly 0.16 0.5 30 98 at 25°C Miscible 21 at 20% Slightly 
(g/L) insoluble soluble soluble

Hydrolysis rate 8.5 min at ND 12.5 days at 11 hr at ND ND, rapid 1,000 hr (pH 7) 8.5 hr (pH 7) 39 hr (pH 7) 45 hr 5.25 hr at 20°C
(half-life) 25°C/distilled 5°C 25°C hydrolysis 125 hr (pH 6.6) (pH 8.6)

watera (pH 6)
Henry’s Law 2.1 × 10-5 ND ND 8.5 × 10-8 3 × 10-7 3.2 × 10-4 3.5 × 10-9 1.52 × 10-7 5.4 × 10-7 4.6 × 10-6 ND

constant
(H, atm × m3/mol)b

Log Kow 1.37 ND ND 0.9 ND ND 2.09 0.384 0.299 1.824 ND
Log Koc 2.12 ND ND 1.86 2.83 ND 2.5 2.02 1.77 1.17 ND

Abbreviations: CK, cyanogen chloride; GA, ethyl N,N-dimethylphosphoroamidocyanidate (tabun); GB, isopropyl methylphosphonofluoridate (sarin); GD, pinacolyl methylphosphonofluori-
date (soman); H/HD, bis(2-chloroethyl)sulfide; HN1, ethylbis(2-chloroethyl)amine; HN2, methylbis(2-chloroethyl)amine; HN3, tris(2-chloroethyl)amine; HT, 60% bis(2-chloroethyl)sulfide
(agent HD) + 40% bis[2-(2-chloroethylthio)ethyl] ether (agent T); Log Koc, log organic carbon partition coefficient, an estimate of the tendency of a chemical to adsorb to the organic car-
bon phase in soil or sediment; Log Kow, log octanol/water partition coefficient, an estimate of a chemical’s tendency to bioaccumulate in organisms; ND, no data; VX, O-ethyl-S-[2-(diiso-
propylamino)ethyl]methylphosphonothioate. Data from Watson and Griffin (2), Rosenblatt et al. (5), Forsman et al. (6), Franke (7), Small (8), Clark (9), Goldman and Dacre (10), U.S. Army
(11), Trochimowicz (12), Rosenblatt et al. (13), Budavari et al. (14), USACHPPM (15), HSDB (16–18), Opresko et al. (19), and Major (20).
aHydrolysis limited by rate of solution. bValues for L, GA, and GB calculated from H = H* × RT where H* = ratio of the volatility and solubility (in milligrams per cubic meter), R = gas
constant (8.2 × 10-5 atm × m3/mol × degrees Kelvin), and T = temperature in Kelvin (293.15 K). 



relevant to compounds in contact with air or
natural oxidants in soil or water, and also for
decontamination systems (oxidative detoxifi-
cation). Microbial degradation is of interest
in cases of burial or spills on soil and the hot
water neutralization/biodegradation of
hydrolysate option for HD disposal.
Decontamination with any of the various
chemical solutions currently in use by the
army may result in the production of inter-
mediates of varying toxicities. Experimental
or proposed novel decontamination methods
are not considered here.

We identified products associated with
each of the degradation processes from field
and laboratory studies as well as from analy-
ses of stored containers. We then assessed
the persistence and toxicities, both mam-
malian and environmental, of the degrada-
tion products. 

We obtained the information in this
review through an extensive literature search.
Searches of the following computerized data-
bases were updated as of July/August 1997:
Medline [National Library of Medicine
(NLM), National Institutes of Health,
Bethesda, MD], Toxline (NLM), Defense
Technical Information Center (DTIC;
Washington, DC), and Registry of Toxic
Effects of Chemical Substances (RTECS;
National Institute of Occupational Safety and
Health/NLM). Searches of Current Contents
(Institute for Scientific Information,
Philadelphia, PA) continued through May
1999. Although we sought information on all
identified degradation products, we placed
emphasis on those products or contaminants
identified as present in storage containers at
concentrations of > 0.1%. The chemical
nomenclature in this paper is based on
nomenclature in ChemID (NLM). We do not
present toxicity data for inorganic degradation
products or for well-characterized organic enti-
ties such as ethanol or isopropyl alcohol. 

Data on environmental fate, mammalian
toxicity, and ecotoxicity are often lacking or
minimal for many of the minor degradation
products and contaminants identified in this
paper. In addition, much of the data are his-
toric or incompletely reported by contempo-
rary standards. Evaluation of those degrada-
tion products and contaminants for which
both environmental fate and toxicity infor-
mation are available indicates that relatively
few degradation products are persistent over
long periods in the environment, and most
of those that are persistent exhibit moderate-
to-low levels of mammalian toxicity.

Vesicant Agents

Sulfur Mustard

Most of the following discussion of sulfur
mustard refers to the chemical agent HD

(shown below), which is a distilled or puri-
fied form of sulfur mustard.

HT (shown below) was made by an older
manufacturing process and contains about
60% HD, < 40% agent T {bis[2-(2-
chloroethylthio)ethyl] ether}, and a variety
of sulfur contaminants and impurities.

HD                              Agent T

HT may have many of the same toxic effects
as HD. However, very few studies specific
for agents HT or T were found in the avail-
able literature. Most laboratory studies of
sulfur mustard are based on relatively pure
mustard (HD) and not on undistilled sulfur
mustard (H), which contains additional
impurities. Sulfur mustard manufactured by
older processes, such as the Levinstein
process, contains 62–64% HD, whereas a 1-
ton container of HD manufactured after
World War II contains 89% HD (13).
(Table 1 shows the chemical and physical
properties of HD and HT.)

The U.S. unitary chemical weapons
stockpile includes sulfur mustard stored in
ton containers at Anniston Army Depot in
Alabama, Umatilla Depot Activity in
Oregon, Pine Bluff Arsenal in Arkansas,
Tooele Army Depot in Utah, and Aberdeen
Proving Ground in Maryland (25). HD, H,
and HT are stored as nonstockpile chemical
materials in various containers and muni-
tions at these and several other sites.

Formation of degradation products. The
fate of HD in the environment is based on
its chemical and physical properties as well as
on observations of persistence and degrada-
tion products from both field and laboratory
studies. Information on degradation prod-
ucts, impurities, and stabilizers was also
gleaned from analysis of the composition of
the contents of ton containers that have been
used to store HD. Weapons-grade agents
can contain stabilizers, starting materials, or
by-products formed during manufacturing,
and products formed from slow reactions
during storage. The degradation products,
impurities, and stabilizers of HD are listed in
Table 2 with synonyms and Chemical
Abstract Service (CAS) numbers (13,21,23,
26–29). As previously noted, inorganic
degradation products and well-characterized
organic entities such as ethanol and
isopropyl alcohol are not listed. Although
listed, no effort was made to characterize

toxicity for products present at < 0.1% in
ton containers.

We were able to locate few data on the
fate of HD in air in our literature search. The
vapor pressure of HD is low [0.11 mmHg at
25°C (30)], but is sufficient for mustard to
be in the air immediately surrounding
droplets of the liquid. At moderate tempera-
tures (25°C), HD deposited on the surface of
soil will evaporate within 30–50 hr, depend-
ing on weather conditions (8,31). Because
HD does not absorb ultraviolet (UV) radia-
tion above 290 nm (32), photodegradation
does not appear to be a significant degrada-
tive process (16). Atkinson (33) reported on
the estimated rate constants of reactions of
OH radicals with organic compounds. Using
Atkinson’s data (33), the Syracuse Research
Corporation calculated that in the presence
of 5 × 105/cm3 photochemically produced
hydroxyl radicals in the atmosphere (assumed
average concentration in nonsmog condi-
tions), HD will react with an estimated rate
constant of 11.4 × 10-12 cm3/mol/sec at
25°C or a half-life of 1.4 days (16). No data
on actual photodegradation or reaction rates
in the atmosphere were located.

A Henry’s Law constant of 2.4 × 10-5

atm × m3/mol (8) indicates that volatilization
from water could be significant. However, in
the absence of turbulence and at low temper-
atures, large quantities of HD would persist
under water for considerable periods and
retain blister-forming properties (34).

Epstein et al. (35) reported that HD
spilled into seawater would probably sink
(specific gravity, 1.27 at 20°C) and remain
on the bottom, where it would slowly dis-
solve, resulting in no more than a few parts
per million of unhydrolyzed mustard in the
supernatant water. Some of the agent might
form a surface film on the water, where it
would be removed within a few days by
hydrolysis and volatilization (35,36). High
levels of chlorine in the water inhibit hydrol-
ysis; therefore, hydrolysis in seawater is slow-
er than in freshwater (35).

The primary environmental fate mecha-
nism of stored or buried HD is hydrolysis.
Although HD is rapidly hydrolyzed [half-life
of 4–8 min at 25°C in distilled water has been
reported (37)], its rate is limited by the slow
rate of solution. In addition, intermediate
hydrolysis products that coat droplets of mus-
tard may retard hydrolysis. Because of the low
water solubility of HD and formation of
intermediate products, bulk amounts of HD
may persist undispersed under water for some
time. For these reasons, sulfur mustard is con-
sidered fairly persistent in the environment.

Hydrolysis is surface controlled, with
products formed at the HD–water interface
and then diffused into the bulk water phase
(5,8,13,27,29). The hydrolysis mechanism is

  CH2–CH2–Cl

S

  CH2–CH2–Cl

  C2H4–S–C2H4–Cl

O

  C2H4–S–C2H4–Cl

+

   CH2–CH2–Cl

S

   CH2–CH2–Cl
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Table 2. Degradation products and impurities of sulfur mustard agent.

Abbreviations: CaOH, calcium hydroxide; DS-2, decontamination solution 2 (diethylenetriamine, 2-methoxyethanol, and sodium hydroxide); NA, not available; STB, supertropical bleach
(a calcium hypochlorite-containing solution). Data from Rosenblatt et al. (13), NRC (21), Amr et al. (23), D’Agostino and Provost (26), MacNaughton and Brewer (27), Kingery and Allen
(28), and Yang et al. (29).

Names/synonyms Formula CAS no. Source

Hemisulfur mustard (CH) C4H9ClOS 693-30-1 Hydrolysis of 
Mustard chlorohydrin sulfur mustard
2-Hydroxyethyl 2-chloroethyl sulfide
2-[(2-Chloroethyl)thio]ethanol

Thiodiglycol (TDG) C4H10O2S 111-48-8 Hydrolysis of 
2,2´-Thiobisethanol sulfur mustard
2,2´Thiodiethanol
Thiodiethylene glycol

Bis(2-hydroxyethyl)-2- C8H18ClO2S2•Cl 64036-91-5 Hydrolysis of 
(2-chloroethylthio) ethyl sulfur mustard
sulfonium chloride

Sulfur mustard–thiodiglycol 
aggregate

HD-TDG or H1TG

Bis(2-hydroxyethyl)-2- C8H19S2O3 64036-92-6 Hydrolysis of 
(2-hydroxyethylthio) ethyl sulfide sulfur mustard

Hemimustard–thiodiglycol aggregate
CH-TDG

Bis-2[bis(2-hydroxyethyl)-sulfonium C12H28O4S3•2Cl 64036-79-9 Hydrolysis of 
ethyl] sulfide dichloride sulfur mustard

Sulfur mustard–thiodiglycol
–thiodiglycol aggregate

HD-TDG-TDG or H2TG

Mustard sulfoxide C4H8Cl2OS 5819-08-9 Oxidation of 
1,1’-Sulfinylbis(2-chloroethane) sulfur mustard
Bis(2-chloroethyl) sulfoxide

Mustard sulfone C4H8Cl2O2S 471-03-4 oxidation of 
1,1’-Sulfonylbis(2-chloroethane) mustard 
Bis(2-chloroethyl) sulfone sulfoxide

2-Chloroethyl vinyl sulfide C4H7ClS 81142-02-1 Dechlorination of 
2-Chloroethylthio ethene sulfur mustard, 

decontamination
with DS-2

Divinyl sulfide C4H6S 627-51-0 Dechlorination of 
Ethylthioethene sulfur mustard,

decontamination 
with DS-2

2-Chloroethyl vinyl sulfoxide C4H7ClOS 40709-82-8 Dechlorination of
sulfur mustard

Vinyl sulfoxide C4H6OS 1115-15-7 Dehydrochlorina-
Divinyl sulfoxide tion of mustard
1,1-Sulfinylbis ethene sulfone

2-Hydroxyethyl vinyl sulfide C4H8OS 3090-56-0 Dechlorination of
2-Vinylthioethanol hemimustard 
2-(Ethenylthio)ethanol by DS-2, present 

in CaOH hydro-
lysate of H

2-Chloroethyl vinyl sulfone C4H7ClO2S 7327-58-4 Dechlorination of
mustard sulfone

Divinyl sulfone C4H6O2S 77-77-0 Dechlorination of
mustard sulfone

1,4-Dithiane C4H8S2 505-29-3 Impurity, thermal 
Diethylene disulfide decomposition, 

dechlorination of
sulfur mustard,
present in ton 
containers

1,4-Oxathiane C4H8OS 15980-15-1 Dechlorination of 
1,4-Thioxane hemimustard, 

present in ton 
containers

Names/synonyms Formula CAS no. Source

Bis[2-(2-chloroethylthio)ethyl] ether C8H16Cl2OS2 63918-89-8 Impurity of sulfur 
Agent T mustard

1,2-Bis(2-chloroethylthio) ethane C6H12Cl2S2 3563-36-8 Impurity, present 
Compound Q in ton containers
Sesquimustard

1,2-Bis(2-hydroxyethylthio) ethane C6H14O2S2 NA Hot water
Q-diol hydrolysis of 

sulfur mustard

Chloroform CHCl3 67-66-3 Incomplete 
reaction with STB

1,8-Dichloro-3-oxa-6-thiaoctane C6H12Cl2OS NA Impurity

Tetrachloroethylene C2Cl4 127-18-4 Present in ton 
containers

Hexachloroethane C2Cl6 67-72-1 Present in ton 
containers

2-Chloroethyl 3-chloropropyl sulfide C5H10Cl2S 71784-01-5 Present in ton 
containers

2-Chloroethyl 4-chlorobutyl sulfide C6H12Cl2S 114811-35-7 Present in ton 
containers

2-Chloroethyl (2-chloroethoxy)ethyl C6H12Cl2OS 114811-38-0 Present in ton 
sulfide containers

Bis(2-chloroethyl) disulfide C4H8Cl2S2 1002-41-1 Impurity, present
Sulfur mustard disulfide in ton containers

Bis(2-chloropropyl) sulfide C6H12Cl2S 22535-54-2 Impurity, present 
in ton containers

1,2-Dichloroethane C2H4Cl2 107-06-2 Impurity, present 
in ton containers

1,2,5-Trithiepane C4H8S3 6576-93-8 Present in ton 
containers

1,2,3,4-Tetrathiane C2H4S4 NA Present in H

1,1,2,2-Tetrachloroethane C2H2Cl4 79-34-5 Present in ton 
containers

Bis(2-chloroethyl) trisulfide C4H8Cl2S3 19149-77-0 Impurity, present 
Sulfur mustard trisulfide in ton containers

1,2,3-Trithiolane C2H4S3 NA Impurity, present 
in ton containers

Sulfur mustard tetrasulfide C4H8Cl2S4 NA Present in ton 
containers

2-Methyl-1,3-oxathiolane C4H8OS NA Present in CaOH 
hydrolysate of H

1-Oxa-4,5-dithiacycloheptane C4H8OS2 NA Present in CaOH 
hydrolysate of H 

2-Methyl 1-propene C4H8 115-11-7 Present in ton 
Methylpropene containers
Isobutylene

Thiirane C2H4S 420-12-2 Present in ton 
Ethylene sulfide containers

2-Chlorobutane C4H9Cl 78-86-4 Present in ton 
sec-Butyl chloride containers

Trichloroethylene C2HCl3 79-01-6 Present in ton 
containers

Q sulfonium C6H12ClS2•Cl 30843-67-5 Residue in ton 
1-(2-Chloroethyl) 1,4-dithanium containers

chloride
1-(2-Chloroethyl)-1-thiona-4-thiane 

chloride



complex and, depending on the availability
of water, occurs by two routes, both of which
lead to formation of thiodiglycol (TDG) and
hydrochloric acid (Figure 1). In a dilute
aqueous solution, dissolved HD is rapidly
converted first to a sulfonium ion and then
to the hemimustard and TDG. In the pres-
ence of insufficient water to initially dissolve
all available HD, several sulfonium ion aggre-
gates (TDG–mustard aggregates) are formed
at the water–HD interface. Although Small
(8) predicted that the sulfonium ion aggre-
gates are too chemically unstable to be of
environmental concern, Yang et al. (29)
noted that they are stable products in water
at ambient temperatures and would shield
the bulk of the material from further dissolu-
tion. Thus, the formation of aggregates prob-
ably contributes to the environmental persis-
tence of HD. As shown in Figure 1, hydroly-
sis of the hemimustard–TDG aggregate
releases TDG. Although the reactions shown
are reversible, Small (8) stated that the condi-
tions required to produce reversible hydroly-
sis would not normally be encountered in the
environment. In several studies compiled by
Small (8), the hydrolysis half-life of dissolved
HD ranged from 158 min at 0.6°C to ~ 1.5
min at 40°C and did not vary appreciably in
the typical environmental pH range.

The U.S. Army has conducted a sam-
pling and analysis (by gas chromatography)
of ton containers of HD stored at Aberdeen
Proving Ground (APG), Maryland (38)
[reviewed by the National Research Council
(NRC) (21) and Amr et al. (23)]. The HD
stored at APG contains approximately 8.5%
impurities formed either during manufacture
or from decomposition of the HD during
storage. In addition to HD, compounds pre-
sent in the greatest amounts were 1,2-bis(2-
chloroethylthio)ethane, hexachloroethane,
1,4-dithiane (estimated at 40 lb/container),
2-chloroethyl 3-chloropropyl sulfide, and 2-
chloroethyl 4-chlorobutyl sulfide (Table 2).
A residue in the bottom of the containers was
composed primarily of 1-(2-chloroethyl)-1-
thiona-4-thiane chloride (Q-sulfonium)
formed by a reaction of HD with the metal
on the inside of the ton containers or from a
reaction with metal impurities during the
manufacturing process of the agent (23). HD
may form metal complexes with storage con-
tainers (HD-FeCl2) or with the metal sulfides
present in soil (8). Additional compounds
identified in the containers are listed in Table
2. Trace metals were also present in the APG
ton containers. The impurities 1,2-dichloro-
ethane, trichloroethylene, tetrachloroethylene,
1,1,2,2-tetrachloroethane, and hexachloro-
ethane may be subject to state and federal
hazardous waste regulations.

D’Agostino and colleagues (26,39–41)
used several methods to detect and identify

mustard-related hydrolysis compounds.
D’Agostino and Provost (26) used capillary
column isobutane chemical ionization mass
spectrometry to identify the compounds and
impurities in munitions-grade HT, crude
mustard containing ~ 15% carbon tetrachlo-
ride, and HQ (75% distilled mustard and
25% sesquimustard). In addition to sulfur
mustard, which comprised 54, 74, and 82%
of the three samples, respectively, sesquimus-
tard, agent T, 1,4-oxathiane, 1,4-dithiane,
and 2-chloroethyl (2-chloroethoxyl)ethyl sul-
fide (C6H12OCl2S) were major components
of the HT sample. The interpretation of
chromatographic, mass spectral, trimethyl-
silyl derivatization, and gas chromatography-
Fourier transform infrared spectroscopy data
led to the characterization of a number of
additional compounds including ether/
thioether macrocycles and vinyl alcohols (not
listed in Table 2) (40).

D’Agostino and Provost (39) identified
the hydrolysis products of munitions-grade
T, HT, HQ, and the longer-chain sulfur
vesicants 2-chloroethyl (2-chloroethoxy)ethyl

sulfide (CAS No. 114811-38-0; Table 2) and
sesquimustard, after overnight hydrolysis at
50°C. Under these conditions, the primary
products of HT and HQ were TDG, hemi-
sulfur mustard, bis[(2-hydroxyethylthio)ethyl]
ether, 2-chloroethyl (2-hydroxyethylthio)-
ethyl ether, bis(2-hydroxyethylthio)ethane,
mustard agent, and 1,4-dithiane. These
authors had previously identified many of
the same components of mustard samples
(26) as those listed by Amr et al. (23) and
the NRC (21).

D’Agostino and Provost (39) further
characterized the hydrolysis pathways of
chemicals other than HD that might be pre-
sent in storage containers or in the environ-
ment. As noted, mustard hydrolysis resulted
in production of the hemisulfur mustard and
TDG. After hydrolysis of the impurity [2-
chloroethyl (2-chloroethoxy)ethyl sulfide], the
partial hydrolysis product [2-chloroethyl (2-
hydroxyethylthio)ethyl ether] was tentatively
identified. For sesquimustard, the partial
and full hydrolysis products, 2-chloroethyl
(2-hydroxyethylthio)ethyl sulfide and
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Figure 1. Primary hydrolysis pathways of sulfur mustard in the environment.
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bis(2-hydroxyethylthio)ethane, respectively,
were detected. For agent T, the partial and
full hydrolysis products, 2-chloroethyl-
thio)ethyl (2-hydroxyethylthio)ethyl ether
and bis[(2-hydroxyethylthio)ethyl] ether,
respectively, were detected. More recently,
D’Agostino et al. (41) used packed capillary
liquid chromatography-electrospray mass
spectrometry to identify five longer-chain
diols, two partial hydrolysis products, and
three ether/thioether macrocycles as degrada-
tion products of sulfur mustard, sesquimus-
tard, and agent T. 

Sulfur mustard is lost from the soil sur-
face primarily by evaporation, whereas mus-
tard buried deep in the soil, where it cannot
vaporize or undergo weathering, can remain
undecomposed for years (8). Volatilization
from soil was related to temperature, wind
speed, and soil type. Droplets deposited on
surfaces evaporate slowly, whereas bulk
quantities remain where they were initially
deposited during cool weather or under win-
ter/arctic conditions. Predicted persistence
times for drops applied to soil (nominal sur-
face density of 50 g/m2) under various con-
ditions of wind and rain were 1,122–2,215
hr at 0°C and 30.5–51.2 hr at 25°C (31).
Several studies reviewed by Small (8) and
Watson and Griffin (2) indicated persistence
for weeks to decades in military testing areas
and land dumps where large or bulk quanti-
ties of HD had been deposited under
ground.

Another reason for the persistence of sul-
fur mustard is its characteristic freezing at
moderate temperatures (13–15°C) (8).
Studies of the persistence of sulfur mustard
performed at low temperatures (-1°C) under
actual field conditions in Norway show that
small solid particles were formed on the sur-
face of snow. The droplets disappeared fairly
rapidly, however, primarily by evaporation;
after 2 weeks only 0.0001% remained
(42,43).

Under conditions of low relative humidi-
ty (27–35%) and ambient temperatures
ranging from 21 to 25.5°C, 7–32% of mus-
tard experimentally applied to soils was
recovered in the first 6 hr; by the time no
more H vaporized (15 to 55 hr), 12–66%
had been recovered (35). The rate of sulfur
mustard vapor generation and recovery
depended on soil pH and moisture content
as well as on the chemical and physical char-
acteristics of the soils.

According to Rosenblatt et al. (5), mus-
tard will not travel through groundwater in
solution because of its low solubility and
rapid hydrolysis when dissolved. Thus, HD
is not normally found in groundwater. The
hydrolysis product TDG is miscible with
water (14) and may be found in surface
water or may leach into groundwater.

Theoretically, HD can be biodegraded in
soil via the thioether oxidation pathway to
form bis(2-chloroethyl) sulfoxide and the
corresponding sulfone, which are both water
insoluble (44). Morrill et al. (44) noted that
mustard can also be biodegraded by reduc-
tive dehalogenation and dehydrohalogena-
tion, although these pathways are predicted
to be very slow. Although the above
biodegradation pathways have been suggest-
ed, biodegradation of mustard has not been
achieved under laboratory conditions, proba-
bly because of its toxicity to microorganisms.
Thus, the major disappearance pathways
would be hydrolysis in soil, due to soil mois-
ture, and evaporation at the soil surface.

We located few data on the chemical and
physical properties of the degradation prod-
ucts of sulfur mustard. Dissolved sulfur mus-
tard would be rapidly hydrolyzed to HCl and
TDG. However, the presence of degradation
products in stored ton containers and in soil
and/or groundwater indicates the persistence
of some of the intermediates. Information on
the stability of several of the sulfonium ion
aggregates in the environment is conflicting
(8,29), but the sulfur mustard–TDG–TDG
aggregate is stable in the absence of water, is
water soluble, and has a suggested half-life in
aqueous solution of ~ 6 weeks (8). TDG is
resistant to hydrolysis and photolysis. No
photolysis occurred when aqueous solutions
were irradiated by sunlight for 14 days; TDG
was resistant to hydrolysis at pH values of 4,
7, and 11 over a 96-hr period (45). Burrows
(46) suggested that TDG can be oxidized to
TDG sulfoxide and TDG sulfone. TDG is
not a unique degradation product of HD
degradation; it has been used commercially as
a solvent in antifreeze solutions, in dyestuffs
for printing, and as a costabilizer in the pro-
duction of polyvinyl chloride (47–49).

In the absence of measured data on envi-
ronmentally relevant physical properties for

many of the degradation products, Small (8)
calculated physical properties for degradation
products of sulfur mustard predicted to be
stable in the environment. These properties
are the octanol/water partition coefficient
(Kow), the affinity of a compound for the
organic phase of the environment and thus
the affinity to bioaccumulate; the soil absorp-
tion coefficient (Koc), which is a measure of
adsorption to the organic fraction of soil or
sediment; water solubility; and vapor pressure
(Table 3). Small (8) cautioned that predictive
equations for several of these parameters are
empirical and deviations of an order of mag-
nitude from measured values may occur. The
physical properties for the parent sulfur mus-
tard compound are included for comparison
purposes. In addition, Berkowitz et al. (50)
compiled data on 1,4-oxathiane. Because of
its similar chemical structure, the behavior of
1,4-oxathiane in the environment should be
similar to that of 1,4-dithiane, with 1,4-
oxathiane being more volatile and more water
soluble. No dissociation constants (pKa), an
indicator of adsorption by sediments, were
located for the chemicals in Table 3. 

Several of the compounds are moderate-
ly-to-highly soluble in water (> 1 g/L), as
shown in Table 3. Vapor pressures are gener-
ally low and indicate little volatility, with the
possible exception of the vinyl sulfides and
1,2-dichloroethane. Log Koc values of
approximately ≤ 2 indicate that little soil
adsorption will occur. Small (8) used the cal-
culated physical properties to derive physical
indices including persistence or removal by
several processes. The derivations were based
on water solubility and, for illustrative pur-
poses, assumed a fractional soil organic car-
bon content of 0.02. According to Small (8),
the leaching index, which he defines as the
number of leachings required to reduce a
compound to one-tenth of its initial concen-
tration, was high for sulfur mustard and
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Table 3. Physical properties of sulfur mustard degradation products.a

Water solubility Vapor pressure
Compound (g/L) Log Kow Log Koc (mmHg)

Sulfur mustard 1.0 1.37 2.12 0.1
Thiodiglycol Miscible -0.77 0.96 0.00002
2-Chloroethyl vinyl sulfide 1.4 1.11 1.98 5.8
Divinyl sulfide 2.5 0.85 1.84 6.0
Mustard sulfoxide 93 -0.85 0.91 0.65
Mustard sulfone 11 -0.51 1.11 0.96
2-Chloroethyl vinyl sulfoxide 160 -1.11 0.77 0.064
Vinyl sulfoxide 280 -1.37 0.63 0.92
2-Hydroxyethyl vinyl sulfide 5.0 0.53 1.66 3.8
2-Chloroethyl vinyl sulfone 78 -0.77 0.96 0.023
Divinyl sulfone 140 -1.03 0.82 0.09
1,4-Dithiane 3.0 0.77 1.80 0.80
1,4-Oxathianeb 167 0.60 ND 3.9
1,2-Dichloroethane 11 1.48 2.18 8.5

Abbreviations: Log Koc, log organic carbon partition coefficient, an estimate of the tendency of a chemical to adsorb to
the organic carbon phase in soil or sediment; Log Kow, log octanol/water partition coefficient, an estimate of a chemi-
cal’s tendency to bioaccumulate in organisms; ND, not determined.
aModified from Small (8), except for data on 1,4-oxathiane. bData from Berkowitz et al. (50). 



1,2-dichloroethane, indicating little leach-
ing, whereas values for 2-chloroethyl vinyl
sulfide, divinyl sulfide, 2-hydroxyethyl vinyl
sulfide, and 1,4-dithiane were intermediate,
indicating a moderate amount of leaching.
The volatility potential estimates (the loss of
a compound from soil) ranged from practi-
cally none for TDG to 2.3 days for divinyl
sulfide and 1.8 years for HD. Calculated
Henry’s Law constants, a measure of
volatilization from surface water, indicate
that TDG, 2-chloroethyl vinyl sulfoxide,
vinyl sulfoxide, 2-chloroethyl vinyl sulfone,
and divinyl sulfone are essentially non-
volatile, whereas divinyl sulfide and 1,2-
dichloroethane rapidly volatilize. The other
compounds were calculated to be of inter-
mediate volatility.

Two common degradation products of
HD that persist in the environment are 1,4-
oxathiane and 1,4-dithiane. 1,4-Oxathiane is
formed by dehydrohalogenation of partially
hydrolyzed mustard, whereas 1,4-dithiane is
a thermal degradation product of mustard
formed by dechlorination. Formation of
dithiane occurs very slowly at ambient tem-
peratures. 1,4-Oxathiane in soil may also be
formed by rearrangement of 2-hydroxyethyl
vinyl sulfide (8). Both products are ground-
water contaminants in the Rocky Mountain
Arsenal area near Denver, Colorado (34). 

Pure 1,4-dithiane is a volatile crystalline
organosulfur compound. Because of its mod-
erate water solubility (3–12 g/L) and low Koc
(8,50,51), 1,4-dithiane leaches through soil
to groundwater. Concentrations as high as 9
mg/L have been found at the Rocky
Mountain Arsenal. Preliminary sampling
results identified it in groundwater at APG
(51). The estimated vapor pressure (0.8
mmHg) and Henry’s Law constant (4.2 ×
10-5 atm × m3/mol) of 1,4-dithiane are suffi-
ciently high to allow some vapor transport
from soil and water to air. It readily photoox-
idizes to sulfoxides and sulfones (51).

In light of the selection of chemical neu-
tralization followed by biodegradation of the
hydrolysis products, the biodegradation of
hydrolysis products is relevant. Two strains
of the bacterial species Pseudomonas pickettii
(SH18) and Alcaligenes xylosoxidans (ssp.
xylosoxidans strain SH42) were isolated from
areas purported to have been previously con-
taminated with HD. Both strains were killed
by HD in culture. However, these strains
were capable of using TDG as their sole
source of carbon for growth (29,52,53).
When mustard was hydrolyzed before inocu-
lation with the bacteria, up to 97% of the
carbon-containing hydrolysis products were
degraded. Lee et al. (54) reported that TDG
was completely degraded by A. xylosoxidans
strain SH91 in laboratory-scale stirred-tank
reactors. TGD added to various soils was

oxidized to (2-hydroxyethyl)thio acetic acid
and then to thiodiglycolic acid; biotransfor-
mation kinetics depended on soil type (zero-
order rate coefficients ranged from 0 to 6.26
× 10-6 mol/L/hr for six soil types) (45).

The environmental stability of several of
the degradation products allows monitoring
of the use or presence of CW agents. For
example, TDG, 2-hydroxyethyl vinyl sulfide,
1,4-dithiane, 1,4-oxathiane, and divinyl sul-
fide were among compounds identified in
soil, munition fragments, and wool samples
associated with a CW incident in Iraq.
Twenty-three mustard-related compounds
were tentatively identified along with the
explosives 2,4,6-trinitrotoluene and tetryl
(55,56). In addition to sulfur mustard (the
primary component), sesquimustard, and
agent T, 15 additional components including
dehydrochlorination products were identified
in an Iran–Iraq soil sample suspected to have
been contaminated with mustard (26).

Decontamination. Decontamination
solution 2 (DS-2; composed of diethylenetri-
amine, ethylene glycol monomethyl ether,
and sodium hydroxide), and supertropical
bleach (STB; a hypochlorite-containing solu-
tion) are the most commonly used deconta-
minant solutions for CW agents (8). For
HD, decontamination procedures produce
many of the same products observed during
hydrolysis. Reaction of HD with DS-2,
which acts as a “superbase,” is rapid at 25°C.
If the reaction is complete, only divinyl sul-
fide, formed through two elimination reac-
tions, will be produced. If the reaction is
incomplete, divinyl sulfide, 2-chloroethyl
vinyl sulfide, TDG, and possibly 2-hydrox-
yethyl vinyl sulfide are formed (8,29).

Decontamination of HD with hypochlo-
rite-containing materials such as calcium
hypochlorite or STB results in essentially
complete mineralization to carbon dioxide,
water, and inorganic substances if the reaction
is complete (8,13,57). Incomplete reaction
may result in the formation of the intermedi-
ates mustard sulfoxide, mustard sulfone, and
chloroform. The reaction pathway with
hypochlorite was outlined by Yang et al. (29)
and Small (8). Mustard sulfoxide is formed
first, followed by mustard sulfone; these oxi-
dation products undergo elimination reac-
tions to produce the corresponding
monovinyl and divinyl sulfoxides and sul-
fones. Small amounts of other unidentified
oxidation products are also present in the final
solution. The pathway is similar in the pres-
ence of other oxidants such as hydrogen per-
oxide (5). Likewise, in the presence of the
commercial mixture Oxone (DuPont,
Newark, DE; potassium peroxysulfate), HD
is oxidized immediately to the sulfoxide,
which converts more slowly to the sulfone
(29). 1,4-Dithiane is readily photooxidized in

water and will probably be oxidized by vari-
ous oxidants in water (50). Addition of organ-
ic solvents such as acetone to solubilize HD
appears to decrease the rate of formation of
the sulfonium ion intermediates and acceler-
ate hydrolysis (13,37).

The Army Chemical Stockpile Disposal
Program ( APG, MD) has chosen chemical
neutralization [hot water hydrolysis followed
by photochemical oxidation of hydrolysate to
remove volatile organic compounds (VOCs)
and subsequent biodegradation] as an alterna-
tive technology to incineration for chemical
demilitarization of HD stored in ton contain-
ers at APG (21,23,24,58). The hydrolysis
process destroys the HD and forms primarily
TDG and chlorinated VOCs. In laboratory
studies that tested various conditions of tem-
perature, HD concentration, and sodium
hydroxide concentration, HD was completely
hydrolyzed to TDG, ethers, and thioethers
(53). According to Amr et al. (23), the hot
water hydrolysate after 3.8% agent loading is
typically composed of water (~ 90%), TDG
(~ 5%), HCl (~ 3%), sulfonium ions (~ 1%),
1,2-bis(2 hydroxyethylthio) ethane (0.2%),
and 1,4-dithiane (0.12%), with other con-
stituents present at < 0.1%. The hydrolysate
is then sent to a biodegradation reactor con-
taining ordinary sewage sludge, where more
than 99% of the TDG is mineralized to car-
bon dioxide, water, and sulfate (24).

Acute and chronic mammalian toxicity.
Sulfur mustard is a vesicant or blister agent
that possesses strong alkylating properties and
consequently demonstrates systemic toxicity
in addition to its effects on skin, eyes, and res-
piratory tract (2). It also is considered a
known human carcinogen (59–61). Some
HD degradation products retain considerable
toxicity including, in some cases, vesicant
action. Examples include mustard and hemi-
mustard–TDG aggregates, mustard sulfone,
and divinyl sulfone. In general, compounds
that have a 2-chloroethylsulfide moiety are
alkylating agents that have vesicant action.
These compounds can form the cyclic sulfo-
nium intermediate that will yield alkylated
products in a manner consistent with the
toxic action of HD (62). Other compounds
such as TDG exhibit low to very slight toxicity
and do not retain the vesicant property. 

Hydrolysis of HD results in a host of
degradation products, but primarily TDG.
Acute and chronic mammalian toxicity data
are available only for a small number of these
breakdown products. The acute mammalian
toxicity data that we located for HD degra-
dation products (63–129) are presented in
Table 4; the chronic toxicity data are shown
in Table 5. The emphasis is placed on rele-
vant exposure routes (oral, dermal, and
inhalation), but where no such data were
available, we presented data for other routes. 
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TDG is relatively nontoxic upon acute
exposure, requiring oral doses in the range of
4–6 g/kg to produce 50% lethality in
rodents (Table 4). Thus, its oral acute lethal-
ity potency is approximately 0.0025 times
that of HD in rats (2). TDG is a moderate

eye irritant and mild skin irritant in rabbits
(Table 4). It is an occupational eye, skin,
and mucous membrane irritant, although no
established regulatory criteria exist for occu-
pational inhalation or dermal exposures to
TDG. A recent subchronic study of the pure

compound at doses of 0, 50, 500, or 5,000
mg/kg/day, 5 days/week, for 90 days yielded
a no-observed-adverse-effect level (NOAEL)
of 500 mg/kg/day in male and female rats.
No lethality was observed at the highest dose
tested, nor were there any visible signs of
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Table 4. Effects of acute exposure to sulfur mustard degradation products and impurities. 

Degradation product
(formula; CAS no.) LD50 or LC50 LDLO or LCLO Other effects

Sulfur mustard hydrolysis
Thiodiglycol Rat: oral, 6,610 mg/kg (63) Rabbit: moderate eye irritant, 500 mg (64)

(C4H10O2S; 111-48-8) Guinea pig: oral, 3,960 mg/kg (63) Rabbit: mild skin irritant, 500 mg 
Rabbit: skin, 20 mL/kg (65) open (65)

Hemisulfur mustard Rat: im, 500 µg/kg (66)
(C4H9ClOS; 693-30-1) Mouse: skin, 600 mg/kg (67)

Mouse: iv, 35 mg/kg (67)
Bis-2[bis(2-hydroxyethyl)-sulfonium ethyl] Mouse: ip, 50 mg/kg (68) Rat: oral, 250 mg/kg (69) 

sulfide dichloride 
(C12H28O4S3•2Cl; 64036-79-9) 

Bis(2-hydroxyethyl)-2-(2- Rat: oral, 1,070 mg/kg (70) Mouse, rabbit: skin, 0.5 and 1.0 × LD50
chloroethylthio)ethyl Rat: skin, 10–15 mg/kg (67) dose, moderate to severe enteritis, 
sulfonium chloride (sulfur Mouse: skin, ~ 15 mg/kg (67) damage to lymphoid organs, especially 
mustard–thiodiglycol aggregate) Dog, rabbit, skin, > 30 mg/kg (67) spleen, mild to moderate adrenal 
(C8H18ClO2S2•Cl; 64036-91-5) Rabbit: skin, 450 µL/kg (70) congestion, mild liver necrosis (only at 

LD50 dose); negative for bone marrow 
damage. Species differences in 
adrenal and splenic effects (67)

Sulfur mustard decontamination
Mustard sulfoxide Rat: 150 mg/kg, route 

(C4H8Cl2OS; 5819-08-9) unknown (71)
Mustard sulfone Rat: iv, > 72 mg/kg (67) Cat: inhalation, 

(C4H8SO2Cl2; 471-03-4) Mouse: iv, 50 mg/kg (67) 1,430 mg/m3/10 min (72)
Rat: sc, 50 mg/kg (67) Rabbit: inhalation, 
Mouse: sc, 35 mg/kg (67) 1,430 mg/m3/10 min (72)

Divinyl sulfide Rat: oral, 170 mg/kg (73)
(C4H6S; 627-51-0) Mouse: oral, 112 mg/kg (73)

Rat: inhalation, 660 mg/m3 (74)
Mouse: inhalation, 510 mg/m3 (74)

Thiodiglycol Rat: oral, 6,610 mg/kg (63) Rabbit: moderate eye irritant, 500 mg (64)
(C4H10O2S; 111-48-8 ) Guinea pig: oral, 3,960 mg/kg (63) Rabbit: mild skin irritant, 500 mg 

Rabbit: skin, 20 mL/kg (65) open (65)
2-Chloroethyl vinyl sulfoxide Rat: oral, 100 mg/kg (69)

(C4H7ClOS; 40709-82-8) Mouse: oral, 100 mg/kg (75)
Divinyl sulfoxide Rat: oral, 100 mg/kg (69)

(C4H6OS; 1115-15-7) Mouse: oral, 50 mg/kg (75)
Divinyl sulfone Rat: oral, 32 mg/kg (76) Mouse: inhalation, Rabbit: moderate skin irritant,

(C4H6O2S; 77-77-0) Rabbit: skin, 22 µL/kg (76) 990 mg/m3/10 min (75) 50 mg open (77)
Guinea pig: oral, 5 mg/kg (78) Rabbit: severe skin irritant, 2 mg/24 hr (79)

Rabbit: moderate eye irritant, 50 mg (77)
Rabbit: severe eye irritant, 5 mg/24 hr (79)

1,4-Dithiane Rat: oral, 3,473 mg/kg (80) Rat: oral, 2,818 mg/kg (80) Rat: ataxia, lacrimation, lethargy,
(C4H8S2; 505-29-3) crusty eyes and nose; gastrointestinal,

lung, and liver (females only) (80)
1,4-Oxathiane Rat: oral, 2,830 mg/kg (81) Rabbit: mild skin irritant, 10 mg/24 hr

(C4H8OS; 15980-15-1) Rat: oral, 3,123 mg/kg (80)  open (81)
Rat: inhalation, 4,000 Rabbit: mild skin irritant, 500 mg/24 hr (79)

ppm/4 hr (82) Rabbit: eye irritant, 20 mg open (81)
Rabbit: moderate eye irritant,

100 mg/24 hr (79)
Chloroform Rat: oral, 908 mg/kg (83) Human: oral 2,514 mg/kg (84) Human: eye, pain, irritation, and 

(CHCl3; 67-66-3) Mouse: oral, 36 mg/kg (88) Human: inhalation, 10 ppm/year (89) anesthesia, central nervous system
Dog: oral, 1 g/kg (90) Human: inhalation, 1,000 mg/m3/7 min (76) depression, death from cardiac or
Guinea pig: oral, 830 mg/kg (92) Human: inhalation, 5,000 mg/m3/7 min (93) respiratory arrest; liver and kidney
Rat: inhalation, 47.7 mg/m3/4 hr (94)  Dog: inhalation, 100 g/m3 (95) damage (85,86,87)
Rabbit: dermal, > 20 g/kg (96)  Cat: inhalation, 35,000 mg/m3/4 hr (93) Rabbit: skin, irritant, 10 mg/24 hr (76)

Guinea pig: inhalation, 20,000 ppm/2 hr (97) Rabbit: eye irritant, 148 mg (91)
Rabbit: inhalation, 59 g/m3 (95)
Rat: inhalation, 8,000 ppm/4 hr (76)
Mouse: inhalation, 28 g/m3 (85)
Human: 546 mg/kg (98)

continued, next page



toxicity. Measurable indicators of toxicity
included decreased body weight, body
weight gain, and kidney effects, but no
histopathologic indicators of toxicity (130).
Literature searches yielded no data pertain-
ing to chronic or reproductive toxicity,
genotoxicity, or carcinogenicity of TDG.
The U.S. Army Center for Health Promotion
and Preventive Medicine (APG, MD) has
estimated reference dose (RfD) and reference
concentration (RfC) values using the recent
experimental subchronic rat NOAEL of 500
mg/kg/day and, for comparison, quantitative

structure–activity relationships (QSARs),
which are evaluated with TOPKAT software
(Health Designs, Inc., Rochester, NY). Using
this method, Bausum et al. (190) estimated a
rat oral LD50 value of 2,700 mg/kg and a rat
chronic oral lowest lethal dose (LDLO) of
1,700 mg/kg for TDG. Use of the QSAR
LDLO resulted in an RfD estimate of 570
µg/kg/day, as compared to an RfD estimate
of 500 µg/kg/day based on the NOAEL of
500 mg/kg/day from the subchronic oral tox-
icity study with rats (190). The recommend-
ed RfD value is 500 µg/kg/day.

Hemisulfur mustard is an intermediate
formed in the course of HD hydrolysis to
TDG; it retains some acute toxicity, being in
the range of 0.1–0.25 times as toxic as HD in
mice [comparing dermal as well as intravenous
(iv) data (67)]. It exhibits some indications of
genotoxicity (Table 5). This compound is not
expected to persist in the environment but is
further hydrolyzed very rapidly.

Acute toxicity data are available for only
two other HD hydrolysis products. The oral
toxicity of the sulfur mustard–TDG aggregate
bis(2-hydroxyethyl)-2-(2-chloroethylthio)ethyl
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Table 4. Continued. 

Degradation product
(formula; CAS no.) LD50 or LC50 LDLO or LCLO Other effects

Sulfur mustard contaminants in ton containers
1,2-Bis(2-choroethylthio)ethane Human: inhalation, 

(C6H12Cl2S2; 3563-36-8) 300 mg/min/m3 (99)
Dog: inhalation, 90 mg/m3/

2 min (100)
Rat: inhalation, 66 mg/m3/

2 min; 11 mg/m3/10 min (100)
Mouse: inhalation, 36 mg/m3/

2 min; 6 mg/m3/10 min (100)
Guinea pig: inhalation, 110 mg/m3/

2 min; 8 mg/m3/10 min (100)
Hamster: inhalation, 137 mg/m3/

2 min; 22 mg/m3/10 min (100)
Pigeon: inhalation, 61 mg/m3/

10 min (100)
Q-sulfonium Mouse: ip, 75 mg/kg (101)

(C6H12ClS2•Cl; 30843-67-5)
Tetrachloroethylene Rat: oral, 2,629 mg/kg (102) Dog: oral, 4 g/kg (103) Human: inhalation, 96 ppm/7 hr 

(C2Cl4; 127-18-4) Mouse: oral, 8,100 mg/kg (104) Cat: oral, 4 g/kg (103) (local anesthetic) (104) 
Rat: inhalation, 34,200 mg/m3/ Rabbit: oral, 5 g/kg (103) Human: inhalation, 600 ppm/10 min,

8 hr (102) conjunctival irritation (105)
Mouse: inhalation, 5,200 ppm/ Human: inhalation, 50 ppm/4 hr,

4 hr (107) visual system dysfunction (106)
Human: child, oral, 545 mg/kg (coma) (108)
Rabbit: severe skin irritant, 810 mg/

24 hr (109)
Rabbit: mild skin irritant, 500 mg/24 hr (110)
Rabbit: mild eye irritant, 162 mg (109)
Rabbit: mild eye irritant, 500 mg/24 hr (110)

Hexachloroethane Rat: oral, 4,460 mg/kg (111) Rat: inhalation, 5,900 ppm/8 hr (111) Rat: inhalation, 5,900 ppm/8 hr, muscle
(C2Cl6; 67-72-1) Guinea pig: oral, 4,970 mg/kg (111) weakness (111)

Rabbit: skin, 32 g/kg (111)
Bis(2-chloropropyl sulfide) Mouse: inhalation, 380 mg/m3/10 min (112)

(C6H12Cl2S; 22535-54-2)
1,2-Dichloroethane Rat: oral, 670 mg/kg (113) Human: oral, 286 mg/kg (114) Human: peripheral nervous system

(C2H4Cl2; 107-06-2) Mouse: oral, 413 mg/kg (115) Human: oral, 714 mg/kg (116) effects, coma, gastrointestinal tract
Dog: oral, 5,700 mg/kg (118) Pig: inhalation, 3,000 ppm/7 hr (119) effects, 4,000 ppm/1 hr (95)
Rabbit: oral, 860 mg/kg (121) Mouse: inhalation, 5 g/m3/2 hr (122) Human: eye, nose, throat irritation,
Monkey: inhalation, 3,000 ppm/ Rabbit: inhalation, 3,000 ppm/7 hr (119) high concentration (117)

7 hr (110) Guinea pig: inhalation, 1,500 ppm/7 hr (119) Cat, rat, monkey, rabbit: 1,000 ppm,
Rat: inhalation, 1,000 ppm/7 hr (124) ~ 7 hr/day, 5 days/week;
Rabbit: skin, 2,800 mg/kg (118) fatty changes in liver (120) 

Rabbit: mild skin irritation, 625 mg 
open (123)

Rabbit: mild skin irritation, 500 mg/
24 hr (110)

Rabbit: severe eye irritation, 63 mg (123)
1,1,2,2-Tetrachlorethane Rat: oral, 250 mg/kg (125) Dog: oral, 300 mg/kg (126) Human: behavioral symptoms, 

(C2H2Cl4; 79-34-5) Rat: oral, 400 mg/kg (127) Dog: oral, 700 mg/kg (128) 1,000 g/m3/30 min (93)
Mouse: inhalation, 4,500 mg/m3/ Rabbit: 500 mg/kg (128)

2 hr (129) Rat: 1,000 ppm/4 hr (82,129)
Mouse: 9 g/m3/40 min (93)
Cat, 19 g/m3/45 min (93)

Abbreviations: im, intramuscular; ip, intraperitoneal; iv, intravenous; LC50, median lethal concentration; LCLO, lowest lethal concentration; LD50, median lethal dose; LDLO, lowest lethal
dose; sc, subcutaneous. 



sulfonium chloride (HD-TDG) in rats is
0.017–0.02 times that of HD (Table 4).
However, its dermal toxicity (lethality) is
equivalent to that of HD in rats and higher
than HD in mice and rabbits (67). Its iv
lethality is also equivalent to that of HD in
rabbits (67). We located only one data point
for the sulfur mustard–TDG–TDG aggre-
gate bis[bis(beta-hydroxyethyl)sulfonium
ethyl] sulfide dichloride (HD–TDG–TDG)
(68). An intraperitoneal (ip) LD50 value of
50 mg/kg in mice was reported in the litera-
ture (68) (Table 4); Anslow et al. (67) con-
sidered this compound to have relatively low
toxicity but presented no supporting data.
We found no chronic toxicity information
for these or any HD hydrolysis products
other than hemisulfur mustard. 

We located toxicity data on several HD
oxidation products that are formed by the
incomplete reaction of HD with DS-2
(divinyl sulfide, 2-chloroethyl vinyl sulfide,
TDG, and 2-hydroxyethyl vinyl sulfide) and

with STB (mustard sulfoxide, mustard sul-
fone, and chloroform) (8). Divinyl sulfide is
about 0.1 times as toxic to rats (oral expo-
sure) as HD (Table 4) (2); in one test for
embryotoxicity, it was reported to have no
effect (73). We found no biologic data for 2-
chloroethyl vinyl sulfide or for 2-hydrox-
yethyl vinyl sulfide. Ishidate et al. (71)
reported an LDLO value of 150 mg/kg in
rats for mustard sulfoxide administered by
an unspecified route. No chronic toxicity
data were available for this compound.
Acute inhalation exposure of cats and rabbits
to mustard sulfone for 10 min resulted in an
LCLO value of 1,430 mg/m3 for both species
(72). Data were unavailable for other direct-
ly relevant routes of exposure, but Anslow et
al. (67) reported subcutaneous (sc) LD50 val-
ues of 35 and 50 mg/kg for mice and rats,
respectively, or approximately 0.1 times that
of HD. The iv LD50 for the mouse is 50
mg/kg, whereas that for the rat is > 72
mg/kg, or approximately 0.17 and < 0.01

times that of HD, respectively (67). In our
literature search we did not locate chronic
toxicity data for mustard sulfone.

Table 4 contains limited acute toxicity
data for three products of HD dechlorina-
tion: 2-chloroethyl vinyl sulfoxide, vinyl sul-
foxide, and divinyl sulfone. The first two
compounds appear to have similar oral
lethality in mice and rats, although only
LDLO values are available. Historical values
average 100 mg/kg except for the oral LDLO
of 50 mg/kg for vinyl sulfoxide in mice (75).
Chronic toxicity data are unavailable for
these substances. The oral LD50 value for
divinyl sulfone in rats of 32 mg/kg (76) is
just half the toxicity of HD (2). It is more
toxic than mustard sulfone by factors of 2–5
in iv and sc tests in mice and rats [calculated
from data presented by Anslow et al. (67)].
It is approximately equivalent to HD in
mice by the iv and sc routes and only slightly
less lethal than HD in rats by these routes
(67). Genotoxicity tests with divinyl sulfone
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Table 5. Carcinogenicity, genotoxicity, reproductive toxicity, and systemic effects of chronic exposure to sulfur mustard degradation products and impurities. 

Degradation product
(formula; CAS no.) Carcinogenicity Genotoxicity Reproductive effects Systemic effects

Sulfur mustard hydrolysis
Thiodiglycol Rat: gavage, mildly decreased 

(C4H10O2S; 111-48-8 ) body weight and body 
weight gain, mild kidney 
effects, 5,000 mg/kg/day, 
90 days (130)

Hemisulfur mustard DNA inhibition, other end points (131)
(C4H9ClOS; 693-30-1) DNA adduct formation: 100 µmol/L, 

rat liver; 4 mg/kg, mouse
Ascites tumor (132)

Sulfur mustard decontamination
Divinyl sulfide Embryotoxicity: negative (73)

(C4H6S; 627-51-0)
Divinyl sulfone Mutagenicity: negative, Ames test (133)

(C4H6SO2; 77-77-0) Mutagenesis: positive, mouse lymphoma
cells, 0.25 µg/mL (134)

Dominant lethal: negative, male mouse 
(135,136)

Micronucleus test: bone marrow, 
negative (135)

Cytogenicity: positive (137)
1,4-Dithiane Mutagenesis: negative, Ames test with Rat: mild liver and kidney 

(C4H8S2; 505-29-3) activation (138) effects but no overt toxicity at 
Mutagenesis: low positive, Ames test doses up to 420 mg/kg/day,

without activation, negative with 90-day exposure (139) 
activation (140)

SCE induction: CHO cells, negative with 
and without activation (140)

1,4-Oxathiane Mutagenesis: negative, Ames test with 
(C4H8OS; 15980-15-1) and without activation (141)

Chloroform Probable human carcinogen Mutagenicity: Ames, negative (144) Rat: fetotoxic, retarded Human: hepatomegaly, fatty 
(CHCl3; 67-66-3) (142,143) Mutagenicity: yeast, positive (146) development, teratogenic liver degeneration, toxic 

Rat: positive (87) Mutagenicity: mouse, positive (145) (145) hepatitis (87)
Mouse: positive (87) Chromosome effects: human Mouse: sperm abnormalities Human: central nervous
Rat: positive, lymphocytes, negative (151) (147) system, psychiatric, 

mouse: negative (150) SCE: in vitro, low or negative Mouse: negative in sperm neurologic effects (148)
(152–154) morphology assay (149)

SCE: mouse, in vivo, positive (154)
Micronucleus: negative (155)
Delayed cell cycle: human

lymphocytes, positive (154)

continued, next page



in several systems yielded mostly negative
results (Table 5). This compound was posi-
tive for mutagenesis in mouse lymphoma
cells (134) but negative in the Ames test
(133). It was also negative in a dominant
lethal test in male mice (135) and in the
bone marrow micronucleus test (135). It was
positive for cytogenicity in a recent study by
Choi et al. (137).

Two of the persistent thermal/hydrolysis
degradation products of HD, 1,4-dithiane
and 1,4-oxathiane, are present in groundwa-
ter at the Rocky Mountain Arsenal and have
been identified in ton containers of HD.
Acute toxicity data for 1,4-dithiane are very
limited but suggest low acute lethality; the
oral LD50 value for rats is about 3.5 g/kg
(80) (Table 4). Mutagenicity tests in
Salmonella gave negative or equivocal results
(Table 5), and tests of sister chromatid
exchange (SCE) in Chinese hamster ovary
cells were negative both with and without
metabolic activation (140). Subchronic
exposure of rats to 1,4-dithiane resulted in
anisotropic crystal induction (different prop-
erties along different axes) in the olfactory
nasal mucosa and mild liver and kidney
effects (139). The biologic significance of the
anisotropic crystals is not understood.

The acute toxicity of 1,4-oxathiane also is
relatively low, with oral LD50 values in rats of
approximately 3 g/kg (80,81) (Table 4) and
an inhalation LCLO of 4,000 ppm/4 hr (82).
This substance is a mild skin irritant and
moderate eye irritant in rabbits (Table 4).
1,4-Oxathiane was negative for mutagenicity
in the Ames test both with and without
metabolic activation (141) (Table 5).

Two impurities of HD, one of which is
present in the ton containers of HD, are war-
fare agents themselves: agent T and 1,2-
bis(2-chloroethylthio)ethane (compound Q)
(99). Robinson (99) estimated that the
human LC50–time relationship value for
agent T (a vesicant) for inhalation exposure
was 400 mg/min/m3. This was probably
based on animal data for HT; values for HT
exposure ranged from 100–200 mg/min/m3

for dogs to 3,000–6,000 mg/min/m3 for
guinea pigs and rabbits (191). Robinson (99)
also estimated that the corresponding value
for compound Q in humans was 300
mg/min/m3; its action on the lungs resem-
bled that of phosgene. The LC50 values for 2-
min exposures to compound Q for several
mammalian species range from 36 mg/m3 in
mice to 137 mg/m3 in hamsters, with the
value for dogs at 90 mg/m3 (100). Another

impurity, Q-sulfonium, which forms a
residue on the bottom of ton containers, has
an ip LD50 in mice of approximately 75
mg/kg and retains alkylating properties (101)
(Table 4).

Chronic toxicity data were not available
for compound Q or agent T. Chronic expo-
sure to HT causes sensitization and chronic
lung impairment (cough, shortness of breath,
chest pain) (191), but sources provided no
data specific for agent T. Again, chronic
exposure to HT was said to be capable of
causing birth defects (191), but we found no
reproductive toxicity studies specific to agent
T. Agent T was mutagenic in Drosophila,
producing sex-linked lethal mutations with a
potency equivalent to HD (192).

Bis(2-chloropropyl) sulfide is lethal in
mice at 380 mg/m3/10 min (72). We did not
locate chronic toxicity data for bis(2-chloro-
propyl) sulfide, but it has been reported to
cause DNA damage in chicken leukocytes in
vitro (189).

Many other compounds, including sol-
vents, are present at extremely low levels 
(< 1%) in ton containers of HD (21), but
relevant toxicologic data have been identi-
fied for only a few of them. These chemicals
are expected to be completely destroyed by
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Table 5. Continued.

Degradation product
(formula; CAS no.) Carcinogenicity Genotoxicity Reproductive effects Systemic effects

Sulfur mustard contaminants in ton containers
Tetrachloroethylene Probable human carcinogen Mutagenicity: generally negative (157) Mouse: positive, several Human: neurotoxicity

(C2Cl4; 127-18-4) (156) SCE: negative, chromosome end points (158) (visuospatial function, 
Rat: positive, inhalation, aberration, negative, CHO cells (162) Rat: positive, several memory, mood), < 50 ppm/

leukemia, testicular tumors, Human SCE: negative, nonsmokers; end points (158,163) 3 years or more (159)
kidney tumors (160,161) positive, smokers (165) Human: neurotoxicity (vigilance,  

Mouse: positive, inhalation and Replicative DNA synthesis test (166) reaction time, visual memory), 
oral, liver tumors (160,161) 10.6 years (164)

Hexachloroethane Suspect human carcinogen Mutagenicity: Salmonella, negative (169), Rat: teratogenesis, negative Rat: oral, nephropathy 
(C2Cl6; 67-72-1) (167,168) SCE, CHO, positive (162) (111) (170,171)

Rat: positive, oral (171) Chromosome aberrations: CHO, Mouse: oral, nephropathy (170)
Mouse: positive, oral (170) negative (162)

1,2-Dichloroethane Rat: positive, oral; Mutagenicity: positive, Ames test (173) Rat, rabbits: negative, Rat: negative, oral, 37.5–150 
(C2H4Cl2; 107-06-2) mouse, positive, oral (172) Mutagenicity: positive, human teratogenicity, embryotoxicity, mg/kg/90 days (175)

Rat: negative, inhalation (176) lymphoblastoid cells (177) reproduction performance 
B2, probable human Rat: DNA damage (180) (174)

carcinogen; induced several Mutagenic in Ames test; induced somatic Rat: fertility effects (178)
tumor types in rats and mice and germ cell mutations in Drosophila; Rat: positive, embryonic 
exposed by gavage, lung metabolites caused DNA adduct growth retardation in vivo
papillomas in mice formation in vitro exposure (179,182) and in vitro; negative, 
after in vivo or when exposed teratogenicity (181)
by skin painting (179)

1,1,2,2-Tetrachloroethane Mouse: positive, oral Mutagenicity: negative in Ames test (183) High concentrations induce 
(C2H2Cl4; 79-34-5) Rat: negative, oral (183) Mutagenicity: positive, Salmonella (185) narcosis, nephritis, toxic 

Class C, possible DNA repair: positive, E. coli (187) hepatitis, and liver atrophy 
human carcinogen SCE: positive; chromosome aberrations, (98)
(increased incidence of negative, CHO cells (162)
hepatocellular carcinomas Genotoxicity: positive, prophage lambda Rodents, fatty liver 
in mice) (184) in E. coli (188) degeneration, changes in

Mouse: positive, oral, 200 mg/kg liver weight (186) 
replicative DNA synthesis test (166)

Bis(2-chloropropyl) sulfide Chicken: leukocyte, DNA damage (189)
(C6H12Cl2S; 22535-54-2

Abbreviations: SCE, sister chromatid exchange; CHO, Chinese hamster ovary.



the hot water neutralization/biodegradation
disposal process for HD. The toxicity data
for these chemicals are also presented in
Tables 4 and 5.

Chloroform is a commonly used solvent
with well-known toxicologic properties. It is
a central nervous system (CNS) toxicant,
which can cause lassitude and mental dull-
ness in humans at 80–240 ppm and clinical
anesthesia at 10,000 ppm (167). Death can
result from respiratory depression, cardiac
arrest, or liver toxicity associated with anes-
thetic use (87,193). Chloroform is a skin and
eye irritant and causes corneal injury in
humans (Table 4) (76,194). Liver and kidney
damage can ensue after acute exposure
(87,195). Chloroform is a suspected human
carcinogen of moderate potency for lifetime
oral exposure (143,150,167) (Table 5).
Chloroform is metabolized via several path-
ways. The hepatotoxicity is due to oxidative
dechlorination to phosgene, which binds to
tissue proteins (196). Chloroform is fetotoxic
and teratogenic in rats and produces sperm
abnormalities in mice (193). The American
Conference of Governmental Industrial
Hygienists (ACGIH) threshold-limit-value
time-weighted average (TLV-TWA) for chlo-
roform is 10 ppm (49 mg/m3) (196), where-
as the Occupational Safety and Health
Administration (OSHA) permissible expo-
sure limit (PEL) is 2 ppm (197).

Tetrachloroethylene is a common organ-
ic solvent with relatively low oral toxicity in
mice and rats, but it can affect the human
nervous system by the inhalation route at
relatively low exposure concentrations
(Table 4). It is a mild eye irritant and a
mild-to-severe skin irritant in rabbits (Table
4). Tetrachloroethylene is a proven animal
carcinogen and a possible human carcinogen
(Table 5) (160). It is genotoxic in numerous
test systems (Table 5), is positive for repro-
ductive toxicity in mice and rats for several
end points, and is a possible human neuro-
toxicant under long-term, low-dose exposure
conditions (159,164). The OSHA PEL for
tetrachloroethylene is 100 ppm (670
mg/m3) (197); the TLV is 25 ppm (170
mg/m3) with a short-term exposure limit
(STEL) of 100 ppm (685 mg/m3) (196).

Hexachloroethane has relatively low oral
toxicity in rats and guinea pigs [4–5 g/kg
[111)] and low dermal toxicity in rabbits [32
g/kg (111)] (Table 4). It is a suspect human
carcinogen based on carcinogenic activity in
mice and rats (167,171) and has shown lim-
ited genotoxic activity (167) (Table 5).
Hexachloroethane was not teratogenic in
rats exposed orally (111), but chronic expo-
sure of rats and mice caused renal toxicity
(170,171). The OSHA PEL is 1 ppm (9.7
mg/m3) (197), and the ACGIH TLV-TWA
is 1 ppm (167,196).

1,2-Dichloroethane is another organic
solvent for which many toxicity studies are
available (Table 4). It is toxic by several
routes of exposure including both oral and
inhalation. Estimates of oral toxicity in
terms of LDLO values in humans range from
286 to 714 mg/kg. It is a mild skin irritant
and a severe eye irritant in rabbits (Table 4).
Like tetrachloroethylene and hexachloro-
ethane, 1,2-dichloroethane is a known 
animal carcinogen and a likely human car-
cinogen (Table 5). It is genotoxic and has
effects on a number of end points (Table 5).
1,2-Dichloroethane was negative for terato-
genicity in two studies (174,181), negative
for certain other reproductive toxicity end
points (174), but caused embryonic growth
retardation in rats (181). The OSHA PEL is
50 ppm with a 15-min STEL of 100 ppm
(197), whereas the ACGIH TLV is 10 ppm
(40 mg/m3) (167,196).

1,1,2,2-Tetrachloroethane also is a halo-
genated solvent with numerous data for both
acute and chronic toxicity (Tables 4 and 5). It
is moderately toxic on acute exposure, with an
oral LD50 value in rats of 250 mg/kg (124)
and an inhalation LC50 value in mice of
4,500 mg/m3 (127) (Table 4). 1,1,2,2-
Tetrachloroethane is considered by the U.S.
Environmental Ptoection Agency (EPA) to be
a possible human carcinogen on the basis of
tumor induction in male and female mice,
although it was negative in male and female
rats for carcinogenicity (184) (Table 5). It is
mutagenic and shows other evidence of geno-
toxicity: it is positive for inducing DNA
repair (187), SCE (162), and DNA damage
(prophage lambda test in Escherichia coli)
(188), and is positive in the replicative DNA
synthesis test (166). No data relevant to
reproductive toxicity were located. The
OSHA PEL for tetrachloroethane is 5 ppm
(35 mg/m3) (197), whereas the ACGIH
TLV-TWA is 1 ppm (6.9 mg/m3) (167,196).

Ecotoxicology. The environmental toxicity
of sulfur mustard was reviewed by Opresko et
al. (19). The reviewed studies demonstrated
that sulfur mustard is extremely toxic to all
species, but its environmental action is limit-
ed by its low solubility. Results of these stud-
ies, involving a variety of aquatic organisms,
showed that fish are the most sensitive species
(compared with phytoplankton and higher
aquatic plants). Mustard added to fish aquaria
at 25°C formed globules on the bottom of the
tanks, and amounts equivalent to 25–50 ppm
were required for lethality in fish (198). For
the three most sensitive species of fish, bluegill
sunfish (Lepomis macrochirus), red-eared sun-
fish (Lepomis microlophus), and black bull-
heads (Ameiurus melas), the 30-day toxicity
threshold was 2 mg/L.

We located few data on the toxicity of
intermediate degradation products; however,

several degradation products, including vinyl
sulfoxide and 2-chloroethyl vinyl sulfoxide,
have been tested as pesticides (199,200),
which would indicate substantial toxicity to
some species. The sulfur mustard–TDG–
TDG aggregate was lethal to bluegill sunfish
at ≥ 1,000 mg/L in 30-day tests (198). 1,4-
Dithiane did not inhibit the growth of the
plants Brassica sativa and Medicago sativa;
furthermore, it was not toxic to gram-
negative or gram-positive bacteria (201).

The metabolite TDG is practically non-
toxic to aquatic organisms and terrestrial
crops. At a concentration of 1,000 mg/L,
TDG was not toxic to small bluegill sunfish
within a 42-day observation period (201).
TDG, applied by aerial application at 1
lb/acre, had no effect on several crop species
including beans, oats, rice, soybeans, and
radishes (5). Although the toxicity of H and
HD probably precludes biodegradation (5),
several strains of bacteria are capable of using
TDG as their sole source of carbon for
growth, indicating little toxicity (29,52,53).
Also, following hot-water hydrolysis of sulfur
mustard, presumably resulting in TDG and
several thioethers, two different microtoxico-
logic tests detected no toxicity in the result-
ing medium (53).

The generally low Kow values (< 2) for
mustard degradation products listed in Table
3 indicate a low potential to partition to the
lipid phase in organisms and thus little
potential to bioconcentrate.

Nitrogen Mustard Agents 
The nitrogen mustards are not manufac-
tured in significant commercial quantities in
the United States. Although several of the
nitrogen mustards have medicinal uses as
antineoplastic agents (12), they were never
stockpiled as part of the U.S. CW inventory.
Because these agents are not a significant
part of the U.S. CW agent inventory, they
are not anticipated to be an environmental
concern. We were able to locate little fate
and toxicity data on nitrogen mustards.
Because they are not very soluble in water,
most research has involved the readily solu-
ble hydrochloride compounds.

The three nitrogen mustards with great-
est potential for warfare use are HN1, HN2,
and HN3. These compounds are halogenat-
ed tertiary aliphatic amines. All three are col-
orless and odorless oily liquids when freshly
distilled. Within days after distillation, HN3
takes on a yellow-to-brown color (7). Like all
amines, the nitrogen mustards are bases and
act as proton acceptors. Nitrogen mustards
are unstable in the presence of light and heat
and form dimers at temperatures above
50°C. Dimerization occurs even under ideal
storage conditions and is accelerated in the
presence of water (6,7). HN3 possesses
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vesicant properties almost equal to those of
HD; it is also the most stable in storage of
the three nitrogen mustards (11).

Formation of degradation products. On
the basis of chemical and physical properties
such as volatility and susceptibility to
hydrolysis (Table 1), HN3 is considered
environmentally persistent, whereas HN1
and HN2 are considered moderately persis-
tent. The major fate process in soil or water
is expected to be hydrolysis, especially under
weakly alkaline conditions.

The vapor pressure of all three nitrogen
mustards is low, < 1 mmHg at 20–25°C.
HN1 and HN2 have slightly higher vapor
pressures than HN3. Because the volatility
of HN3 is limited (approximately 100
mg/m3 at 20°C), dangerous concentrations
will not be found in the atmosphere (7).
HN1 and HN2 are more volatile: 1,520
mg/m3 at 20°C and 3,580 mg/m3 at 25°C,
respectively (15). The low values of 8.5 ×
10-8 atm × m3/mol and 3 × 10-7 atm ×
m3/mol estimated for the Henry’s Law con-
stants of HN2 and HN3, respectively
(17,18), indicate little to no volatilization
from water and moist soil. Any HN3 in the
atmosphere is predicted to react with photo-
chemically produced hydroxyl radicals,
resulting in an estimated half-life of 5 hr
(17,18). Because they have chemical struc-
tures similar to HN3, any HN1 and HN2 in
the atmosphere would also be photolytically
degraded.

As noted, the nitrogen mustards are not
very soluble in water; Franke (7) reported
values of approximately 0.16 g/L for HN1
and HN3 and 12 g/L for HN2. In accor-
dance with water solubility, hydrolysis of
HN3 is slower than that of the sulfur mus-
tards, but the hydrolysis reactions of HN1
and HN2 are probably more rapid. The
mechanism of hydrolysis is similar for all
three nitrogen mustards, with formation of a
cyclic intermediate. For HN1, solubility is
expected to increase with decreasing temper-
ature; Epstein et al. (35) calculated a half-life
of 12.5 days at 5°C for HN1 and all of its
toxic hydrolysis products, including the
intermediate chlorohydrin. The rate of
hydrolysis in freshwater and seawater is

expected to be similar. The Syracuse
Research Corporation calculated a hydrolysis
half-life of 11 hr at 25°C for HN2 (17).
Hydrolysis is slower for HN3 but is estimat-
ed to be 90–95% complete with removal of
all three chlorines after 24 hr (18).

Hydrolysis products were identified in
several laboratory studies (Table 6). Epstein et
al. (35) identified the final hydrolysis product
of HN1 as bis(β-hydroxyethyl)amine or
diethanolamine. Franke (7) identified N-
methyl-2-hydroxy-2-chlorodiethyl ammoni-
um chloride, a small amount of N-methylbis-
(2-hydroxyethyl) ammonium chloride, and
dimerization products as hydrolysis products
of HN2 under laboratory conditions. The
hydrolysis of HN3 is slower than that of the
other two nitrogen mustards and also is
complicated by formation of the reactive
intermediates and dimerization products. In
a 1% aqueous solution of HN3, bis(2-
chloroethyl)-2-hydroxyethyl ammonium
chloride and 2-chloroethyl-bis-(2-hydrox-
yethyl) ammonium chloride [along with a
small amount of triethanol ammonium chlo-
ride (triethanolamine)] were identified after
20 and 72 hr, respectively. Much of the
unhydrolyzed HN3 was in the form of the
hydrochloride. Black and Read (202) listed
triethanolamine, N-ethyldiethanolamine,
and N-methyldiethanolamine as hydrolysis
products of nitrogen mustards, presumably
of HN3, HN1, and HN2, respectively.

The hydrolysis of HN3 involves succes-
sive displacement of the chlorides by hydroxy
groups forming the three compounds listed
in order in Table 6. The pathways for
hydrolysis of HN1 and HN2 are similar with

liberation of chloride and formation of the 1-
methyl-1-(2-chloroethyl)-ethylenimonium
ion. The onium cation then reacts with water
to form the alcohol (chlorohydrin com-
pound). The second carbon–chlorine bond
hydrolyzes in a similar manner to form ethyl-
diethanolamine in the case of HN1 and
methyldiethanolamine in the case of HN2
(17). Removal of the alkyl group results in
diethanolamine. The ethylenimonium inter-
mediates are highly reactive and can alkylate
biologic macromolecules (12).

On the basis of Kow values and using a
regression-derived equation, the Syracuse
Research Corporation (17,18) estimated Koc
values of 74 and 672 for HN2 and HN3,
respectively. These values suggest high and
low-to-medium mobility in soil for HN2
and HN3, respectively. The rapid hydrolysis
of HN2 may preclude leaching through soil.
No measured data were located.

No data on the biodegradation of nitro-
gen mustards were located. According to
Morrill et al. (44), nitrogen mustards can
theoretically be biodegraded by reductive
dehalogenation and dehydrohalogenation
mechanisms, but these processes would be
very slow. HN1 and HN2 can be degraded
through oxidative dealkylation (N-dealkyla-
tion for HN1 and C-dealkylation for HN2);
the metabolites would possess vesicant prop-
erties. Yordy and Alexander (203) identified
N-nitrosodiethanolamine as a metabolite of
diethanolamine in natural waters and sewage.

We located further data on the fate of
two hydrolysis products: diethanolamine
(from HN1) and triethanolamine (from
HN3). Both of these compounds have

CH2CH2Cl

C2H5–N

CH2CH2Cl

CH2CH2Cl

  CH3–N

CH2CH2Cl

CH2CH2Cl

N–CH2CH2Cl

CH2CH2Cl

HN1 HN2

HN3
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Table 6. Hydrolysis products of nitrogen mustards.

Name/synonyms Chemical formula CAS no.

Ethylbis(2-chloroethyl)amine (HN1) degradation products
N-Ethyldiethanolamine C6H15NO2 139-87-7
Diethanolamine C4H11NO2 111-42-2
2,2´-Iminodiethanol
Bis(2-hydroxyethyl)amine

Methylbis(2-chloroethyl)amine (HN2) degradation products
N,N´-Dimethyl-N,N´bis(2-chloroethyl)piperazinium C10H22Cl2N2

•2HCl 63867-58-3
dichloridea (dimerization product)

N-(2-Chloroethyl)-N-(2-hydroxyethyl)methylamine C5H12NOCl•HCl 63905-05-5
hydrochlorideb

2,2´-(Methylimino)bis ethanol hydrochloridec C5H13NO2
•HCl 54060-15-0

Tris(2-chloroethyl)amine (HN3) degradation products
Bis(2-chloroethyl)-2-hydroxyethyl ammonium chlorided C6H13NOCl2•HCl 63978-53-0
2-Chloroethyl-bis(2-hydroxyethyl)ammonium chloridee C6H14NO2Cl•HCl 63978-75-6
Triethanol ammonium chloridef C6H15NO3

•HCl 637-39-8
Triethanolamine hydrochloride
Tris(2-hydroxyethyl)ammonium chloride

Data from Franke (7), Epstein et al. (35), and Black and Read (56). 
aThe nonhydrochloride is N,N´-dimethyl-N,N´bis(2-chloroethyl) piperazinium (C10H22Cl2N2; CAS no. 51822-58-3). bProduct
was present in solution as hydrochloride (7); the nonhydrochloride compound is 2-(2-chloroethyl)methylamino ethanol
(C5H12NOCl; CAS no. 51822-57-2). cProduct was present in solution as hydrochloride (7); the nonhydrochloride compound
is N-methyldiethanolamine (C5H13NO2; CAS no. 105-59-9). dProduct was present in solution as hydrochloride (7); the non-
hydrochloride compound is ethanol mustard (C6H13NOCl2; CAS no. 7747-69-5). eProduct was present in solution as
hydrochloride (7); the nonhydrochloride compound was not identified. fProduct was present in solution as hydrochloride
(7); the nonhydrochloride compound is triethanolamine (C6H15NO3; CAS no. 102-71-6). 



industrial uses (14), and their presence in the
environment is not unique to CW agent
contamination. Diethanolamine released to
soil or water is expected to biodegrade with a
half-life of a few days to weeks depending on
microbial acclimation. Leaching through soil
is expected, as the compound is miscible
with water; however, the protonated com-
pound may adsorb to humic material in soil
and water. Based on a vapor pressure of 1.4
× 10-4 mmHg and an estimated Henry’s
Law constant of 3.9 × 10-11 atm × m3/mol,
volatilization from soil and water, respective-
ly, are not important fate mechanisms. The
half-life of diethanolamine vapor in the
atmosphere has been estimated at 4 hr
(204), and complete mineralization of
diethanolamine in sewage has been reported
(204,205). Similar fate data were presented
for triethanolamine (206).

Decontamination. No specific informa-
tion on decontamination was located.
Franke (7) noted that HN3 is unstable and
that hydrolysis in solution is accelerated as
the pH and temperature increase. Franke (7)
listed numerous reactions of HN3 with
other chemicals, including reaction with
alcoholic sodium sulfide, which results in
detoxification. A 5% hydrochloric or hydro-
sulfuric acid solution was recommended for
detoxification of machinery, as the resulting
salt is water soluble. However, treatment
with HCl results in tris(2-chloroethyl)
ammonium chloride, which is just as toxic as
the free amine. HN3 is unreactive with most
oxidative detoxification chemicals. HN1 and
HN2 are chemically similar to HN3 and
should react similarly. 

Acute and chronic mammalian toxicity.
The nitrogen mustards are highly toxic vesi-
cant agents with strong alkylating activity
and significant systemic toxicity in addition
to their blistering capability.

Tables 7 and 8 list toxicity information
for the HN degradation products. N-ethyl-
diethanolamine and diethanolamine are the
degradation products of HN1. N-ethyl-
diethanolamine produces severe eye irritation
in rabbits but only mild skin irritation; it
exhibits low oral toxicity in rats (Table 7). No
chronic toxicity information was found for
this substance. Diethanolamine is a severe eye
and skin irritant (157); it is moderately toxic
in several animal species by oral exposure and
very mildly toxic by the dermal route (Table
7). Although diethanolamine has consistently
given negative results in tests for mutagenicity
and cytogenicity (Table 8) (157), it has
demonstrated evidence of male rat reproduc-
tive toxicity (220) and clear evidence of car-
cinogenicity in male and female mice after a
2-year dermal exposure (218). The OSHA
PEL for diethanolamine was 3 ppm until
vacated in 1992 by a court decision (157); the

TLV-TWA has been revised downward to
0.46 ppm (2 mg/m3) (167,196).

Table 7 lists acute toxicity data for two
HN2 hydrolysis products, N-methyl-2-
hydroxy-2-chloro diethyl ammonium chlo-
ride and N-methyldiethanolamine. The 
former is highly toxic by the oral and sc
routes in rats and mice (7,66). N-methyl-
diethanolamine is mildly toxic by the oral
and dermal routes (70) and generates mild
skin irritation (211). It does not produce
mutations in Salmonella (222) or inhibit

mitosis in mouse vaginal epithelium in vivo
(211), and it does not cross-react with HN2
for delayed hypersensitivity in humans
(211). The salts of two other HN2 hydroly-
sis products were also tested for mitotic inhi-
bition and human hypersensitivity cross-
reaction with HN2. 2-(2-Chloroethyl)
methylamino ethanol hydrochloride was
positive in both regards (211), whereas
N,N´-dimethyl-N,N´bis(2- chloroethyl)
piperazinium was negative in both tests
(211) (Table 8).
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Table 7. Effects of acute exposure to HN1, HN2, and HN3 degradation products.a

Degradation product
(formula; CAS no.) LD50 or LC50 Other effects

HN1 hydrolysis
N-Ethyldiethanolamine Rat: oral, 4,570 mg/kg (70) Rabbit: skin, 10 mg/24 hr open,

(C6H15NO2; 139-87-7) mild irritation (70)
Rabbit: skin, 500 mg/24 hr, 

mild irritation (110)
Rabbit: eye, 750 µg open,

severe irritation (70)
Diethanolamine Rat: oral, 710 mg/kg (89) Rabbit: skin, 50 mg open, 

(C4H11NO2; 111-42-2) Mouse: oral, 3,300 mg/kg (208) mild irritation (207)
Rabbit: oral, 2,200 mg/kg (209) Rabbit: skin, 500 mg/24 hr
Guinea pig: oral, 2 g/kg (157) mild irritation (110)
Rabbit: dermal, 11.9 mL/kg (205) Rabbit: eye, 5,500 mg, severe
Guinea pig: dermal, irritation (64)

11,900 µL/kg (210) Rabbit: eye, 750 µg/24 hr,
severe irritation (110)

HN2 hydrolysis
N-Methyl-2-hydroxy-2-chloro- Rat: oral, 80 mg/kg (66)

diethyl ammonium chloride Mouse: oral, 25 mg/kg (66)
(C5H13NOCl•HCl; 63905-05-5) Rat: sc, 20 mg/kg (66)

Mouse: sc, 16 mg/kg (7)
2-(2-Chloroethyl) methylamino Human: skin, delayed 

ethanol hydrochloride hypersensitivity, positive
(C5H13NOCl; 51822-57-2) for HN2 cross-reaction (211)

N-Methyldiethanolamine Rat: oral, 4,780 mg/kg (70) Human: skin, delayed
(C5H13NO2; 105-59-9) Rabbit: dermal, 5,990 µL/kg (70) hypersensitivity, negative

for HN2 cross-reaction (211)
Rabbit: skin, 10 mg/24 hr

open, mild (70)
Rabbit: skin, 502 mg, open,

mild (70)
Rabbit: eye, 20 mg open,

effect not specified (70)
N,N´-Dimethyl-N,N´bis Human: skin, delayed

(2-chloroethyl) piperazinium hypersensitivity, negative
(C10H22Cl2N2; 51822-58-3) for HN2 cross-reaction (211)

HN3 hydrolysis
Bis(2-chloroethyl)-2-hydroxyethyl Mouse: ip, 1,500 µg/kg (66)

ammonium chloride
(C6H13NOCl2•HCl; 63978-53-0)

2-Chloroethyl-bis(2-hydroxyethyl) Mouse: ip, 16 mg/kg (66)
ammonium chloride Mouse: sc, 5 mg/kg (66)
(C6H14NOCl2•HCl; 63978-75-6

Triethanolamine Rat: oral, 4,920 µL/kg (212) Human: skin, 15 mg/3 days,
(C6H15NO3; 102-71-6) Mouse: oral, 5,846 mg/kg (214) mild (213) 

Rabbit: oral, 2,200 mg/kg (127) Rabbit: skin, 560 mg/24 hr,
Guinea pig: oral, 2,200 mg/kg (127) mild (215) 
Rat: dermal, > 16 mL/kg (212) Rabbit: eye, 20 mg, severe (64)
Rabbit: dermal, > 20 mL/kg (217) Rabbit: eye, 10 mg, mild (216) 

Rabbit: eye, negligible to 
moderate irritation (194)

Abbreviations: HN1, ethylbis(2-chloroethyl)amine; HN2, methylbis(2-chloroethyl)amine; HN3, tris(2-chloroethyl)amine; ip,
intraperitoneal; LC50, median lethal concentration; LD50, median lethal dose; sc, subcutaneous. 
aNo effects were found in the literature for lowest lethal dose (lowest lethal concentration). 



Except for triethanolamine, toxicity data
are sparse for the hydrolysis products of
HN3. The available data suggest high acute
toxicity for both bis(2-chloroethyl)-2-
hydroxyethyl ammonium chloride and 2-
chloroethyl-bis(2-hydroxyethyl) ammonium
chloride (Table 7). The mouse sc LD50 value
for the latter compound is very close to that
for HN3 [2 mg/kg (228)]. Triethanolamine,
however, shows very low acute toxicity by the
oral and dermal routes (Table 7). It is a mild
skin irritant; eye irritation data from rabbits
are mixed (mild to severe; Table 7).
Triethanolamine has caused various skin
effects upon occupational exposure, includ-
ing irritation, contact dermatitis, allergic con-
tact dermatitis, eczema, and erythematous
vesicular lesions (157). It has given negative
results for various genotoxicity end points
(Table 8) (157) and for effects on sperm
morphology in rodents (223). In 2-year der-
mal carcinogenesis testing, triethanolamine
gave equivocal results in male rats and no evi-
dence in female rats (223). It is embryotoxic
in chicks (225). It did not produce skin sen-
sitization in mice (226), but upon chronic
exposure it did cause skin hyperplasia and
inflammation in mice and rats and skin
ulceration in rats (223). The TLV-TWA for
triethanolamine is 5 mg/m3 (196). No
OSHA PEL exists for triethanolamine.

Ecotoxicity. We located data on the acute
aquatic toxicity of three degradation products:
N-ethyldiethanolamine, diethanolamine, and
triethanolamine (Table 9). The data indicate
that these hydrolysis products are of low-to-
moderate toxicity to aquatic organisms. No
data on the acute toxicity of the parent com-
pounds were located for comparison purpos-
es. In 30-day tests, thresholds for lethality for
fish (black bullheads) were 25 mg/L for HN1;
10 mg/L for HN2; and 8 mg/L for HN3
(198). When introduction of the fish into the
tanks containing 25 mg/L HN3 was delayed
for 12 hr, all fish survived, indicating a loss of
toxicity, presumably through hydrolysis.
According to Buswell et al. (198), the nitro-
gen mustards were less toxic than sulfur mus-
tard to phytoplankton and higher aquatic
plants. Bioconcentration factors of < 1 for
both diethanolamine and triethanolamine
and their high water solubility indicate that
neither compound will bioconcentrate in
aquatic organisms (204,206). No data were
located on toxicity of the degradation prod-
ucts to terrestrial plants or wildlife.

Lewisite 
Lewisite [dichloro(2-chlorovinyl)arsine; 
Cl-CH = CH-AsCl2] is an organic arsenical
with vesicant properties. Purified Lewisite is a
colorless, oily liquid with very little odor,

whereas the synthesized chemical agent is an
amber-to-dark brown liquid with a geranium-
like odor (10,15). The synthesized agent is
composed of cis and trans isomers in the ratio
of 10:90 and several impurities including
bis(2-chlorovinyl)chloroarsine, tris(2-chloro-
vinyl)arsine, and arsenic trichloride (5,10).
The chemical and physical properties of the
two isomers are similar. Because the vinyl
double bond and the dichloroarsine group
(AsCl2) are unstable, stabilizers are normally
added to prevent decomposition (27).

Lewisite, like GA, has been produced in
limited quantity and is stored as part of the
unitary stockpile only at Deseret Chemical
Depot, formerly part of Tooele Army Depot
(229). Small amounts of Lewisite are present
as nonstockpile material (cartridges or projec-
tiles) at several other military sites including
Pine Bluff Arsenal, Arkansas, and Dugway
Proving Ground, Utah (25). It is also present
in chloroform solution in glass ampule war
gas ID sets used for training purposes and
found in several locations. Lewisite is thought
to be present at another six nonstockpile sites
in the United States (230,231).

Formation of degradation products.
Lewisite is considered nonvolatile. However,
with a vapor pressure of 0.58 mmHg at
25°C, Lewisite is more volatile than sulfur
mustard agents and is used as a moderate
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Table 8. Carcinogenicity, genotoxicity, reproductive toxicity, and systemic effects of chronic exposure to HN1, HN2, and HN3 degradation products.

Degradation product
(formula; CAS no.) Carcinogenicity Genetic effects Reproductive effects Systemic effects

HN1 hydrolysis
Diethanolamine Rat: dermal, negative Mutagenicity: Ames test, Rat: oral, seminiferous Rat: oral and dermal, microcytic anemia,

(C4H11NO2; 111-42-2) Mouse: dermal, male negative (169); mouse tubule degeneration, 14 decreased renal function, demyelinization
and female, positive lymphoma, negative (218) days and 13 weeks (219) of brainstem and spinal cord (220) 
(218) Cytogenetic effects: chromosome Rat: oral, 13 weeks, Rat: dermal, ulcerative skin lesions (220)

aberrations, SCE, negative (221) decreased sperm Mouse: oral, increased liver weight, 
Mouse micronucleus induction: count and motility, nephropathy and tubular necrosis,
negative (218) changes in testis weight cardiac myocyte degeneration,

(219,220) hepatocellular necrosis (220) 
Mouse: dermal, skin lesions, liver, kidney 

and cardiac myocyte degeneration (220)
HN2 hydrolysis

2-(2-Chloroethyl) methylamino Mouse: intravaginal, mitotic 
ethanol hydrochloride inhibition, positive (211)
(C5H13NOCl; 51822-57-2)

N-methyldiethanolamine Mutagenesis: Ames test, 
(C5H13NO2; 105-59-9) negative (222)

Mouse: intravaginal, mitotic 
inhibition, negative (211)

N,N´-dimethyl-N,N´bis Mouse: intravaginal, mitotic 
(2-chloroethyl) piperazinium inhibition, negative (211)
(C10H22Cl2N2; 51822-58-3)

HN3 hydrolysis
Triethanolamine Carcinogenesis: Mutagenesis: Ames test, Chick: embryotoxic (225) Mouse: skin sensitization, negative (226)

(C6H15NO3; 102-71-6) equivocal in male negative (224) Rat and mouse: Rat: skin hyperplasia, inflammation,
rats; no evidence Mutagenesis: Drosophila, sperm morphology ulceration (223)
in female rats (223) negative (227) effects, negative (223) Mouse: skin hyperplasia and inflammation 

Cytogenicity: chromosome (223)
aberrations, SCE, negative (162) Mouse: altered liver cells (223)

Mouse: micronucleus test,
negative (223)

Abbreviations: HN1, ethylbis(2-chloroethyl)amine; HN2, methylbis(2-chloroethyl)amine; HN3, tris(2-chloroethyl)amine; SCE, sister chromatid exchange.



irritant vapor over greater distances than sul-
fur mustard (2). Although no data were
located on its fate in the atmosphere, its UV
absorption spectrum at 200–350 nm is
greater than that of other nonstockpile chem-
ical agents (32) and indicates that some pho-
todegradation may take place. Hydrolysis
may also occur in the gas phase (27).

Although Lewisite is only slightly soluble
in water [0.5 g/L (5)], hydrolysis is rapid and
results in the formation of the water-soluble
dihydroxy arsine (2-chlorovinyl arsonous
acid) (Table 10). Although most reviews state
that the hydrolysis is complex, with a num-
ber of reversible reactions resulting in the for-
mation of Lewisite oxide (5,9,27,232), the
equilibrium between Lewisite, Lewisite
oxide, and 2-chlorovinyl arsonous acid is not
a true equilibrium because no detectable
Lewisite or Lewisite oxide remains and the
solution becomes 100% 2-chlorovinyl arson-
ous acid (233):

Cl–CH=CH–AsCl2 + 2H2O ←→

Cl–CH=CH–As(OH)2 + 2HCl

Formation of Lewisite oxide (chlorovinyl
arsenous oxide) and polymerized Lewisite
oxide is essentially a dehydration reaction:

Cl–CH=CH–As(OH)2 ←→ H2O↑ +
Cl–CH=CH–AsO + (Cl–CH=CH–AsO)n

Once formed, Lewisite oxide and poly-
merized Lewisite oxide are relatively insoluble
in water. Once dry, the oxide will probably
not readily redissolve or form the acid in the
environment.

In basic solution, the trans-Lewisite iso-
mer is cleaved by the hydroxyl ion to give
acetylene and sodium arsenite; this occurs
even at low temperatures (5,9). cis-Lewisite
must be heated to over 40°C to react with
NaOH to yield vinyl chloride, sodium arsen-
ite, and acetylene (5). In aqueous solution,
the cis isomer undergoes a photoconversion
to the trans isomer (5). In water and in the
presence of oxidizers naturally present in the
environment, the toxic trivalent arsenic of
Lewisite oxide is oxidized to the less toxic
pentavalent arsenic (232). Regardless of the
degradation pathway, arsenical compounds
will ultimately be formed.

A Henry’s Law constant of 3.2 × 10-4 atm
× m3/mol for Lewisite indicates the potential
for significant volatilization from water.
However, the rapid rate of hydrolysis may
reduce the significance of this fate pathway.

Although the low water solubility of
Lewisite indicates intermediate persistence in
moist soil (2,10), Lewisite applied to soil may
rapidly volatilize and/or be converted to
Lewisite oxide through exposure to soil mois-
ture followed by drying (5). According to
Cooper (234), Lewisite is easily hydrolyzed in
soil, and minerals present in soil would

increase the degradation rate. Furthermore,
alkaline soils would neutralize Lewisite. In
soil, both Lewisite and Lewisite oxide may be
slowly oxidized to 2-chlorovinyl arsonic acid
(5). Suggested pathways of microbial degra-
dation in soil include epoxidation of the
C=C bond and reductive dehalogenation and
dehydrohalogenation (44). The latter path-
ways result in toxic metabolites because of
the epoxy bond and arsine group.

Of the Lewisite degradation products, 2-
chlorovinyl arsonous acid is water soluble
and nonvolatile (235). No data were located
on the presence or environmental persis-
tence of this compound at contaminated
sites. The log Kow of 2-chlorovinyl arsonous
acid is -0.07 (233). Also, little is known of
the stability of Lewisite oxide in the envi-
ronment. As noted above, the possibility
exists for oxidation of the oxide in soil to 2-
chlorovinyl arsonic acid. Conversion to
inorganic arsenic in soil may also take place
(5). According to Rosenblatt et al. (5) the
impurity, bis(2-chlorovinyl)arsine, is less
volatile than Lewisite.

Decontamination. Lewisite is readily oxi-
dized to 2-chlorovinyl arsonic acid by a vari-
ety of oxidants including hypochlorous acid,
hydrogen peroxide, chloramines, and iodine;
seawater also oxidizes Lewisite (5). As noted
above, trans-Lewisite is cleaved by alkalies to
give acetylene, arsonite (AsO3

3-), 3Cl-, and
water. This reaction is rapid and occurs even
at low temperatures (5,57). cis-Lewisite must
be heated to over 40°C to react with NaOH
to yield vinyl chloride, sodium arsenite, and
acetylene (5). Anhydrous Lewisite interacts
with chlorine to yield arsenic trichloride and
dichloroethylene (10).

Acute and chronic mammalian toxicity.
Lewisite has significant systemic toxicity in
addition to its blister-forming effects on skin
and its irritative effects on the eyes and respi-
ratory tract (2).

Under acidic conditions, Lewisite forms
the hydrolysis products 2-chlorovinyl arson-
ous acid and 2-chlorovinyl arsenous oxide
(Lewisite oxide). Because of the rapid con-
version of Lewisite to 2-chlorovinyl arsonous
acid upon contact with the human body, the
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Table 9. Toxicity of nitrogen mustard degradation products to aquatic species.

Concentration
Chemical Test species Test type (mg/L)

HN1 degradation products
N-ethyldiethanolamine Fish (Semolitus atromaculatus) 24-hr LC50 160–200
Diethanolamine Algae (Scendesmus subspicatus) 72-hr EC50 75

Crustacean (Daphnia magna) 48-hr LC50 55, 110
Fish (Pimephales promelas) 96-hr LC50 1,664

HN3 degradation products
Triethanolamine Algae (Sc. subspicatus) 48-hr EC50 62, 110

Crustacean (D. magna) 24-hr LC50 1,360–2,038
Fish (Carassius auratus) 24-hr LC50 > 5,000

Abbreviations: EC50, median effective concentration; HN1, ethylbis(2-chloroethyl)amine; HN3, tris(2-chloroethyl)amine;
LC50, median lethal concentration. Where multiple species were tested, representative data are listed. Data from
Verschueren (205). 

Table 10. Degradation products and impurities of Lewisite.

Name/synonyms Formula CAS no. Source

2-Chlorovinyl arsonous acid (CVA) C2H4AsClO2 85090-33-1 Hydrolysis of Lewisite
2-Chlorovinyl arsenous acid
2-Chloroethenyl arsonous acid
Dihydroxy(2-chlorovinyl)arsine
2-Chloroethenyl dihydroxyarsine
2-Chlorovinyl arsenous oxide C2H2AsClO 3088-37-7 Hydrolysis or dehydration of
2-Chlorovinyl arsenic oxide 2-chlorovinyl arsonous acid
2-Chlorovinyl arsine oxide
2-Chloroethenyl arsinic oxide
Lewisite oxide
Lewisite oxide polymer (C2H2AsClO)n Not available Polymer of Lewisite oxide
2-Chlorovinyl arsonic acid C2H4AsClO3 64038-44-4 Oxidation of Lewisite oxide
2-Chloroethenyl arsonic acid
Bis(2-chlorovinyl)chloroarsine C4H4AsCl3 40334-69-8 Impurity
Bis(2-chloroetheynl)dichloroarsine 50361-06-3
Lewisite 2
Tris(2-chlorovinyl)arsine C6H6AsCl3 40334-70-1 Impurity
Tris(2-chloroethenyl)arsine
Lewisite 3
Arsenic trichloride AsCl3 7784-34-1 Impurity

Data from Rosenblatt et al. (5), Franke (7), Clark (9), Goldman and Dacre (10), and Sanches et al. (34).



toxic properties of Lewisite may actually be
those of 2-chlorovinyl arsonous acid (235).
No further details on the toxicity of 2-
chlorovinyl arsonous acid were found. The
U.S. Army reported that Lewisite oxide has
vesicant properties, but provided no details
regarding its potency (228). Its acute toxicity
to the mouse by the subcutaneous route is
quite high, judging from the one available
data point, an LDLO of 5 mg/kg (75) (Table
11). We found no equivalent mouse data for
Lewisite for purposes of comparing lethali-
ties (228). In the absence of data, Bausum et
al. (190) considered using the proposed RfD
developed for Lewisite of 0.1 µg/kg/day
(237) for Lewisite oxide. The National
Academy of Sciences Committee on
Toxicology, Subcommittee on Chronic
Reference Doses for Selected Chemical
Warfare Agents, is considering this value and
the existing RfD for inorganic arsenic, 0.3
µg/kg/day (238), as the RfD for Lewisite
(19). Bausum et al. (190) recommended that
the RfD for inorganic arsenic of 0.3
µg/kg/day be used for Lewisite oxide.

We located only one toxicity value for
the oxidation product 2-chlorovinyl arsonic
acid. The rat oral LDLO of 50 mg/kg sug-
gests moderately high acute toxicity (Table
11). According to Rosenblatt et al. (5), the
impurity, bis(2-chlorovinyl)arsine, has a tox-
icity comparable to that of Lewisite.

No chronic toxicity data for Lewisite
degradation products were located. It is
unlikely that these compounds exhibit car-
cinogenicity, although there are no data spe-
cific to them. The Centers for Disease
Control (239) stated that “some evidence
suggests that Lewisite might also be a car-
cinogen.” However, Goldman and Dacre
(10) reviewed the potential carcinogenicity
of organic arsenicals including Lewisite and
contended that there is no persuasive evi-
dence for such activity.

No OSHA or ACGIH values are avail-
able for 2-chlorovinyl arsenous oxide and 2-
chlorovinyl arsonous acid. However, the
OSHA PEL-TWA of 0.5 mg (As)/m3 for
organic arsenic compounds (197) can be
applied to these compounds (240). No
ACGIH TLV is listed for organic arsenic
compounds (196).

Depending on environmental condi-
tions, various inorganic arsenic compounds

can be formed in the course of complete
Lewisite mineralization; inorganic arsenic
compounds are found in areas of past
Lewisite releases, although the limited quan-
tity of Lewisite present in the United States
suggests limited areas of risk. Aside from its
natural presence, arsenic may also be present
in the environment as a result of past use of
arsenical-containing herbicides such as
cacodylic acid. As noted, the RfD for inor-
ganic arsenic is 0.3 µg/kg/day (238). The
carcinogenicity of inorganic arsenic com-
pounds potentially formed during the degra-
dation of Lewisite is relevant to worker safe-
ty. The oral and inhalation slope factors are
1.5 and 50 per mg/kg/day, and the drinking
water unit risk is 0.00005/µg/L (238).

Ecotoxicity. Data on Lewisite are limited
to a few historical reports. In 30-day tests,
the thresholds for lethality for several aquatic
organisms were 0.2 mg/L (small black bull-
heads), 0.5 mg/L (bluegill sunfish), < 2.0
mg/L (largemouth bass), and 0.5 mg/L (tad-
poles) (198). In Lewisite solutions allowed to
stand for 30 or 50 days, there was an
increase in the survival rate of tested organ-
isms (241), indicating a lower toxicity for
the hydrolysis/oxidation products. In anoth-
er study, sunfish exposed to 6.5 mg/L
Lewisite for 24 hr showed signs of stress, but
there were no deaths (242). No further
details were available. Buswell et al. (198)
compared the toxicity of Lewisite to that of
arsenite (NaAsO2) and found that the 30-
day lethality threshold of arsenite for black
bullheads was much greater (25 mg/L).

Buswell et al. (198) tested the toxicity of
Lewisite in a variety of phytoplankton and
aquatic plants (water milfoil, parrot’s feather,
and water crowfoot) in static 30-day tests at
concentrations of 5 and 50 mg/L. At 5 mg/L,
Lewisite inhibited the growth of the phyto-
plankton, and the water milfoil and water
crowfoot died; at 50 mg/L, all plants died
(198). Lewisite vapor is extremely phytotoxic
and has been implicated in the death of vege-
tation in Lewisite shell target areas (243).

Few data were located on the ecotoxicity
of degradation products. 2-Chlorovinyl arson-
ic acid was considerably less toxic to aquatic
organisms than Lewisite, with only a slight
toxic effect (not described) at 200 ppm (241).
Hydrolysis of Lewisite results in arsenical
compounds that persist in the environment;

arsenic bioaccumulates through food chains
(244), whereas Lewisite does not (5).

Nerve Agents

The nerve agents are alkylphosphonic acid
esters. They are generally divided into V
agents, primarily VX, and G agents, princi-
pally GA, GB, and GD. V agents such as
VX contain a sulfur and are alkylphospho-
nothiolates. GA contains a cyanide group;
GB and GD, which contain a fluorine sub-
stituent group, are methylphosphonofluori-
date esters. These nerve agents contain a
C–P bond that is almost unique, e.g., it is
not found in organophosphate pesticides;
the C–P bond is very resistant to hydrolysis.
The chemical names, CAS No, and chemical
and physical properties of the nerve agents
are listed in Table 1.

All of the nerve agents are viscous liq-
uids; however, the V agents tend to be per-
sistent on surfaces, whereas the G agents are
volatile and present a vapor hazard. The
agents also differ in water solubility, with
GA and GB being miscible with water and
VX and GD being less soluble. Hydrolysis
rates of the nerve agents also differ, with the
slowest being VX. Under ideal storage con-
ditions, GA and GB are fairly stable when
stored in steel containers; GD is less stable
than GA and GB. VX is considered relatively
stable at room temperature (11).

VX
VX is present in missiles and projectiles at
seven army depots or arsenals in the United
States and is stored in ton containers at
Tooele Army Depot, Johnston Island in the
Pacific Ocean, and the Newport Chemical
Activity in Newport, Indiana (25,245). VX is
also present at eight nonstockpile sites in six
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Table 11. Effects of acute exposure to Lewisite degradation products. 

Degradation product
(formula; CAS no.) LD50 LDLO Other effects

Chlorovinyl arsenous oxide Mouse: subcutaneous, Irritant, vesicant (229)
(C2H4AsClO; 3088-37-7) 5 mg/kg (75)
(Lewisite oxide)

2-Chlorovinyl arsonic acid Rat: oral, 50 mg/kg (236)
(C2H4AsClO3; 64038-44-4)

Abbreviations: LD50, median lethal dose; LDLO, lowest lethal dose.



states (230,231). VX is usually formulated
with 1–3% of the stabilizers diisopropyl car-
bodiimide or dicyclohexyl carbodiimide to
protect it against decomposition by trace
amounts of water. A combination of methods

is usually required to characterize the degrada-
tion products of VX; these methods include
gas or liquid chromatography combined with
mass spectrometry and nuclear magnetic reso-
nance spectroscopy.

Formation of degradation products.
Agent VX is a persistent, odorless, amber-col-
ored liquid. VX is less volatile (10.5 mg/m3

at 25°C) than the G agents and does not
evaporate readily. A Henry’s Law constant of
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Table 12. Degradation products, impurities, and stabilizers of O-ethyl-S-[2-(diisopropylamino)ethyl]methylphosphonothioate (VX).

Name/synonyms Formula CAS no. Source

Ethyl methylphosphonic acid (EMPA) C3H9O3P 1832-53-7 Hydrolysis of VX
Ethyl hydrogen methylphosphonate

Diisopropyl ethyl mercaptoamine C8H19NS 5842-07-9 Hydrolysis of VX
Diisopropylamino ethyl mercaptan (DESH, DIAEM)
Diisopropylaminoethyl thiol
2-(Diisopropylamino) ethane thiol

S-(2-Diisopropylaminoethyl) methylphosphonothioic acid C9H22NO2PS 73207-98-4 Hydrolysis of VX
S-(2-Diisopropylaminoethyl) methylphosphonothioate
Diisopropylaminoethyl methyl thiolophosphonate
EA 2192

Bis(2-diisopropylaminoethyl) sulfide ([DE2]S) C16H36N2S 110501-56-9 Reaction of DESH with ethyleneimmonium ion
N,N´-Thiodi-2,1-ethanediyl)bis(N-(1-methylethyl)-2-propanamine
VX sulfide

Bis(2-diisopropylaminoethyl) disulfide ([DES]2) C16H36N2S2 65332-44-7 Dimerization of DESH
N,N´(Dithio-2,1-ethanediyl)bis(N-(1-methylethyl)-2-propanamine Air oxidation of DESH
VX disulfide
EA 4196

Ethyl methylphosphonothioic acid C3H9O2PS 18005-40-8 Hydrolysis of VX, VX precursor for some processes
O-Ethyl methylphosphonothioate
O-Ethyl methylthiophosphonate

2-Diisopropylaminoethanol C8H19NO 96-80-0 Hydrolysis of VX
N,N-Diisopropylamino ethanol

Methylphosphonic acid (MPA) CH5O3P 993-13-5 Hydrolysis of EMPA
Bis[S,S-(2-diisopropylaminoethyl)]methylphosphonodithiolate “Bis” C17H39N2OPS2 169493-13-4 Impurity formed during manufacture

S,S-Bis{2-[bis(1-methylethyl)amino]ethyl}methylphosphono dithioic acid
Diisopropylaminoethyl sulfide C8H19NS NA Present in ton containers 
2-(Diisopropylamino) ethyl ethyl sulfide C10H23NS NA Present in ton containers
Diethyl methylphosphonate C5H13O3P 683-08-9 Present in ton containers, degradation product 

O,O-Diethyl methylphosphonate and impurity
1-(2-Chloroethyl)-1,4 dithianium chloridea C6H12ClS2•Cl 30843-67-5 Present in ton containers

1-(2-Chloroethyl)-1-thiona-4-thiane chloride
Q-Sulfonium

1,2-Bis(ethyl methylphosphonothiolo) ethane C8H18O4P2S2 NA Present in ton containers
O-(2-Diisopropylaminoethyl) O´-ethyl methylphosphonate C11H26NO3P 71840-26-1 Present in ton containers

2-[Bis(1-methylethyl)amino]ethyl methylphosphonic acid
O-Ethyl S-2-(diisopropylamino)ethyl methylphosphonothioate C11H26NO2PS 50782-69-9 Present in ton containers

Present in stored glass container
O,O-Diethyl dimethylpyrophosphonothioate NA NA Present in ton containers
O,O-Diethyl methylphosphonothioate C5H13O2PS 6996-81-2 Present in ton containers
O-Ethyl methylethylphosphinate NA NA Present in ton containers
Diethyl dimethyl pyrophosphonate (pyro) C6H16O5P2 32288-17-8 Impurity, anhydride of EMPA, present in ton containers

Diethyl dimethyldiphosphonate
O,S-Diethyl methylphosphonothioate C5H13O2PS 2511-10-6 Impurity, present in ton containers
N,N-Diisopropylmethylamine C7H17N 10342-97-9 Present in ton containers
N,N-Diisopropylethylamine C8H19N 7087-68-5 Present in ton containers
2-Diisopropylamino ethyl vinyl sulfide NA NA Impurity, present in ton containers
O,O´-Diethyl P,P ´dimethyldiphosphonothioate C6H14O4P2S NA Impurity, present in ton containers
N-Chloroisopropylamine C3H8ClN 26245-56-7 Reaction with hypochlorite
N-Chlorodiisopropylamine C6H14ClN 24948-81-0 Oxidation with hypochlorite (supertropical bleach)
Diisopropylamine C6H15N 108-18-9 Present in ton containers, reaction with hypochlorite
Diisopropyltaurine C8H19NO3S 66263-86-3 Reaction with chlorine gas, oxidation with Oxone,

decontamination with Fichlorb

Diisopropyl carbodiimide C7H14N2 693-13-0 Stabilizer
Dicyclohexyl carbodiimide C13H22N2 538-75-0 Stabilizer

N,N´-Methanetetraylbiscyclohexaneamine
1,3-Diisopropylurea C7H16N2O 4128-37-4 Hydrolysis of diisopropyl carbodiimide

N,N´-Diisopropylurea
N,N´Bis-(1-methylethyl) urea

N,N´-Dicyclohexylurea C13H24N2O 2387-23-7 Hydrolysis of dicyclohexyl carbodiimide  
1,9-Bis(diisopropyl amino)-3,4,7-trithianonane C18H40N2S3 110501-59-2 Present in stored glass containers

Supercritical water oxidation of VX
Mono (2-ethylhexyl) ester hexanedioic acid C14H26O4 4337-65-9 Supercritical water oxidation of VX

NA, not available. Data from Clark (9), Rosenblatt et al. (13), the National Research Council (21), Amr et al. (23), MacNaughton and Brewer (27), Kingery and Allen (28), Epstein et al. (248),
Rohrbaugh (249), D’Agostino et al. (250).
aIsolated as chloride salt; CAS no. of parent compound is 199982-97-3. bOxone manufactured by DuPont (Newark, DE); Fichlor manufactured by Aldrich Chemical Company (Milwaukee, WI).



3.5 × 10-9 atm × m3/mol (8) indicates that
VX is essentially nonvolatile from water. VX
is moderately persistent on bare ground and
may remain in significant concentrations for
2–6 days, depending on temperature, organic
carbon content of the soil, and moisture
(246). In reviewing field and closed container
studies of VX persistence, Small (8) estimated
that 90% of initially applied VX in soil
would be lost in ≤ 15 days. In the laboratory,
unstabilized VX of 95% purity decomposed
at a rate of 5%/month at 22°C (247).

The U.S. Army has conducted a sam-
pling and analysis of ton containers of VX
stored at the Newport Chemical Activity
[(245); reviewed by the NRC [21] and Amr
et al. (23)]. According to the NRC (21), the
VX stored at Newport is 90.5–94.8% pure.
It was formulated with 1–3% of the stabilizer
diisopropyl carbodiimide to protect it against
decomposition from trace amounts of water.
During the ensuing 30–40-year storage peri-
od, the stabilizer has hydrolyzed, but most of
the nerve agent remains intact. Compounds
present in ton containers, as identified by gas
chromatography, are listed in Table 12.

Rohrbaugh (249) identified the follow-
ing impurities in a stored ton container of
VX (identification was by direct gas chro-
matography-mass spectrometry analysis):
diisopropylamine (0.7%), O,O-diethyl
methylphosphonate (0.6%), O,O-diethyl
methylphosphonothioate (0.4%), 2-(diisopro-
pylamino) ethane thiol (1.4%), O,S-diethyl
methylphosphonothioate (0.6%), 2-(diisopro-
pylamino)ethyl vinyl sulfide (0.1%), 2-
(diisopropylamino)ethyl ethyl sulfide (0.2%),
O,O-diethyl dimethylpyrophosphonate
(1.6%), O,O-diethyl dimethylmonothiono-
pyrophosphonate (0.3%), dicyclohexyl
carbodiimide (3.4%), O-ethyl S-2-(diisopro-
pylamino)ethyl methylphosphonodithioate
(0.04%), bis[2-(diisopropylamino)ethyl]

sulfide (2.0%), and bis(2-diisopropylami-
noethyl) disulfide (0.5%). Bis(S,S-(2-(diiso-
propylamino)ethyl) methylphosphonodithi-
olate (0.8%) and O-ethyl methylphospho-
nothioic acid (0.2%) were detected by 31P
nuclear magnetic resonance. One of these
compounds, O-ethyl methylphosphonothioic
acid, was identified in a soil sample following
the destruction of a plant in Khartoum,
Sudan, where intelligence sources said VX
was being made (251). O-Ethyl methylphos-
phonothioic acid is a VX precursor for some
processes. 

D’Agostino et al. (250) previously iden-
tified many of the same compounds (present
in the ton containers) in a glass container of
VX that had been stored for > 10 years.
Additional impurities were tentatively iden-
tified by combined capillary column gas
chromatography–mass spectrometry under
both electron impact and chemical ioniza-
tion conditions. D’Agostino et al. (252) then
characterized a number of novel polar and
higher molecular weight degradation prod-
ucts by liquid chromatography/electrospray
mass spectrometry, including phosphorus
compounds containing a P–CH3 bond, long
chain bis(diisopropylamino)thiaalkanes, and
urea stabilizers. 

VX is soluble in water, 30 g/L at 25°C
(8), and is relatively resistant to hydrolysis
(7). The reported half-life in water at 25°C
and pH 7 ranges from 17 to 42 days (9).
Hydrolysis proceeds by several pathways,
producing a variety of degradation products
(9,13,27,28,248) (Figure 2 and Table 12). At
pH values of < 6 and > 10, cleavage of the
P–S bond predominates, resulting in forma-
tion of ethyl methylphosphonic acid (EMPA)
and diisopropylethyl mercaptoamine
(DESH). The latter compound can be oxi-
dized to bis(2-diisopropylaminoethyl) disul-
fide (EA 4196) or react with the diisopropyl

ethyleneimmonium ion (CH2)2N + (C3H7)2
to form bis(2-diisopropylaminoethyl) sulfide.
In a solution of 0.01 M VX and aqueous 0.1
M NaOH, VX was hydrolyzed to EMPA
and S-(2-diisopropylaminoethyl) methyl-
phosphonothioic acid (EA 2192) ions in a
ratio of 87% to 13%, respectively; under
these conditions, the half-life of VX was 31
min (253).

At neutral and alkaline pH values
(7–10), the above pathway competes with
dealkylation of the ethoxy group (cleavage of
the C–O bond), the latter pathway yielding
the environmentally stable EA 2192 and
ethanol. Although methylphosphonic acid
(MPA) can theoretically be formed slowly by
hydrolysis of EMPA, it has not been demon-
strated to occur in aqueous solutions (28).
However, Verweij and Boter (254) reported
the isolation of MPA from VX-contaminat-
ed soil. The sulfur-containing products such
as EA 2192 are relatively stable in water
(255); no degradation of EA 2192 was
observed after 1,000 hr in distilled water
(256). The disulfide is also extremely stable
in the environment (257). Cleavage of the
S–C bond may also occur, forming ethyl
methylphosphonothioic acid, 2-diisopropy-
laminoethanol, and diisopropyl ethyleneim-
monium ion (248,258). According to the
NRC (21), the impurity, bis, present in ton
containers would also hydrolyze to EA 2192. 

In another study, Szafraniec et al. (256)
observed the hydrolysis of 0.5% VX in
unbuffered solution at 21°C. Hydrolysis
occurred by all three of the above pathways;
the reactions were independent of pH. The
principal product was EA 2192 (49.4 mol
percent). The overall half-life was 57.3 hr.

Laboratory and field studies on the fate
of nerve agents in soil indicate that disap-
pearance results from a combination of
processes including evaporation, hydrolysis,
and microbial degradation. Soil types and
properties and the presence/amount of soil
moisture and bacteria greatly influence the
rate of degradation. Field and closed-con-
tainer studies indicate that approximately
90% of VX is lost from soil in 15 days (8).

In addition to VX, the degradation prod-
ucts diethyl methylphosphonate (an impuri-
ty and degradation product) and EA 4196
were identified when soil was spiked with
VX in the laboratory and analyzed over a 1-
month period. Trace levels of other degrada-
tion products were also present (34).

Verweij and Boter (254) and Kaaijk and
Frijlink (259) reported rapid degradation of
VX with formation of EMPA and DESH.
After 1 day, the applied VX concentration of
0.2 mg/g soil decreased to 22% in humic
sand and 2% in humic loam and clayey peat.
Only 0.1% of applied VX was detectable in
all soils after 3 weeks. The half-life of EMPA
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Figure 2. Primary hydrolysis pathways of O-ethyl-S-[2-(diisopropylamino)ethyl]methylphosphonothioate
(VX) in the environment.
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was 8 days; the degradation product was
MPA. When EMPA was applied to humic
sand, approximately 40% hydrolyzed to
MPA in 1 day and 80% hydrolyzed in 12
days (254). Of the sulfur-containing com-
pounds, only EA 4196 was identified; this
compound was tightly bound to the soil
(259). Binding of the metabolites but not
the parent compound correlated positively
with the amount of organic matter in the
soil. Small (8) pointed out that VX degrada-
tion products sorb to soil depending on the
soluble organic carbon content of the soil.
Diethyl dimethylpyrophosphonate may also
be formed from EMPA in soil (8).

In field studies conducted at Carroll
Island, Maryland (8), VX sprayed on soil
decreased by about three orders of magni-
tude within 17–52 days. In an area of field
tests at Dugway Proving Ground, where soil
levels before 1969 were as high as 6 mg/g,
no VX was detected (detection limit 0.4
µg/g) 10 years later. The degradation prod-
uct, MPA, was detected at concentrations
ranging from 14.9 to 23 µg/g and was dis-
tributed uniformly through a 120-cm depth.

Small (8) compiled physical properties
that pertain to the environmental fate of sev-
eral of the major degradation products
(Table 13). EA 2192, a white solid at ambi-
ent temperature, is both infinitely soluble
and extremely stable in water at neutral and
alkaline pHs (255,256). It is more stable to
hydrolysis than VX: in a solution of 0.1 N
NaOH and temperature of 25°C, no signifi-
cant hydrolysis occurred within 12 days. A
log Koc of 1.90 (8) indicates a low potential
to adsorb to soil. A low log Kow (8) indicates
little potential to bioaccumulate. Its vapor
pressure is extremely low (13).

EMPA is resistant to hydrolysis but, as
noted above, disappears fairly rapidly from
soil. Kingery and Allen (28) listed degrada-
tion rate constants in water and soil of 2.4 ×
10-10 and 3.6 × 10-3 (per hour at 25°C),
respectively. The data in Table 13 indicate a
high water solubility and a low volatility.

MPA is stable in the environment because
it is resistant to hydrolysis, photolysis, and
thermal decomposition (34,263). The rate of
disappearance of MPA in environmental
media is controlled by biodegradation (28);
however, the C–P bond is resistant to cleav-
age (263). Based on a Henry’s Law constant
of 1.22 × 10-11 atm × m3/mol at 25°C, MPA
is not expected to volatilize from water or
moist soils. An estimated vapor pressure of >
2 × 10-6 mmHg indicates that MPA may
exist in very small amounts in the particulate
and vapor phases in the atmosphere (263).
MPA has been predicted to be infinitely solu-
ble in water and highly mobile in soils [log
Koc of 0.15; (8)]. At environmentally relevant
pH values (pH 5–9), MPA, EMPA, and ethyl

methylphosphonothioic acid will be highly
dissociated in water (263) (pKa values are pre-
sented in Table 13). Based on a low log Kow
of -2.28, MPA is not expected to bioconcen-
trate in aquatic organisms. MPA may be
released to the environment during its use as a
chemical warfare simulant and during manu-
facture of a variety of structurally similar com-
pounds (263). It may also be released to the
environment from degradation of pesticides
such as O,O-bis(2,4,5-trichlorophenyl)
methylphosphonate and flame retardants such
as dimethyl methylphosphonate, Fyrol 58
(Akzo Nobel, Gallipolis Ferry, OH), and
Antiblaze 19 (Albright & Wilson, Richmond,
VA) (263). 

Decontamination. VX undergoes water
and hydroxyl ion-catalyzed hydrolysis but is
not subject to acid-catalyzed hydrolysis (13).
Thus, the proposed neutralization technology
for agent VX, although similar to that for
agent HD, uses alkaline rather than neutral-
to-acidic conditions (21). Neutralization with
aqueous NaOH at 90°C for 6 hr and oxida-
tion of the hydrolysate with dilute sodium
hypochlorite solution (21) should be followed
by either on-site or off-site supercritical water
oxidation (22). The hydrolysate from NaOH
treatment has been characterized and
includes the following degradation products:
EMPA, MPA, diisopropylaminoethane thiol,
bis(diisopropylaminoethyl) disulfide, bis-
(diisopropylaminosulfide), 1,9-bis(diiso-
propylamino)-3,4,7-trithianonane, other
diisopropylaminoethane compounds, N,N´-
methanetetrayl bis(cyclohexanamine), and
mono(2-ethylhexyl)ester hexanedioic acid
(264). EMPA and diisopropylaminoethane
thiol were the major components.

Bleach and Fichlor (N,N-dichloroisocya-
nurate; Aldrich Chemical Company,
Milwaukee, WI) effectively oxidize/detoxify
VX, forming EMPA and a sulfonic acid (29).
MPA can be oxidized to phosphoric acid, car-
bon dioxide, and water in the presence of
hydrogen peroxide, oxygen, and UV light
(265). No intermediates were formed in the

case of MPA. In aqueous or aqueous polar
organic solvents, VX is rapidly oxidized by
strong peroxyacids such as the peroxymono-
persulfate in oxone, magnesium monoper-
oxyphthalate, peroxyacetic acid, and m-
chloroperoxybenzoic acid (266). Nucleophilic
substitution with P–S bond cleavage takes
place with aqueous peroxycarbonate. These
and additional neutralization reactions for VX
were summarized by Yang (266,267).

In reviewing the studies of Yang et al.
(258) and others, Rosenblatt et al. (13) sug-
gested that under strongly basic conditions
with an alcoholic solvent, P–S cleavage is
favored and VX could be decontaminated
without the formation of EA 2192.
Perhydrolysis of VX (substitution with 
HO2

-) is extremely rapid and also proceeds
without the formation of EA 2192 (253).
The stabilizer diisopropylcarbodiimide
and/or its hydrolysis product 1,3-diiso-
propylurea are oxidized by supertropical
bleach to N-chloroisopropylamine (8).

Acute and chronic mammalian toxicity.
The organophosphate nerve agent VX is a
potent anticholinesterase agent that can act
by dermal, oral, or inhalation routes of expo-
sure. Some signs and symptoms of exposure
include miosis, nausea, tightness in the
chest, increased salivation and sweating, and
lacrimation. In sufficient concentrations VX
causes death by compromising respiration (it
causes copious secretions, paralyzes the respi-
ratory muscles, and inhibits the respiratory
center of the brain) (1). The anticholinester-
ase mechanism of action of organophospho-
nic acids such as VX is due to the oxo (=O)
group, but is also influenced by the presence
of alkyl substituents. Thus, initial degrada-
tion products may retain some anti-
cholinesterase activity, but hydrolysis of one
or more alkyl ester bonds of organophospho-
nic acids results in the generally nontoxic
alkyl methylphosphonic acids.

As with HD, hydrolysis of VX gives rise
to many degradation products, depending
on the pH and temperature of the medium.
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Table 13. Physical properties of O-ethyl S-[2-(diisopropylamino)ethyl]methylphosphonothioate (VX) degra-
dation products.a

Water solubility pKa Vapor pressure
Compound (mg/L) log Kow log Koc (25°C) (mmHg)

Ethyl methylphosphonic acid 1.8 × 105 -1.15 0.75 2.00, 2.76b 3.6 × 10-4

S-(2-Diisopropylaminoethyl) Infinitely soluble 0.96 1.90 11.05 ND
methylphosphonothioic acid 

Bis(2-diisopropylaminoethyl) sulfide 1.2 4.47 3.81 ND 2.7 × 10-7

Bis(2-diisopropylaminoethyl) disulfide 9.5 3.48 3.28 ND 5.9 × 10-9

Ethyl methylphosphonothioic acid 1.1 × 103 1.26 2.06 1.85 4.3 × 10-2

Diisopropylaminoethanol 1.5 × 103 1.08 1.96 10.08c 1.8
Methylphosphonic acid > 1.0 × 106 -2.28 0.15 2.38 2 × 10-6d

Diethyl dimethylpyrophosphonate > 1.0 × 106 -2.12 0.23 ND ND

Abbreviations: Log Koc, log organic carbon partition coefficient, an estimate of the tendency of a chemical to adsorb to
the organic carbon phase in soil or sediment; Log Kow, log octanol/water partition coefficient, an estimate of a chemi-
cal’s tendency to bioaccumulate in organisms; ND, no data.
aModified from Small (8) except where otherwise indicated. bData from Bossle et al. (260). cEstimated from the
Hazardous Substances Data Base (261). dData from Howard and Meylan (262).



Little is known about the toxicity of most of
these hydrolysis products, although one or
more retain anticholinesterase activity (e.g.,
EA 2192). The VX degradation products for
which acute toxicity data could be located
are listed in Table 14. No information was

located on the chronic toxicity of any VX
hydrolysis product. Other long-term effects
and mutagenicity and reproductive effects
are summarized in Table 15.

In the absence of an adequate database to
calculate safe levels for chronic exposures to

VX degradation products and impurities, the
U.S. Army Center for Health Promotion and
Preventive Medicine has estimated RfD and
RfC values using data from structurally relat-
ed compounds and/or QSAR using TOP-
KAT software (298). RfCs were calculated
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Table 14. Effects of acute exposure to O-ethyl S-[2-(diisopropylamino)ethyl] methylphosphonothioate (VX) degradation products, stabilizers, and impurities. 

Degradation product
(formula; CAS no.) LD50 or LC50 LDLO or LCLO Other effects

VX hydrolysis
Diisopropyl ethyl Mouse: ip, 5 mg/kg (268)

mercaptoamine (DESH)
(C8H19NS; 5842-07-9)

S-(Diisopropylaminoethyl) methyl Rat: oral, 630 µg/kg (256) 
phosphonothionate (EA 2192) Rat: iv, 18 µg/kg (256)
(C9H22NPO2S; 73207-98-4) Mouse: iv, 50 µg/kg (269) 

Rabbit: iv, 0.017 mg/kg (258)  
Rabbit: iv, 12 µg/kg (269) 

2-Diisopropylaminoethanol Rat: oral, 860 mg/kg (270) Rabbit: skin irritant, severe corrosive (270)
(C8H19NO; 96-80-0) Rat: oral, 1,070 mg/kg (70) Rabbit: skin irritant, mild (70) 

Mouse: oral, 770 mg/kg (270) Rabbit: skin irritant, 500 mg open,
Rabbit: skin, 450 µL/kg (70) mild (271)
Rat: inhalation, 1,965 mg/m3/6 hr (270) Rabbit: eye irritant, 750 µg open, severe 
Mouse: inhalation, 1,661 mg/m3/6 hr (270) (70) 

Diethyl methylphosphonate Mouse: ip, 2,240 mg/kg (272) 
(C5H13O3P; 683-08-9)

Methylphosphonic acid (MPA) Rat: oral, 5,000 mg/kg (273) Human: skin and eye irritant (274) 
(CH5O3P; 993-13-5) Mouse: oral, > 5,000 mg/kg (273) 

Diethyl dimethyl pyrophosphonate Rabbit: skin, 7.1 mg/kg (258) 
(C6H16P2O5; 32288-17-8)

O,S-diethyl methylphosphonothioate Rat: oral, 6.0 mg/kg (275) 
(C5H13O2PS; 2511-10-6) Dog: iv, 5,620 µg/kg (276) 

Mouse: iv, 1 mg/kg (276) 
Rabbit: iv, 2,480 µg/kg (276) 

VX decontamination, impurity in ton containers
Diisopropylaminea Rat: oral, 770 mg/kg (70) Rat: inhalation, 4,800 mg/m3/2 hr (127) Human: vision disturbances, nausea and 

(C6H15N; 108-18-9) Mouse: oral, 2,120 mg/kg (279)  Rat: inhalation, < 2,200 ppm/3 hr; headache, 25–50 ppm (277,278) 
Rabbit: oral, 4,700 mg/kg (279) > 777 ppm/7 hr (280) Several species: cloudy swelling of 
Guinea pig: oral, 2,800 mg/kg (279) Mouse: inhalation, 4,200 mg/m3/2 hr (127) corneal epithelium, > 600 ppm (277) 
Rabbit: skin, > 10 g/kg (282) Cat: inhalation, 2,207 ppm/72 min (277) Rabbit: mild skin irritant, 500 mg/24 hr

(110) 
Rabbit: inhalation, 2,207 ppm/2.5 hr (277) Guinea pig: severe skin irritant, 
Guinea pig: inhalation, 2,207 ppm/82 min 3 weeks (281) 

(277) Rabbit: severe eye irritant, 750 µg open
(70)

VX stabilizers and decontaminant products
Diisopropylcarbodiimide Mouse: iv, 36 mg/kg (283) Human: severe eye irritation, temporary 

(C7H14N2; 693-13-0) blindness (284) 

Dicyclohexylcarbodiimide Rat: oral, ~ 400 mg/kg (285) Guinea pig: skin, moderate irritant (285) 
(C13H22N2; 538-75-0) Mouse: oral, > 800 mg/kg (285) Rabbit: eye, severe irritant (285)

Guinea pig: dermal, 1–5 drops (285) Rat: inhalation, lung inflammation, focal 
Rat: inhalation, 0.159–0.417 mg/L (285) atrophy of stomach, liver necrosis,

testicular atrophy (285) 

Chloroformb Rat: oral, 908 mg/kg (83) Human: oral, 2,514 mg/kg (84) Human: eye, pain, irritation, and 
(CHCl3; 67-66-3) Mouse: oral, 36 mg/kg (88) Human: inhalation, 10 ppm/year (89) anesthesia, central nervous system

Dog: oral, 1 g/kg (90) Human: inhalation, 1,000 mg/m3/7 min (76) depression, death from cardiac or
Guinea pig: oral, 830 mg/kg (92) Human: inhalation, 5,000 mg/m3/7 min (93) respiratory arrest; liver and kidney
Rat: inhalation, 47.7 mg/m3/4 hr (94)  Dog: inhalation, 100 g/m3 (95) damage (85–87)
Rabbit: dermal, > 20 g/kg (96)  Cat: inhalation, 35,000 mg/m3/4 hr (93) Rabbit: skin, irritant, 10 mg/24 hr (76)

Guinea pig: inhalation, 20,000 ppm/2 hr (97) Rabbit: eye irritant, 148 mg (91)
Rabbit: inhalation, 59 g/m3 (95)
Rat: inhalation, 8,000 ppm/4 hr (76)
Mouse: inhalation, 28 g/m3 (85)
Human: 546 mg/kg (98)

Abbreviations: ip, intraperitoneal; iv, intravenous; LC50, median lethal concentration; LCLO, lowest lethal concentration; LD50, median lethal dose; LDLO, lowest lethal dose.
aDiisopropylamine is a potential product of VX decontamination with supertropical bleach, resulting from reaction with the hypochlorite constituent. bChloroform is another possible
product of VX decontamination with supertropical bleach.



from the corresponding RfDs. These provi-
sional RfDs and RfCs for 25 degradation
products, impurities, and stabilizers are listed
in Table 16. These values are provisional
and, therefore, subject to change.

EA 2192, one of the initial VX hydrolysis
products formed between pH 7 and 10, has
anticholinesterase activity similar to VX. Its
intravenous toxicity is somewhat lower
(0.24–0.825 that of VX, depending on the
species) but approximately equivalent to VX
(Table 14) (255). However, its oral lethality
of 630 µg/kg in the rat (255) is only 0.1–0.2
that of liquid VX in the same species [VX
oral LD50 of 100 µg/kg (228) or 66 µg/kg,
(299)]. Furthermore, EA 2192 was without
effect when dissolved in water or alcohol and
applied to the clipped backs of rabbits (for up
to 24 hr in water solution). Only when dis-
solved in di-n-hexylamine did it penetrate the
skin and produce lethality (255). Another
source gives a rabbit dermal LD50 of 1.4
mg/kg without specifying the vehicle (15).
This is ≤ 0.02 times that of VX in the rabbit
(228). Rosenblatt et al. (13) considered EA
2192 insufficiently volatile to be an inhala-
tion hazard. Thus, in environmentally rele-
vant situations, EA 2192 is not absorbed
through the skin and not likely to be inhaled;
only the oral route of exposure remains a
concern. It is not clear whether EA 2192 is
sufficiently persistent in the environment to
be of concern. Under laboratory conditions
this compound can attain concentrations of
approximately 40% in a hydrolysate mixture
at pH 7.2 (6,27). However, it is expected to
be totally destroyed by the proposed hot
alkaline hydrolysis disposal process for VX
(21). In view of the iv toxicity of EA 2192,
Bausum (298) proposed that an RfD for EA
2192 be based on the interim RfD for VX of
0.0006 µg/kg/day [Table 16 (19)], which
was derived from a sheep lowest-observed-
adverse-effect level (LOAEL) of 0.06
µg/kg/day for whole blood cholinesterase
inhibition. This RfD should be protective in
view of the lesser EA 2192 toxicity by either
oral or dermal routes.

Although information is limited about
other VX hydrolysis products, none display
the high acute toxicity of EA 2192, and
most for which information is available can
be characterized as having low-to-moderate
acute lethality. Diisopropyl ethyl mercap-
toamine, for example, has an ip LD50 value
of 5 mg/kg in the mouse in the one available
study (268) (Table 14); the LD50 for VX is
0.038 mg/kg by the same route (228). No
toxicity data were found for EMPA, but it is
structurally similar to isopropyl methylphos-
phonic acid (IMPA) and it may be expected
to have the same low-to-moderate toxicity as
IMPA and MPA (Table 14). A QSAR-based
rat oral LD50 value of 65 mg/kg has been

estimated for EMPA (298). Bausum et al.
(190) estimated an RfD for EMPA of 25
µg/kg/day based on the rat subchronic
NOAEL of 279 mg/kg/day for the related
compound IMPA and the addition of several
uncertainty factors (Table 16). Limited data
for MPA suggest low oral toxicity in the rat
and mouse, with LD50 values of ≥ 5,000
mg/kg [Table 14; (273)]. MPA is considered
a human skin and eye irritant (274), although
no regulatory levels have been established.
Using TOPKAT, a preliminary QSAR-based
estimate for the rat chronic LOAEL was 566
mg/kg/day [lower confidence limit = 123
mg/kg/day; (190,298)]. Bausum (298) based
a provisional RfD estimate for MPA of 57
µg/kg/day on the QSAR-derived LOAEL.
However, a preferred RfD value for MPA of

20 µg/kg/day was derived from the subchron-
ic rat NOAEL of 279 mg/kg/day for the
closely related compound IMPA (190).

The hydrolysis product 2-diisopropy-
laminoethanol causes mild skin irritation
and severe eye irritation in rabbits and is
moderately toxic in acute animal studies by
several routes of exposure (Table 14).
Another hydrolysis product, diethyl methyl-
phosphonate, appears to have moderately
low acute toxicity in mice exposed by ip
injection (LD50 = 2,240 mg/kg), although
only one value was located (Table 14).

VX impurities such as O,S-dialkyl
alkylphosphonothioate esters have an anti-
cholinesterase mechanism of action and high
acute toxicity. The oral LD50 of O,S-diethyl
methylphosphonothioate for the rat is 6.0
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Table 15. Carcinogenicity, genotoxicity, reproductive toxicitya, and systemic effects of chronic exposure to
O-ethyl S-[2-(diisopropylamino)ethyl] methylphosphonothioate (VX) degradation products and stabilizers.

Degradation product
(formula; CAS no.) Carcinogenicity Genetic effects Systemic effects

VX decontamination
Diisopropylamineb Mutagenicity: negative, Guinea pig: sensitizer,

(C6H15N; 108-18-9) Ames (224) negative (281) 
Mutagenicity: questionably

positive, Ames, 1 µg/plate
(278, 286) 

DNA repair: negative, rat
hepatocyte primary culture
assay (281)

Chloroformc Probable human carcinogen Mutagenicity: Ames, Human: hepatomegaly,
(CHCl3; 67-66-3) (142,143) negative (144) fatty liver degeneration,

Rat: positive (87) Mutagenicity: yeast, toxic hepatitis (87)
Mouse: positive (87) positive (146) Human: central nervous
Rat: positive, Mutagenicity: mouse, system, psychiatric, 

mouse: negative (150) positive (145) neurologic effects
Chromosome effects: (148)

human lymphocytes, 
negative (151)

SCE: in vitro, low or 
negative (152–154)

SCE: mouse, in vivo, 
positive (154)

Micronucleus: negative (155)
Delayed cell cycle: human

lymphocytes, positive (154)
VX stabilizers

Diisopropylcarbodiimide Carcinogenicity: negative, Mutagenicity: negative, Human: contact 
(C7H14N2; 693-13-0) 20-week prechronic studies, Ames (289) allergen (290)

female mice (287,288) Cytogenicity: negative, Mouse: skin sensitizer
micronucleus induction, (292)
Fischer 344 rat (291)

Cytogenicity: positive, 
micronucleus induction,
B6C3F1 mouse (291)

Dicyclohexylcarbodiimide Mouse: likely animal Mutagenicity: negative, Human: contact 
(C13H22N2; 538-75-0) carcinogen (293,294) Ames (295) allergen (290)

Cytogenicity: positive, Mouse: skin
micronucleus, B6C3F1 sensitizer (297)
mice (296)

Cytogenicity: negative,
micronucleus, Fischer 344
rat (296)

aReproductive effects were observed only with chloroform; fetotoxic, retarded development, and teratogenic in the rat
(145); sperm abnormalities in the mouse (147); and negative in sperm morphology assay in the mouse (149).
bDiisopropylamine is a potential product of VX decontamination with supertropical bleach, resulting from reaction with
the hypochlorite constituent. cChloroform is another possible product of VX decontamination with supertropical bleach. 



mg/kg (Table 14). Like most impurities,
this compound is present at < 1% in ton 
containers.

The VX stabilizer diisopropylcarbodi-
imide produces severe eye irritation and tem-
porary blindness in humans (284). There is
one systemic toxicity data point for the
mouse, an LD50 value of 36 mg/kg by the iv
route [Table 14; (283)]. This indicates acute
iv toxicity about 0.0004 that of VX (228).
Diisopropylcarbodiimide is a contact aller-
gen in humans [Table 1; (290)] and a skin
sensitizer in mice (292). It was negative for
carcinogenicity in 20-week prechronic stud-
ies in mice (287,288), although testing is not
complete (Table 14). It gave negative results
in the Ames test for mutagenicity and for
micronucleus induction in rats, but was pos-
itive for micronucleus induction in mice
(289,291) (Table 15).

Diisopropylamine, found in minute
amounts in ton containers of VX and also a
potential product of reaction with hypochlo-
rite, is a severe primary pulmonary irritant.
Superficial contact causes corneal degenera-
tion and cloudy swelling in several animal
species upon exposure to concentrations
≥ 600 ppm (167). Diisopropylamine causes
vision disturbances, nausea, and headache in
humans at 25–50 ppm (277,278). It also

causes lethality by acute oral, dermal, and
inhalation exposure in several species and is
more toxic than isopropylamine or the close-
ly related diethyl- and ethylamines (167)
(Table 14). Diisopropylamine produced
negative or equivocal results in the Ames test
for mutagenicity (Table 15) and was nega-
tive in inducing DNA repair (281). It also
was negative as a sensitizer in guinea pigs
(281). The TLV-TWA for this chemical is 5
ppm (~ 21 mg/m3) (196). The OSHA PEL
is the same (197). A provisional RfD of 0.43
µg/kg/day has been calculated (298).

Chloroform is also a possible product of
VX reaction with STB (8). Its evaluation is
presented in the “Sulfur Mustard” section
(Tables 4 and 5).

Ecotoxicology. All of the nerve agents are
highly toxic to aquatic organisms, with 96-hr
LC50 values (the normal duration of fish tox-
icity tests) of < 1 mg/L. Weimer et al. (300)
measured the LT50 (time to lethality for 50%
of the organisms) of VX for striped bass
(Morone saxatilis) at 0.02 mg/L as 17.4 hr.
Except for MPA, ecotoxicity data were not
located for VX degradation products.

The following aquatic toxicity data were
located for MPA: 48-hr LC50 for Daphnia
magna = 3,273 mg/L; 96-hr LC50 values for
fathead minnows and bluegill sunfish =

10,617 and 12,380 mg/L, respectively; 14-
day EC50 for cell numbers of Selenastrum
capricornutum = 17,805 mg/L; and 7-day
EC05 (concentration effective for 5% of the
taxa) for colonizing ability of freshwater pro-
tozoan communities (taxonomic richness) =
581 mg/L (273).

GA
The chemical and physical properties of GA,
or tabun, are listed in Table 1. GA is a color-
less to brownish liquid that gives off a color-
less vapor. Its vapor pressure and volatility,
0.037 mmHg and 610 mg/m3 at 20°C,
respectively, are the lowest of the G agents.
Although water soluble (98 g/L), it is also
readily soluble in organic solvents and thus
easily penetrates the skin. GA enters the
body mainly through the respiratory tract
and its primary action is on the respiratory
tract, although it also causes impaired vision
via its anticholinesterase action (11).

GA was the first nerve agent to be put
into production; it was discovered by the
Germans in 1937, and large-scale production
and stockpiling began in 1942 (99). In the
United States, GA was produced in very small
quantities as compared to GB, VX, or HD.
Nonstockpile material in glass ampules (0.07
lb total material) is stored in a drum at Tooele
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Degradation product RfD RfC
(formula; CAS no.) (µg/kg/day) (µg/m3)

Ethyl methylphosphonic acid 25 30
(C3H9PO3; 1832-53-7)

Diisopropyl ethyl mercaptoamine 3.8 4.6
(C8H19NS; 5842-07-9)

S-(Diisopropylaminoethyl) 0.0006 0.0007
methylphosphonothioic acid 
(C9H22NPO2S; 73207-98-4)

Bis(2-diisopropylaminoethyl) sulfide 8.6 10.3
(C16H36N2S; 110501-56-9)

Bis(2-diisopropylaminoethyl) disulfide 6.6 7.9
(C16H36N2S2; 65332-44-7)

O-Ethyl methylphosphonothioic acid 7 8.5
(C3H9O2PS; 18005-40-8)

2-Disopropylaminoethanol 8.4 10
(C8H19NO; 96-80-0)

Methylphosphonic acid 20 24
(CH5O3P; 993-13-5)

Bis(S,S-(2-diisopropylaminoethyl) 0.0006 0.0007
methylphosphonodithiolate
(C17H39N2PS2; 169493-13-4)

2-(Diisopropylamino) ethyl ethyl sulfide 8.6 10.3
(C10H23NS; not available)

Diethyl methylphosphonate 29 35
(C5H13O3P; 683-08-9)

1,2-Bis(ethyl methylphosphonothiolo) ethane 5.0 × 10-5 6.0 × 10-5

(not available; not available)

Degradation product RfD RfC
(formula; CAS no.) (µg/kg/day) (µg/m3)

O-(2-Diisopropylaminoethyl) 0.025 0.03
O´-ethyl methylphosphonate
(C11H26NO2P; 71840-26-1)

O,O-Diethyl P,P´-dimethyldiphosphonothionate 0.05 0.06
(not available; not available)

O,O-Diethyl methylphosphonothioate 12 13
(C5H13O2PS; 6996-81-2)

O-Ethyl methylethylphosphinate 14 17
(not available; not available)

Diethyl dimethylpyrophosphonate 0.05 0.06
(C6H16O5P; 32288-17-8)

O,S-Diethyl methylphosphonothioate 0.017 0.02
(C5H13O2PS; 2511-10-6)

Diisopropylamine 4.3 5.1
(C6H15N; 108-18-9)

N,N-Diisopropylmethylamine 0.56 2
(C7H17N; 10342-97-9)

N,N-Diisopropylethylamine 0.56 2
(C8H19N; 7087-68-5)

Diisopropyl carbodiimide 0.25 0.3
(C7H14N2; 693-13-0)

Dicyclohexyl carbodiimide 0.25 0.3
(C13H22N2; 538-75-0)

1,3-Diisopropylurea 0.87 1.04
(C7H16N2O; 4128-37-4)

1,3-Dicyclohexylurea 6.7 8
(C13H24N2O; 2387-23-7)

Table 16. Estimated reference doses (RfDs) and reference concentrations (RfCs) for O-ethyl S-[2-(diisopropylamino)ethyl] methylphosphonothioate (VX) degrada-
tion and related products.a

aRfD estimates are based on data from structurally related chemicals or from quantitative structure–activity relationship estimates using TOPKAT software (Health Designs, Inc.,
Rochester, NY). Data from Bausum et al. (190) and Bausum (298).



Army Depot. Stockpiled amounts include
1.41 tons of the agent stored in two 1-ton
containers and 0.64 tons of the thickened
agent stored in two 1-ton containers (25).
Nonstockpiled GA may also be present at sev-
eral other sites including Edgewood Arsenal,
Maryland; Dugway Proving Ground; and the
Virgin Islands (230,231). It seems reasonable
to presume that the sites are potentially conta-
minated with GA, and its degradation prod-
ucts are somewhat limited in comparison to
the major chemical warfare agents.

GA is seldom found in pure form; it is
generally contaminated with degradation
products or production by-products.
D’Agostino and colleagues (301) analyzed a
munitions-grade sample of GA and found
that impurities accounted for 28% of the
volatile organic content. The principal
impurity of a munitions-grade sample was
diethyl dimethylphosphoramidate (302).
Analysis of a 30-year-old sample found only
76% GA, with the impurities O,O-diethyl
N,N-dimethylphosphoramidate, O-ethyl
bis(N,N- dimethyl)phosphorodiamidate,
and O-ethyl O-isopropyl N-dimethylphos-
phoramidate accounting for 12, 5, and 5%
of the sample, respectively (303). Except for
triethyl phosphate and tetramethylphospho-
rodiamidic cyanide, which are both present
at approximately 1%, all other impurities
are present at < 1%. GA usually contains
a thickener.

Formation of degradation products. GA
is more volatile than VX and will evaporate,
but no data were located on concentrations
or fate in the atmosphere. 

GA is subject to hydrolysis (Figure 3).
The principal pathway under neutral condi-
tions in the environment is hydrolysis to O-
ethyl N,N-dimethylamido phosphoric acid
and hydrogen cyanide. The initial reaction is
fairly rapid; hydrolysis of O-ethyl N,N-
dimethylamido phosphoric acid to dimethyl
phosphoramidate and then to phosphoric
acid is much slower. Although this latter
pathway predominates under neutral and
basic conditions, phosphorocyanidate may
also be formed from dimethyl phosphorami-
date. Under acidic conditions, hydrolysis to
ethylphosphoryl cyanidate and dimethy-
lamine occurs. The final product by all
pathways is phosphoric acid. Although theo-
retically possible, there is little likelihood of
formation of a detectable amount of MPA
from GA (34).

Hydrolysis is more rapid in acidic and
basic solutions than in solutions of neutral
pH. The rate also increases with increasing
temperature. At neutral pH and 25°C, GA
persists in water for 14–28 hr (44); the half-
life at 20°C and pH 7.4 is approximately 8
hr (9). However, MacNaughton and Brewer
(27) list a longer half-life at pH 3 (14 hr)
than at pH 5 (2.5 hr). Because of the forma-
tion of acidic products, a solution of GA

approaches pH 4–5 as it
hydrolyzes. The half-life in
seawater at 20°C is shorter
(4.5 hr) than in freshwater
(9). Hydrolysis products
and contaminants are listed
in Table 17.

In soil, nerve agents may
be transformed by microbial
degradation via O-dealkyla-
tion and C-dealkylation;
nitrile hydrolysis and N-
dealkylation may also occur
(44). Although Morrill et al.
(44) stated that some of the
products were toxic, they
did not identify the toxic
products. D’Agostino and
Provost (302) analyzed soil
contaminated by a leaking
container of GA collected
during range clearance
operations. In addition to
GA they isolated 16 relat-
ed components including
impurities and hydrolysis
products, many of them
present in trace amounts
(< 1%). These were diethyl
dimethylphosphoramidate,
triethyl phosphate, ethyl

tetramethyl phosphorodiamidate, tetram-
ethylphosphorodiamidic cyanide, bis(ethyl
dimethylphosphoramidic) anhydride,
dimethyl phosphoric ethyl dimethylphos-
phoramidic anhydride, ethyl dimethylphos-
phoramidic tetramethylphosphorodiamidic
anhydride, bis(ethyl dimethylamidophos-
phonyl) dimethylamidophosphonate, ethyl
hydrogen dimethylphosphoramidate, diethyl
hydrogen phosphate, ethyl dihydrogen phos-
phate, phthalate, and four unidentified com-
ponents. D’Agostino et al. (301) identified
the first seven compounds as impurities in
munitions-grade GA. In addition, the
following compounds were tentatively
identified in the sample: diisopropyl
dimethylphosphoramidate, ethyl isopropyl
dimethylphosphoramidate, triisopropyl
phosphate, diisopropyl ethyl phosphate,
diethyl isopropyl phosphate, isopropyl
tetramethylphosphoramidate, isopropyl
dimethylphosphoramidocyanidate, diethyl
phosphoric diisopropyl phosphoric anhy-
dride, diisopropyl phosphoric ethyl
dimethylphosphoramidic anhydride, diethyl
phosphoric ethyl isopropyl phosphoric anhy-
dride, diethyl phosphoric isopropyl
dimethylphosphoramidic anhydride, and
bis(diethyl phosphoric) anhydride. These
tentatively identified compounds are not
included in Table 17.

No data were located on the fate of unique
degradation products. Sanches et al. (34)
reported that many of the GA phosphorus-
containing products/contaminants are likely to
be degraded to phosphoric acid; other prod-
ucts formed may be similar to products
formed from common organophosphorus
chemicals. Dimethylamine and triethyl phos-
phate are readily biodegraded (205). Most of
the unique impurities are present in trace
amounts in munitions-grade GA and thus
should be of minimal environmental concern.

Persistence depends on moisture and
weather conditions. According to a U.S.
Army manual (11), liquid GA may persist for
1–2 days under average weather conditions.
GA evaporates about 20 times more slowly
than water. The calculated Henry’s Law con-
stant of GA, 1.52 × 10-7 atm × m3/mol, indi-
cates slow to essentially no volatilization from
water. Studies of the persistence of nerve
agents performed at low temperatures (-1°C)
under actual field conditions in Norway
show that agents placed on snow as droplets
remained as liquids on snow (42,43). GA was
present 2 weeks after being sprayed on snow
under normal Norwegian winter conditions
but was not measurable after 4 weeks. GA
and other nerve agents did not penetrate
deeply into the snow, and later snowfalls that
covered the samples delayed evaporation.

Decontamination. No specific informa-
tion was located on the decontamination of
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Figure 3. Primary hydrolysis pathways of ethyl N,N-dimethylphospho-
roamidocyanidate (tabun; GA) in the environment.
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GA. Other G agents are rapidly hydrolyzed
by water, particularly under alkaline condi-
tions. Sodium hypochlorite is expected to be
an effective decontaminant (6). G agents do
not react with chlorine dioxide and several
other decontaminants but would react with
DS-2 (13).

After decontamination of GA with
methanol-potassium hydroxide and extrac-
tion into dichloromethane, the major prod-
uct identified was the methanolysis product
ethyl methyl dimethylphosphoramidate
(305). Methyl tetramethylphosphorodiami-
date and dimethyl dimethylphosphoramidate

probably resulted from methanolysis of
tetramethylphosphorodiamidic cyanide.
Several other GA contaminants were present
in the extracts, but pyrophosphates were not
observed in the dichloromethane extracts.

Acute and chronic toxicity. The G agents
are, like VX, anticholinesterase organophos-
phate nerve agents that at sufficient concen-
trations can be toxic or fatal by any route of
exposure. Differences in volatility and water
solubility result in varied degrees of persis-
tence and variations in the likelihood of
exposure by certain routes. For example, the
most volatile G agent, GB, is not likely to
present a dermal exposure hazard, at least
when present at the low residual concentra-
tions expected in the environment. Of the G
agents, GA (tabun) gives rise to the greatest
number of degradation products (Table 17).

Acute toxicity data are available only for a
limited subset of the GA degradation prod-
ucts (Table 18), and chronic and other toxic-
ity data are available for even fewer products
(Table 19). Hydrolysis gives rise to dimethy-
lamine, among other substances. Dimethyl-
amine is readily absorbed orally and by
inhalation in experimental animals. This
chemical is moderately toxic in terms of
acute lethality (Table 18) but causes human
nose, throat, and lung irritation at 100 ppm
and severe burns to the human eye and skin
upon direct contact with the liquid (307). In
comparison to ammonia, dimethylamine is
somewhat more locally irritating, as it is a
somewhat stronger base (157). Oral exposure
in animals results in marked gastric mucosal
irritation and, at lethal doses, hemorrhages
(306). Dimethylamine does not appear to be
mutagenic, clastogenic, or carcinogenic to
rats or mice given long-term inhalation expo-
sure (157,307). The OSHA PEL-TWA of 10
ppm (197) is higher than the TLV-TWA of
5 ppm (9.2 mg/m3) (196). The ACGIH
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Table 17. Degradation products and impurities of ethyl N,N-dimethylphosphoroamidocyanidate (tabun;
GA). 

Name/synonyms Formula CAS no. Source

O-Ethyl-N,N-dimethylamido phosphoric acid C4H12NPO3 2632-86-2 Hydrolysis of GA
Ethyl-N,N-dimethyl phosphoramidate (EDPA)
Ethyl hydrogen dimethylphosphoramidate

Dimethylphosphoramidate C2H8NPO3 33876-51-6 Hydrolysis of GA
N,N-Dimethylphosphoramidate
Dimethyl phosphoramidic acid

Dimethylphosphoramide cyanidate C3H7N2PO2 63917-41-9 Hydrolysis of GA
Phosphoramidocyanidic acid

Phosphorocyanidate CH2NPO3 23852-43-9 Hydrolysis of GA
Phosphorisocyanatidous acid

Ethylphosphoryl cyanidate C3H6NPO3 117529-17-6 Hydrolysis of GA
Dimethylamine C2H7N 124-40-3 Hydrolysis of GA
Ethyl phosphoric acid C2H7PO4 NA Hydrolysis of GA
Phosphoric acid H3PO4 7664-38-2 Hydrolysis of GA
O,O-Diethyl N,N-dimethylphosphoramidate C6H16NO3P 2404-03-7 Major impurity,

Diethyl dimethylphosphoramidate identified in soila
O-Ethyl bis(N,N-dimethyl)phosphordiamidate C6H17N2O2P 2404-65-1 Identified in soila

Ethyl tetramethylphosphorodiamidate
Bis(N,N-dimethyl)phosphoramidocyanidate C5H12N3OP 14445-60-4 Impurity, identified in soila

Tetramethylphosphorodiamidic cyanide
Bis(ethyl dimethylphosphoramidic) anhydride NA NA Identified in soila
Dimethyl phosphoric ethyl dimethyl- NA NA Identified in soila

phosphoramidic anhydride
Ethyl dimethylphosphoramidic tetramethyl- NA NA Identified in soila

phosphorodiamidic anhydride
Bis(ethyl dimethylamidophosphonyl) NA NA Identified in soila

dimethylamidophosphonate
O-Ethyl N,N-dimethyl phosphoramidic chloride NA 2510-93-2 Present in sample
Triethyl phosphate C6H15O4P 78-40-0 Identified in soila
Ethyl hydrogen dimethylphosphoramidate C4H12NO3P NA Identified in soila
Diethyl hydrogen phosphate C4H11PO4 NA Identified in soila
Ethyl dihydrogen phosphate C2H7PO4 NA Identified in soila
N,N-Dimethylphosphoramidic dichloride NA 683-85-2 Impurity, identified in soila
Ethyl isopropyl dimethyl phosphoramidate C7H18NO3P NA Impurity, munitions-grade GA 

NA, not available. Data from MacNaughton and Brewer (27), Sanches et al. (34), D’Agostino et al. (301,303), D’Agostino
and Provost (302,305), and Creasy et al. (304).
aThe compounds were identified in soil contaminated by a leaking container of GA (302). 

Table 18. Effects of acute exposure to ethyl N,N-dimethylphosphoroamidocyanidate (tabun; GA) degradation products, stabilizers, and impurities.

Process/product identification LD50 or LC50 LDLO or LCLO Other effects 

GA hydrolysis
Dimethylamine Rat: oral, 698 mg/kg (306) Human: nose, throat, lung irritation, 100 ppm (307)

(C2H7N; 124-40-3) Mouse: oral, 316 mg/kg (306) Human: eye, skin, severe burns (307)
Rabbit: guinea pig, oral 240 mg/kg (306) Rabbit: eye, 50 mg/5 min, severe irritation, 
Rat: inhalation, 4,540 ppm/6 hr (309) opacity (308)
Mouse: inhalation, 7,650 ppm/2 hr; Rat: sensory irritation, RD50, 573 ppm (309)

4,725 ppm/2 hr Mouse: sensory irritation, RD50, 511 ppm (309) 
[(309); data from Metzentseva (310)]

GA products, identified in soil
Diethyl dimethylphosphoramidate Mouse: IM, 440 mg/kg (311)

(C10H21ClNO3P; 62484-89-3)
Triethyl phosphate Rat: oral, 1,311 mg/kg (312) Rat: inhalation, Rabbit: moderate eye irritation, 100 mg (312)

(C6H15O4P; 78-40-0) Mouse: oral, 1,500 mg/kg (314) 28,000 ppm/6 hr (313)
Guinea pig: oral, 1,600 mg/kg (315) 
Guinea pig: skin, > 21 g/kg (312)
Rat: inhalation, > 2,050 mg/m3/6 hr,

28% respirable aerosol (312) 

Abbreviations: IM, intramuscular; LC50, median lethal concentration; LCLO, lowest lethal concentration; LD50, median lethal dose; LDLO, lowest lethal dose; RD50, concentration at which a
50% decrease in respiration rate was achieved.



STEL is 15 ppm (196). Rothwell et al. (307)
reported a preliminary chronic inhalation
RfC for humans of 2.0 µg/m3 (1.1 ppb at
25°C and 760 mmHg). 

Diethyl dimethylphosphoramidate, a GA
product found in soil, also displays moderate
acute lethality, as judged by the one value we
located. This is an intramuscular LD50 value
of 440 mg/kg in the mouse (311) (Table
18). We found no other information on its
toxicity.

The toxicity of another degradation
product identified in soil, triethyl phosphate,
has been well characterized. It has a low acute
toxicity as reflected by LD50 and LC50 values
(Table 18). A more complete review of
lethality and other toxicity information is pre-
sented in the Chemical Hazard Information
Profile for triethyl phosphate (324). Triethyl
phosphate may have low cholinesterase-
inhibiting activity (323,327), although
Gumbmann and Williams (328) suggested
that this may be entirely due to tetraethyl
pyrophosphate contamination. Triethyl
phosphate does not cause delayed neurotoxi-
city (329); however, it does have sedative
(narcotic) properties in rats and mice
(327,330). It is mutagenic in Drosophila but
not in mammals and has given mixed results
with microorganisms (324) (Table 19). We
found no indication of carcinogenesis testing.
Gumbmann et al. (323) observed reproduc-
tive toxicity at subchronic oral triethyl phos-
phate doses of 1% and above. Litter size and
pup weight were depressed at 1% triethyl
phosphate, and 92-day treatment at doses
> 1% retarded growth and development such
that successful mating was not possible.
Doses of 0.1 and 0.5% resulted in mild
depression of pup growth. There are current-
ly no occupational standards or recommen-
dations for triethyl phosphate.

Although not unique to GA degradation,
cyanide is a major hydrolysis product. The
toxicity of cyanide has been well documented.
The RfD for cyanide is 0.02 mg/kg/day; an
inhalation RfC has not been established (331).

Ecotoxicity. GA is highly toxic to aquatic
organisms; 20-min LC50 values for green
sunfish (Lepomis cyanellus), fathead minnows
(Pimephales promelas), and goldfish
(Carassius auratus) are 0.7, 0.6, and 1.3
mg/L, respectively, as determined by Epstein
(232). No monitoring data were found for
GA in water; unless the source of GA migra-
tion to water is continuous, the hydrolysis
rate of the agent would limit its presence.
No information was located on the toxicity
of unique degradation products to aquatic or
terrestrial organisms. Dimethylamine is
moderately toxic to aquatic organisms, with
24- and 96-hr LC50 values for Daphnia
magna and rainbow trout (Salmo gairdneri)
of 50 and 120 mg/L, respectively (205).
Triethyl phosphate is of low toxicity to
Daphnia magna and fish, with LC50 values
of > 100 mg/L (205). No terrestrial ecotoxi-
city data were located for GA or for GA
degradation products.

GB
The chemical and physical properties of GB,
or sarin, are listed in Table 1. GB is a
volatile, colorless, and odorless liquid. It is
the most volatile of the G agents, with a
vapor pressure and volatility of 2.10 mmHg
and 22,000 mg/m3, respectively, thus mak-
ing it largely a vapor hazard rather than a
contact hazard. It is completely miscible with
water and, when tactically used on a large
scale, could contaminate water sources. GB’s
toxic mechanism of action, cholinesterase
inhibition, is the same as that of VX and the
other G agents (11).

The Rocky Mountain Arsenal was the
only site of GB manufacture in the United
States; production took place from 1953 to
1957 (332). A Department of Defense inven-
tory of stockpiled material lists GB as being
present in projectiles, rockets, and bombs at
several U.S. Army depots (25). GB is present
at approximately 10 nonstockpile military
sites in the United States (230,231).

Because GB is unstable in the long term,
the stabilizers N,N´-diisopropyl carbodi-
imide and/or tributylamine are added to
weapons-grade GB (13,333). U.S. Army
specifications cited by Rosenblatt et al. (13)
state that N,N´-diisopropyl carbodiimide in
1.5% excess is required, and GB must be at
least 93% pure, with 0.5% methylphospho-
nic difluoride as an acceptable component.

Diisopropyl methylphosphonate (DIMP)
is a by-product or residue of GB manufacture.
It is usually present at 2–3% in isopropyl
methylphosphonate waste and is present in
sampling wells both on and off the Rocky
Mountain Arsenal (13,334). In 1974, con-
centrations of 0.5 µg/L (the limit of detec-
tion) to 44,000 µg/L were found in the
groundwater near the arsenal (332).

Formation of degradation products. GB
is considered nonpersistent, as it is volatile,
soluble in water, and subject to acidic and
basic hydrolysis. The evaporation rate is the
same as that of water (13). Small (8) used a
surface deposition model to calculate a
volatilization half-life of 7.7 hr for GB. No
information on fate in the atmosphere was
located, although Kingery and Allen (28)
stated that nerve agents can be degraded by
photolysis and/or radical oxidation. The low
calculated Henry’s Law constant of 5.4 ×
10-7 atm/m3/mol, based on its high water
solubility, indicates slow to essentially no
volatilization from water.
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Table 19. Carcinogenicity, genotoxicity, reproductive toxicity, and systemic effects of chronic exposure to ethyl N,N-dimethylphosphoroamidocyanidate (tabun; GA)
degradation products, stabilizers, and impurities.

Degradation product
(formula; CAS no.) Carcinogenicity Genetic effects Reproductive effects Systemic effects

GA hydrolysis
Dimethylamine Rat, mouse: inhalation, Mutagenicity: Salmonella, negative (222) Rat: male, negative, Rats, mice: decreased body weight 

(C2H7N; 124-40-3) negative (tentative) (307) Mutagenicity: CHO, negative (317) 12 weeks (316) gain; hematologic changes,
Rat: inhalation, cytogenetic, positive, inflammation and degeneration 

aneuploidy and chromosome aberrations (318) of olfactory epithelium (307)
CHO: chromosome aberrations, negative (317)
CHO: sister chromatid exchange, negative (317)
Cytogenicity: negative (319)

GA product, identification in soil
Triethyl phosphate Mutagenesis: positive, Drosophila, multiple Rat: oral, live birth index Rat: oral,120–150 day, increased 

(C6H15O4P; 78-40-0) doses (320–322) decrease, 57 g/kg liver weight, < 10% TEP (323)
Mutagenesis: weakly positive, Pseudomonas (1% TEP) (323) Rat: oral, 120–150 day, increased 

aeruginosa (320) adrenal weight, 1, 5, and 10% 
Mutagenesis: mostly negative, Salmonella, TEP (323) 

Escherichia coli (222,324) Rat: oral, 120–150 day, growth
Mutagenesis: negative, mouse, dominant retardation, 5 and 10% TEP (323)

lethal test (325) 
In vitro transformation: negative, mouse cells (326)

Abbreviations: CHO, Chinese hamster ovary; TEP, triethyl phosphate.



The hydrolysis rate of GB in water is tem-
perature, pH, and water quality dependent
(9,28,44,335). As indicated in Table 20,
breakdown of GB results in only a few degra-
dation products; according to Rosenblatt et
al. (13), these are relatively nontoxic.
Hydrolytic half-lives are shorter in acidic and
basic solutions than at a neutral pH. At 20°C
and the pH of natural waters where the half-
life is a minimum, estimates of the half-life
range from 461 hr (pH 6.5) to 46 hr (pH
7.5) (9). At 25°C, the half-life ranges from
237 hr (pH 6.5) to 24 hr (pH 7.5). A half-life
of 8,300 hr at 0°C and pH 6.5 indicates some
persistence at low temperatures. The hydroly-
sis products are acids (Table 20), and their
presence increases the rate of hydrolysis (13).
The rate of hydrolysis under natural condi-
tions is accelerated by the presence of ions in
solution. Metal cations such as copper and
manganese in seawater also increase the rate
of hydrolysis (335).

GB hydrolyzes first through the loss of flu-
oride, producing IMPA and hydrofluoric acid,
and second, more slowly through the loss of
the isopropanol to produce MPA (13,27,28).
The same products are produced under acidic
conditions (Figure 4). According to Clark (9),
alkaline hydrolysis would result in iso-
propanol, methylfluorophosphonic acid and,
with the loss of fluoride, MPA. This pathway
has not been confirmed in other studies.

The fate of GB in soil includes hydroly-
sis, evaporation, and leaching; the phospho-
nic acid hydrolysis products are subject to
biodegradation. Small (8) reviewed studies
of the stability of GB in soil and concluded
that ≥ 90% of GB added to soil is lost in the
first 5 days. GB is more persistent at low
temperatures (34,43). Droplets of GB

deposited on the snow surface under actual
field conditions in Norway were removed by
a combination of evaporation and hydrolysis
(42,43). Within 5 hr, approximately 55%
was removed by evaporation and 15% was
removed by hydrolysis. Newly fallen snow
protected droplets from evaporation; GB was
still present 2 and 4 weeks after being sprayed
on the snow. The hydrolysis product IMPA
and several impurities such as DIMP were
present up to 4 weeks later (42,43). After
application of 10 mg GB over a 10 × 10 m
area of moss (temperature 2.5–8°C, humidity
60–100%, wind speed 1–10 m/sec), detect-
able concentrations [≥ 1 pg/dm3 (≥ 1
ng/m3)] were found in the air for 9 days (34).
Small (8) pointed out that GB degradation
products sorb to soil depending on the solu-
ble organic carbon content of the soil.

Although no direct information is avail-
able on biodegradation of the nerve agents in
soil, enzymes capable of hydrolyzing organo-
phosphorus esters, including some nerve
agents, have been isolated from bacteria
(29). However, the toxicity of these agents
probably precludes direct biodegradation.
All four nerve agents degrade to alkyl
methylphosphonates by a variety of other
mechanisms and then, slowly, to MPA (with
the likely exception of GA).

Additional information on the environ-
mental fate of several degradation products
was available. Chemically, IMPA is extreme-
ly stable; Rosenblatt et al. (5) predicted a
half-life of over 1,900 years. As previously
noted, hydrolysis of IMPA produces MPA
and isopropyl alcohol. A low vapor pressure
for IMPA, 0.0034 mmHg at 25°C (8),
makes it unlikely that atmospheric contami-
nation will take place. A water solubility of

48 g/L and a low Koc of 12 (8) indicate a
high potential for migration to groundwater.
The pKa values of 1.98 (8) and 2.38 (260)
indicate that IMPA will be in the ionized
state in water. IMPA is a known contami-
nant of groundwater in the Rocky Mountain
Arsenal area and has been detected in both
soils and water at five U.S. Army installa-
tions (28). The fate of MPA in the environ-
ment was discussed in the section on VX. As
noted, MPA is stable in the environment
and leaches through soils.

IMPA is relatively resistant to bacterial
degradation. However, some strains such as
Pseudomonas testosteroni are capable of
metabolizing IMPA and MPA (8,336).
Several strains of bacteria isolated from
sewage samples, including P. testosteroni,
were capable of using MPA as a phosphorus
source but not as a carbon source (8). P.
testosteroni was also capable of metabolizing
IMPA (via cleavage of the C–P bond) to
methane and an inorganic phosphorus com-
pound (336).

Because of its low volatility, DIMP is not
likely to be found in the air above contami-
nated areas; also, volatilization from water
should be insignificant (337). DIMP is mis-
cible with water (338) and was stable for
months when added to water; there was no
significant loss of DIMP from the water col-
umn to the atmosphere (339). DIMP in dis-
tilled water was stable during a 232-hr period
of irradiation with a mercury lamp (340).
However, Bentley et al. (341) reported that
DIMP solutions allowed to age for 96 hr
before testing were 50% less toxic to fish,
indicating degradation. A log Kow of 0.478
(342) indicates little potential to bioconcen-
trate in organisms. As previously noted,
DIMP is a groundwater contaminant in the
area of manufacture at the Rocky Mountain
Arsenal (332). Its release to groundwater at
this site represents the largest known release
of any CW agent-related compound to the
environment; it is expected that other find-
ings of CW contamination within the
United States would be small by comparison.

DIMP in soil biodegrades slowly. When
radiolabeled DIMP was applied to soil,
13.4% evolved as 14CO2 after 34 weeks
(340). In another study, 6.0 and 6.4% of
DIMP evolved as 14CO2 from previously
contaminated and uncontaminated soils
obtained from the Rocky Mountain Arsenal
(343). Most of the activity recovered from
the soil was in the form of the parent com-
pound. The concentration of DIMP in five
soil samples from the Rocky Mountain
Arsenal ranged from < 0.05 to 0.24 mg/kg
(343). The half-life of DIMP on the soil sur-
face after airborne deposition was between
26 and 28 days (339). For foliar surfaces, the
half-life was calculated at 3.6–4.2 days.
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Table 20. Degradation products, impurities, and stabilizers of isopropyl methylphosphonofluoridate (sarin; GB). 

Name/synonym Formula CAS no. Source

Isopropyl methylphosphonic acid (IMPA) C4H11PO3 1832-54-8 Hydrolysis of GB
Methylphosphonic acid (MPA) CH5PO3 993-13-5 Hydrolysis of GB
Diisopropyl methylphosphonate (DIMP) C7H17PO3 1445-75-6 Impurity
Methylphosphonic difluoride CH3F2OP 676-99-3 Potential impurity
Diisopropyl carbodiimide (DIPC) C7H14N2 693-13-0 Stabilizer
N,N´-Diisopropylurea C7H16N2O 4128-37-4 Hydrolysis of diisopropyl 

carbodiimide
Tributylamine (TBA) C12H27N 102-82-9 Stabilizer
n-Butanoic acid C4H8O2 107-92-6 Decontamination product of

tributylamine
Dibutylchloramine C8H18ClN 999-33-7 Stabilizer

Data from Small (8), Rosenblatt et al. (13), MacNaughton and Brewer (27), and Sanches et al. (34).

Figure 4. Primary hydrolysis pathway of isopropyl methylphosphonofluoridate (sarin; GB) in the environment.
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Results of soil lysimeter studies indicate
that DIMP moves through soil with irrigation
water, whereas most of the compound is
retained in dry soils (344). Radioactive DIMP
at a concentration of 20 ppm was mixed with
columns containing dry or wet soil. Air was
passed across the surface for extended periods.
At the end of 250 hr, the dry soil had retained
over 95% of its radioactivity and the moist
soil columns retained 78% of the initial
radioactivity, indicating little evaporation. A
pKa for DIMP was not found. 

Few data were located on other degrada-
tion products or stabilizers. Methyl-
phosphonic difluoride rapidly hydrolyzes to
MPA and hydrogen fluoride (13). The vapor
pressure of methylphosphonic difluoride at
19.5°C is 27 mmHg and the specific gravity

is 1.36 (345). Hydrolysis of diisopropyl car-
bodiimide produces N,N´-diisopropylurea.
Tributylamine is resistant to hydrolysis and
is not expected to volatilize (13).

Decontamination. Because of its rapid
evaporation, large-scale decontamination for
GB is unnecessary (234). Decontamination
of GB with aqueous acidic or alkaline solu-
tions results in hydrolysis to the same prod-
ucts discussed previously, but at a much
more rapid rate (13,346). For example, at a
temperature of 24.5°C and a pH of 6, the
half-life of GB (2 × 10-4 M), in the presence
of hypochlorite from sodium hypochlorite or
Ca(OCl)2 (2.8 × 103 M), was approximately
11 min (347). In hypochlorite solutions,
which are fairly alkaline, GB would be
hydrolyzed with a half-life of < 1 sec (13).

The half-life for GB with DS-2 is < 30 sec.
Reaction with DS-2 or STB produces IMPA
and fluoride ion (8). Detoxification by
Fichlor is predicted to be slow (29). G-agents
do not react with chlorine dioxide and several
other decontaminants (13).

Alkyl methylphosphonic acids such as
IMPA are extremely resistant to basic
hydrolysis but are slowly hydrolyzed under
acid conditions and elevated temperatures
to MPA (28). IMPA and MPA can be oxi-
dized to phosphoric acid, carbon dioxide,
and water in the presence of hydrogen per-
oxide, oxygen, and UV light (265). Mill and
Gould (265) found no intermediates in the
oxidation of MPA, but acetone, acetic acid,
and MPA were formed in the oxidation
of IMPA. 
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Table 21. Effects of acute exposure to isopropyl methylphosphonofluoridate (sarin; GB) degradation products, stabilizers, and impurities.

Degradation product
(formula; CAS no.) LD50 or LC50 LDLO or LCLO Other effects

GB hydrolysis
Isopropyl methylphosphonic acid (IMPA) Rat: oral, male, 7,650 mg/kg (349) Rabbit: negative, eye irritant, 

(C4H11O3P; 1832-54-8) Rat: oral, female, 6,070 mg/kg (349) 100 mg (349) 
Mouse: oral, male, 5,620 mg/kg (349) Rabbit: mild skin irritant, 2 g/kg/24 hr (349) 
Mouse: oral, female, 6,550 mg/kg (349)

Methylphosphonic acid (MPA) Rat: oral, 5,000 mg/kg (273) Human: skin and eye irritant (274)
(CH5O3P; 993-13-5) Mouse: oral, > 5,000 mg/kg (273)

GB impurities
Diisopropyl methylphosphonate (DIMP) Rat: oral, 826 mg/kg (350) Draft ATSDR Toxicological Profile (337);

(C7H17PO3; 1445-75-6) Mouse: oral, 1,041 mg/kg (350) examples follow:
Mink: oral, 503 mg/kg (334) Rat: ataxia, decreased activity;
Duck: oral, 1,490 mg/kg (334) prostration, 430 mg/kg LOAEL (350) 
Cattle: oral, ~ 750 mg/kg (351) Mouse: decreased activity;

prostration, 430 mg/kg LOAEL (350) 
Mink: salivation, lethargy;

immobilization, 300 mg/kg LOAEL (334)
Methylphosphonic difluoride Mouse, dog: inhalation, Rat, mouse, dog, monkey: eye irritation (345)

(CH3F2OP; 676-99-3) 2,700 mg/m3/30 min (345) Rat, dog, monkey: corneal opacity, haze (345)
Rat: inhalation, Mouse: muscle weakness, ataxia (345)

8,100 mg/m3/30 min (345) Dog, monkey: miosis (345)
Monkey: inhalation, Rat, mouse, guinea pig: respiratory

3,000 mg/m3/30 min (345) distress (345,352)
Guinea pig: inhalation, < 1,600 µg/L/1 hr Dog: pulmonary edema, congestion (345)

(mg/m3) (352)
GB decontamination

Isopropyl methylphosphonic acid (IMPA) Rat: oral, male, 7,650 mg/kg (349) Rabbit: negative, eye irritant, 100 mg (349)
(C4H11O3P; 1832-54-8) Rat: oral, female, 6,070 mg/kg (349) Rabbit: mild skin irritant, 2 g/kg/24 hr (349)

Mouse: oral, male, 5,620 mg/kg (349) Human: severe eye irritant, temporary
Mouse: oral, female, 6,550 mg/kg (349) blindness (284)

GB stabilizers and decontamination products
Diisopropylcarbodiimide (DIPC) Mouse: intravenous, 36 mg/kg (283)

(C7H14N2; 693-13-0)
Tributylamine Rat: oral, 740 mg/kg (353) Rat: inhalation, 75 ppm/4 hr (354) Human: central nervous system stimulation, 

(C12H27N; 102-82-9) Rat: oral, 540 mg/kg (354) skin irritation, sensitization (14,240)
Mouse: oral, 114 mg/kg (355) Human: eye, skin, and respiratory irritant (356)
Rabbit: oral, 615 mg/kg (355)
Guinea pig: oral, 350 mg/kg (355)
Rabbit: skin, 250 µL/kg (194 mg/kg) (354)

n-Butanoic acida Rat: oral, 2 g/kg (127) Human: skin, 1%/48 hr (357) Human: eyes, skin, respiratory tract, severe 
(C4H8O2; 107-92-6) Rabbit: skin, 530 mg/kg (360) Mouse: oral, 500 mg/kg (361) irritant (358,359)

Rabbit: skin, severe irritation, 10 mg/24 hr (70)
Rabbit: skin, moderate irritation, 500 mg (360)
Rabbit: eye, severe irritation, 250 µg (70)

Abbreviations: ATSDR, Agency for Toxic Substances and Disease Registry; LC50, medial lethal concentration; LCLO, lowest lethal concentration; LD50, median lethal dose; LDLO, lowest
lethal dose; LOAEL, lowest-observed-adverse-effect level. 
aDecontamination product of GB stabilizer tributylamine. 



The impurity methylphosphonic difluo-
ride rapidly hydrolyzes to MPA, especially at
a high pH (13). Dialkylmethylphosphonates
such as DIMP undergo slow basic hydrolysis
to salts of alkyl methylphosphonic acids.
Although tributylamine is resistant to hydrol-
ysis, it can be oxidatively dealkylated to
dibutylamine and butyraldehyde (butanal) by
hypochlorite (13). Initial reaction products
with STB are butyraldehyde and dibutylchlo-
ramine; butyraldehyde oxidizes to n-butanoic
acid (butyric acid) in alkaline solution with
hypochlorite (8).

Acute and chronic mammalian toxicity.
GB hydrolyzes to IMPA, which slowly
undergoes further hydrolysis to the very sta-
ble MPA. The toxicity of MPA was dis-
cussed previously as a product of VX hydrol-
ysis (Table 15). IMPA also forms in the
course of GB decontamination using either
STB or DS-2 solutions. IMPA possesses low

oral toxicity in rats and mice (348) (Table
21). Mecler (349) reported that it produced
only mild skin irritation and no eye irritation
in rabbits. The author also determined that
IMPA did not induce delayed hypersensitiza-
tion in guinea pigs (349) (Table 22). In sub-
chronic (90-day) toxicity tests of IMPA in
drinking water of rats, no adverse effects were
observed on any of a variety of end points at
any dose tested; the highest actual intakes
were 293 and 406 mg/kg/day in males and
females, respectively (349). The target doses
were 300, 1,000, and 3,000 ppm; water
intake was measured and average IMPA
intakes were 31, 119, and 350 mg/kg/day for
male and females combined [calculated from
Mecler (349)]. Similarly, mutagenicity test-
ing with and without metabolic activation in
Salmonella typhimurium gave negative results
(349). No indication of carcinogenicity test-
ing or testing for reproductive effects

appeared in the literature searches.
Confidence in the low toxicity of IMPA fur-
ther derives from studies of DIMP, which is
> 90% metabolized to IMPA within 24 hr in
mammalian species and has demonstrated
low acute and negligible chronic and repro-
ductive toxicity (337,363). 

The U.S. EPA has calculated an oral
RfD for IMPA of 0.1 mg/kg/day based on
the male rat NOAEL of 3,000 ppm (expo-
sure via drinking water) and an uncertainty
factor of 3,000 (369,370). From the oral
RfD, the U.S EPA derived an adult lifetime
drinking water health advisory value of 0.7
mg/L (369,371). There is no standard for
occupational exposure.

The GB contaminant DIMP is fairly
stable in the environment and has been
detected in the soil, surface water, and
groundwater at the Rocky Mountain Arsenal
(337). Data on its toxicity are available for a

Reviews • Chemical warfare agent degradation products

Environmental Health Perspectives • Volume 107, Number 12, December 1999 961

Table 22. Carcinogenicity, genotoxicity, reproductive toxicity, and systemic effects of chronic exposure to isopropyl methylphosphonofluoridate (sarin; GB) degrada-
tion products, stabilizers, and impurities.

Degradation product
(formula; CAS no.) Carcinogenicity Genetic effects Reproductive effects Systemic effects

GB hydrolysis
Isopropyl methylphosphonic acid (IMPA) Mutagenicity: Salmonella, negative (349) No toxicity to rats fed 

(C4H11PO3; 1832-54-8) 300 ppm in water 
for 90 days (349)

GB impurity
Diisopropyl methylphosphonate (DIMP) Mutagenicity: Salmonella, negative, Mink: oral, negative, two- Mink: mild hematologic 

(C7H17PO3; 1445-75-6) (± S9) (362) generation study (363) effects (363) 
Mutagenicity: S. cerevisiae, negative Rat: oral, negative, three- Guinea pig: dermal 

(362) generation study (362) hypersensitivity, 
Mink: oral, negative, one- negative (350) 

generation study (334) 
GB decontamination

Isopropyl methylphosphonic acida (IMPA) Mutagenicity: Salmonella, negative No toxicity to rats fed 
(C4H11O3P; 1832-54-8) (349) 300 ppm in water 

for 90 days (349)
GB stabilizer DIPC, decontamination

Chloroformb Probable human carcinogen Mutagenicity: Ames, negative (144) Rat: fetotoxic, retarded Human: hepatomegaly, 
(CHCl3; 67-66-3) (142,143) Mutagenicity: yeast, positive (146) development, teratogenic fatty liver degeneration, 

Rat: positive (87) Mutagenicity: mouse, positive (145) (145) toxic hepatitis (87)
Mouse: positive (87) Chromosome effects: human Mouse: sperm abnormalities Human: central nervous
Rat: positive, lymphocytes, negative (151) (147) system, psychiatric, 

mouse: negative (150) SCE: in vitro, low or negative Mouse: negative in sperm neurologic effects (148)
(152–154) morphology assay (149)

SCE: mouse, in vivo, positive (154)
Micronucleus: negative (155)
Delayed cell cycle: human

lymphocytes, positive (154)
GB stabilizer TBA, decontamination

Tributylamine Mutagenicity: negative, Salmonella (222) 
(C12H27N; 102-82-9)

n-Butanoic acidc Negative (as Mutagenicity: negative Salmonella (319) Developmental defects,
(C4H8O2; 107-92-6) promoter) (364) Chromosome aberrations: negative, Xenopus embryos (365) 

Chinese hamster lung cells (319)
Sister chromatic exchange: positived (366) 
Human: HeLa cell; chicken fibroblasts, 

positive, DNA synthesis inhibition (367) 
Human: lymphocyte, positive, DNA 

synthesis inhibition (368) 

Abbreviations: DIPC, diisopropylcarbodiimide; TBA, tributylamine.
aIsopropyl methylphosphonic acid may be formed by GB decontamination with either supertropical bleach or decontamination solution 2 (diethylenetriamine, 2-methoxyethanol, and
sodium hydroxide). bChloroform is a possible product of diisopropylcarbodiimide reaction with supertropical bleach. cn-Butanoic acid is a possible product of tributylamine reaction with
supertropical bleach. dAlso reversible inhibition of cell proliferation and differentiation in Chinese hamster lung cells (366).



number of mammalian species and for a
variety of end points. As mentioned above,
DIMP is rapidly metabolized to IMPA in
mammals and, like IMPA, has demonstrated
rather low toxicity (Table 21). Unlike
IMPA, DIMP has been studied in a number
of species, including rat, mouse, dog, cow,
mink, and duck. Oral LD50 values range
from approximately 500 to 1,400 mg/kg in
mammalian species; it is ~1,500 mg/kg in
ducks. Neurotoxicity, as manifested by atax-
ia (rat, cow), decreased activity (rat, mouse),
prostration (rat, mouse, cow, mink), saliva-
tion (mink, duck), and depression and
engorgement of meningeal vessels along with
excess fluid in cerebral ventricles (cow), is
the predominant result of acute exposure to
doses in the moderate-to-lethal range (337).
However, DIMP is not a strong cholin-
esterase inhibitor. Slight-to-modest depres-
sion of plasma cholinesterase resulted from
subchronic or chronic exposure of mink to
DIMP in food (363,372). The degree of
cholinesterase inhibition was indicative of
exposure but not sufficient to be considered
an adverse effect (337,363). Red blood cell
cholinesterase was not affected. Aulerich et
al. (334) observed slight indicators of hema-
tologic effects in juvenile pastel mink
(decreased hematocrit); others saw evidence
of mild hemolysis in dark brown mink
(decreased hematocrit, hemoglobin, and
increased red blood cell Heinz body inclu-
sions) dosed subchronically (372) and
chronically (363).

Hart (362) reported no evidence of repro-
ductive or developmental toxicity in a three-
generation study of DIMP. Furthermore,
Aulerich et al. (334) found no evidence of
reproductive toxicity in mink and Bucci et al.
(363) obtained no evidence of reproductive
toxicity in a more carefully controlled two-
generation study. Aulerich et al. (334) report-
ed the occurrence of maternal deaths that
were apparently dose related. However, some
of the deaths occurred in the period between
mating and lactation (337), and most or all
may have resulted from nursing or stress syn-
drome, a syndrome unique to mink. Bucci et
al. (363) attributed some deaths to this stress
syndrome in their two-generation study. The
Aulerich et al. study (334) also involved eval-
uation of a second chemical (dicyclopentadi-
ene), and deaths were also observed in those
animals. Attribution of the deaths in the
DIMP portion of the study to DIMP toxicity
appears questionable, especially in light of the
results of Bucci et al. (363). 

The limited data available on genotoxic-
ity indicate that DIMP is not mutagenic to
S. typhimurium, with or without metabolic
activation, nor does it cause gene mutations
in Saccharomyces cerevisiae (362) (Table 22).
No data regarding DIMP carcinogenicity in

humans are available. Although no lifetime
carcinogenicity studies have been conducted
in mice or rats (373), the recent study of
Bucci et al. (363) included F1 animals dosed
for 12–13 months. The authors observed no
gross or microscopic indicators of treat-
ment-related neoplastic or preneoplastic
lesions. The lack of DIMP-induced in vitro
genotoxicity suggests a low potential for
carcinogenicity.

Guidelines and regulations applicable to
DIMP are summarized in the Agency for
Toxic Substances and Disease Registry
(ATSDR) draft toxicologic profile for DIMP
(337). The U.S. EPA calculated a reference
dose of 0.08 mg/kg/day based on a NOAEL
of 75 mg/kg/day in a 90-day study of dietary
exposure of dogs (362) and appropriate
uncertainty factors. The corresponding life-
time drinking water health advisory for
DIMP determined by the U.S EPA on the
basis of this RfD is 600 µg/L (371).
However, the state of Colorado has promul-
gated groundwater and surface water stan-
dards of 8 µg/L on the basis of a LOAEL of
11 mg/kg/day for lethality to female mink
reported by Aulerich et al. (334) and several
uncertainty factors (374,375). No occupa-
tional standards or guidelines have been
identified for DIMP 

The vapor of the GB precursor and cont-
aminant methylphosphonic difluoride is
extremely irritating to eyes, nasal passages,
and airways (345). Whole-body inhalation
studies in rats, mice, dogs, and monkeys
indicated lethality about 150–1,100 times
less than that of GB (345) (Table 21). Rats
were the least susceptible and mice the most
susceptible; dogs and monkeys were almost
as sensitive as mice to the toxic effects of
methylphosphonic difluoride. Dahl et al.
(352) reported that guinea pigs were more
sensitive to this substance than rats. Animals
exposed to methylphosphonic difluoride
exhibit signs consistent with anticholin-
esterase activity; these signs include gasping,
muscle weakness, and ataxia in mice; gasping
in a few rats; gasping, salivation, and miosis
in dogs; and gasping, salivation, rhinorrhea,
and miosis in monkeys (345). Dahl et al.
(352) stated that methylphosphonic difluo-
ride hydrolyzes rapidly under physiologic
conditions to hydrogen fluoride and
methylphosphonofluoride acid (MF); the
latter hydrolyzes to MPA (13). The oral tox-
icity of a mixture of methylphosphonic
difluoride hydrolysis products in rats was
similar to that of the fluoride ion (LD50 ≅
100 mg/kg), whereas the toxicity of MF
alone was not as great (LD50 ≅  300 mg/kg);
the associated symptoms of MF intoxication
were quite different from those produced by
the fluoride ion (352). The fact that the tox-
icity of the hydrolysis product mixture was

essentially the same as that of the fluoride
ion is further evidence for the lack of MPA
toxicity. Genotoxicity and chronic toxicity
data are lacking for methylphosphonic
difluoride. There are no environmental
guidelines or occupational standards or rec-
ommendations for this compound.

Either of two stabilizers were added to
GB, diisopropylcarbodiimide or tributy-
lamine. The former was also used with VX;
thus, diisopropylcarbodiimide and its degra-
dation products are discussed in the section
on VX (Tables 15 and 16). Tributylamine is
moderately toxic by acute oral exposure
(Table 21). Only one data point is available
for dermal toxicity. Little is known about
the chronic toxicity of tributylamine; it test-
ed negative for mutagenicity in Salmonella
(222) (Table 22). Species-specific compar-
isons of oral LD50 data show tributylamine
to be about 0.2–0.4% as lethal as GB (228).
It is about 13% as toxic as GB to the rabbit
by dermal exposure [calculated from U.S.
Army GB data (228)]. Tributylamine causes
eye, skin, and respiratory irritation in
humans (356) as well as CNS stimulation
and skin sensitization (14). No environmen-
tal guidelines or occupational standards or
recommendations for tributylamine were
located. Degradation products associated
with decontamination of tributylamine dif-
fer depending on the decontaminant used.
Tributylamine does not react in the presence
of DS-2; with STB, it produces dibutylchlo-
ramine and n-butanoic acid (8). No biologic
data were found for dibutylchloramine. 

n-Butanoic acid is a severe irritant for
human eyes, skin, and respiratory tract
(358,359) (Table 21). It is also corrosive
(376). n-Butanoic acid can cause mild-to-
severe skin or eye irritation in rabbits
depending on the dosage and mode of expo-
sure (70,360). This organic acid has low oral
toxicity in rats and moderate toxicity in rab-
bits following dermal exposure. In humans,
an estimated LDLO for dermal exposure is
1% for 48 hr (357). n-Butanoic acid has
shown no activity as a promoter of carcino-
genesis (364); it did not induce mutations in
the Ames test or chromosome aberrations in
vitro (319) (Table 22). However, it did
induce a 3- to 4-fold increase in SCE and
reversible inhibition of cell proliferation and
differentiation in Chinese hamster lung cells
(366). n-Butanoic acid inhibits DNA syn-
thesis in human HeLa cells (367) and
human lymphocytes (368). Dawson (365)
showed that it induced developmental
defects in frog (Xenopus sp.) embryos. It
should be noted that n-butanoic acid is a
natural ingredient of foods (14).

Ecotoxicity. During short exposures at a
neutral pH where hydrolysis is at a mini-
mum, GB is highly toxic to fish species, with

Reviews • Munro et al.

962 Volume 107, Number 12, December 1999 • Environmental Health Perspectives



LC50 values of < 1 mg/L. For example, the
24-hr LC50 of GB for green sunfish was
0.002 mg/L; at a constant pH of 8, the LC50
was 0.0095 mg/L (232).

Aquatic toxicity data are available for
only two degradation products, MPA and
DIMP. The data for MPA (273) were dis-
cussed in the section on VX.

The toxicity of DIMP to several wildlife
species was studied by Aulerich et al. (334).
LD50 values for adult mallard ducks, bob-
white quail, and mink were 1,490, 1,000,
and 503 mg/kg, respectively. The mink study
(334) was discussed in the section on mam-
malian toxicity. When 12-day-old mallard
ducklings were fed up to 16,000 ppm DIMP
in the diet for 5 days, no mortality occurred
(334). Feed consumption and body weight
gains were reduced during the treatment
period. At autopsy, no pathologic changes
were noted. Aulerich et al. (334) calculated
the dose to be 2,060 mg/kg/day. Female
adult mallard ducks exposed to dietary con-
centrations of 1,000, 3,200, or 10,000 ppm
DIMP for 10 weeks before onset of egg lay-
ing and throughout the reproductive cycle
did not have decreased feed consumption or
decreased body weight gain. Only hens that
received 10,000 ppm had a decrease in egg
production. There were no differences in
hatchability or survival of the young between
controls and any treated group (334).

Aulerich et al. (334) fed groups of 14-
day-old bobwhite quail 0, 4,000, 8,000,
12,000, 16,000, 20,000, 24,000, 28,000,
32,000, or 36,000 ppm DIMP in the diet
for 5 days. Mortality occurred in the groups
administered 24,000 and 28,000 ppm (60
and 10%, respectively), but not in any other
group. Feed consumption and body weight
gain were reduced in the higher exposure
groups, but no pathologic changes were
observed at autopsy. The 36,000 ppm diet
delivered a dose of 4,983 mg/kg/day. In a
chronic study, DIMP was fed to adult bob-
white quail for 30 weeks. Initial levels were
0, 1,200, 3,800, and 12,000 ppm in the
diet, but because of mortality in the 3,800
and 12,000 ppm groups, the dietary levels
were reduced to 380 ppm after 26 days
(3,800 ppm dietary level) and to 0 ppm after
18 days (12,000 dietary level). The 1,200
ppm and adjusted 3,800 and 12,000 ppm
dietary levels had little affect on survival and
reproduction (334).

Bentley et al. (341) tested the toxicity of
DIMP to algae (Microcystis aeruginosa,
Anabaena flos-aquae, Selenastrum capricornu-
tum, and Navicula pelliculosa), invertebrates
[water flea (Daphnia magna), midge
(Chironomus tentans), scud (Gammarus fas-
ciatus), and sowbug (Ascellus militaris)], and
fish [bluegill (Lepomis macrochirus), channel
catfish (Ictalurus punctatus), and fathead

minnow (Pimephales promelas)]. The most
sensitive species tested was bluegill sunfish,
with a 96-hr LC50 of 257 mg/L at 25°C.
Van Voris et al. (339) reported that DIMP
had no significant effect on the growth of
Chlorella pyrenoidosa or S. capricornutum at
concentrations up to 500 mg/L. The LD50
for earthworms (Eisenia fetida) was 1,500
µg/g soil (339). Soil microbial activity as
indicated by dehydrogenase activity was
reduced by DIMP at mass loading rates of
300–3,000 µg/cm2 (339).

Concentrations of 10 and 100 ppm of
DIMP in hydroponic solutions were phyto-
toxic (signs of leaf burn or leaf necrosis) to
test plant species (bean, radish, wheat, toma-
to, sugar beet, meadow fescue, and rose).
After 44 days, juniper, corn, and carrot were
unaffected at 100 ppm (344). In soil studies,
an irrigation-water concentration of 20 ppm
DIMP was a no-effect level for the tested
species and 50 ppm was an effect level for
phytotoxicity. Bioconcentration from both
soil and hydroponic solutions took place,
with the highest concentrations in the plant
leaves. Bioconcentration for the different
species was ≤ 20 (344). DIMP at application
rates of 1–40 µg/cm2 caused severe damage
to tall fescue and defoliation of short-needle
pine; however, new growth was initiated
within 21 days postexposure (339).

GD 
The chemical and physical properties of GD,
or soman, are listed in Table 1. GD is a col-
orless liquid that gives off a colorless vapor
with a fruity odor. Its volatility, intermediate
between that of GA and GB, is high enough
to make it a vapor hazard. It is less water sol-
uble and more lipid soluble than the other G
agents, which results in more rapid skin pen-
etration and greater toxicity (11). Thickeners
such as methyl methacrylate are added to
GD to increase persistence (27).

Little information was located on the
production and storage of GD. Although it
was a significant part of the former Soviet
Union’s chemical arsenal and large quanti-
ties were produced there during the cold
war, GD is not part of the U.S. unitary
stockpile; it is likely that only research quan-
tities are available in the United States.
Survey and analyses reports of nonstockpile
materiel sites indicate that GD might be pre-
sent at Dugway Proving Ground (230,231).

Formation of degradation products. GD
is less volatile than GB, evaporating at one-
fourth the rate of water (13). The added
thickeners retard evaporation. The vapor
pressure and volatility at 25°C are 0.40
mmHg and 3,900 mg/m3, respectively (11).
Assuming that its structure is similar to that
of GB and using a surface deposition model,
GD is expected to volatilize with a half-life
of ~ 7.7 hr (8). Volatilization rates calculated
using a bulk soil model were three orders of
magnitude slower than those obtained using
the surface deposition model. A calculated
Henry’s Law constant of 4.6 × 10-7 indicates
that some volatilization from water may
occur.

Like the other G agents, GD is subject to
hydrolysis, but the rate of hydrolysis is slow
under neutral conditions (29). GD hydrolyzes
first through the loss of fluoride, and second,
more slowly through the loss of the alkoxy
group. Thus, the primary hydrolysis product
is pinacolyl methylphosphonic acid, which
slowly hydrolyzes, with the release of pina-
colyl alcohol, to MPA (Figure 5) (9,27,28).
Qualitatively, the hydrolysis of GD is similar
to that of GA; however, the reaction rate is
five times slower than that of GA, and GD
has an estimated half-life of approximately
60 hr at pH 6 and 25°C (377). The reaction
is both acid and base catalyzed, resulting in a
hydrolysis curve similar to that of GA (9). At
a pH > 10, hydrolysis to pinacolyl methyl-
phosphonic acid occurs within a few min-
utes (29). Because an acid is produced, the
pH decreases, lessening the rate of hydroly-
sis. However, this effect is small in the envi-
ronment and in the normal case of deconta-
mination in which excess decontaminant is
added. GD stored at pH 6 for 8 weeks had a
pinacolyl methylphosphonic acid/MPA ratio
of 250 (377), which Kingery and Allen (28)
extrapolated to a half-life of 27 years. The
C–P bond is very resistant to hydrolysis.
Hydrolysis products and impurities are listed
in Table 23.

No data were found on the fate of pina-
colyl methylphosphonic acid or pinacolyl
alcohol in the environment. Like alkyl
methylphosphonic acids, pinacolyl methyl-
phosphonic acid is probably resistant to
hydrolysis. A pKa of 2–2.5 (28,260) indi-
cates that pinacolyl methylphosphonic acid
will be present as an anion at environmental
pHs. Johnsen and Blanch (43) noted that
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Figure 5. Primary hydrolysis pathway of pinacolyl methylphosphonofluoridate (soman; GD) in the environment.
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the impurity diisopropyl methylphosphonate
was relatively stable in a cold environment,
as evidenced by its recovery 4 weeks after the
deposition of GD on snow.

Decontamination. As noted above,
hydrolysis is both acid and base catalyzed
and is essentially complete in 5 min in a 5%
sodium hydroxide solution (11). Copper and
imidazole accelerate GD hydrolysis (28).
Studies reviewed by Kingery and Allen (28)
demonstrate the difficulty of dealkylation of
alkyl methylphosphonates in water and the
stability of the C–P bond.

Acute and chronic mammalian toxicity.
Hydrolysis products of GD include pina-
colyl methylphosphonic acid and MPA. No
biologic data were located for pinacolyl
methylphosphonic acid or the impurity dip-
inacolyl methylphosphonate. Toxicologic
information for MPA was discussed above in
the “VX” section (Table 15).

Methyl methacrylate is used as a thickener
for GD. This substance is an eye, skin, and
mucous membrane irritant in humans (157)
and animals (378,379) (Table 24). It also
causes allergic contact dermatitis in humans
(157) and hypersensitization in guinea pigs
(383). Occupational exposures have resulted
in complaints of headache, fatigue, sleep dis-
turbance, irritability, loss of memory, and
pain in the extremities (157). Animal studies
have shown that methyl methacrylate can
cause CNS depression, hypotension, liver
and kidney toxicity, and respiratory arrest
(157,379). Methyl methacrylate in surgical
bone cement has caused episodes in humans
of hypotension followed by cardiac arrest and
at least one fatality (157).

Methyl methacrylate has produced mixed
results in genotoxicity assays (Table 25). It
did not induce mutations in the Ames test
(157,222), although it gave positive results in

mouse lymphoma cells (394,395). Methyl
methacrylate has given positive results for
SCE and weakly positive indications for
chromosome aberrations (384,391,396), but
was negative for sex-linked recessive lethal
mutations in Drosophila and weakly positive
or equivocal for micronucleus induction
(391). Two-year inhalation studies in rats
and mice gave no evidence of carcinogenicity
(384). A 2-year drinking water study in rats
was also negative for carcinogenicity (388);
however, local tumors may be formed at the
site of methyl methacrylate implants; the
International Agency for Research on
Cancer considers methyl methacrylate not
classifiable with regard to human carcino-
genicity (157). Methyl methacrylate appears
not to be teratogenic but has shown embryo-
and fetotoxicity on maternal inhalation
exposure (157,386).

The OSHA PEL and ACGIH TLV-
TWA for methyl methacrylate are both 100
ppm (410 mg/m3) (196,197). A chronic
RfD of 0.08 mg/kg/day has been calculated,
based on a NOEL of 7.5 mg/kg/day during
a 24-month oral exposure of rats and the
end point of increased relative kidney weight
(388) together with an uncertainty factor of
100 (397).

Ecotoxicity. No data were located on the
ecotoxicity of GD.

Cyanogen Chloride (CK)
CK (ClCN), a halogenated cyanide, is a col-
orless, highly volatile liquid that is highly irri-
tating to the eyes and mucous membranes.
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Table 24. Effects of acute exposure to pinacolyl methylphosphonofluoridate (soman; GD) degradation products, thickener, and contaminants.

Degradation product
(formula; CAS no.) LD50 or LC50 LDLO or LCLO Other effects

Methylphosphonic acid (MPA) Rat: oral, 5,000 mg/kg (273) Human: skin and eye irritant (274)
(C3H5PO3; 993-13-5) Mouse: oral, > 5,000 mg/kg (273)

Diisopropyl 
methylphosphonate (DIMP) Rat: oral, 826 mg/kg (350) Draft ATSDR profile (337); examples follow:
(C7H17PO3; 1445-75-6) Mouse: oral, 1,041 mg/kg (350) Rat: ataxia, decreased activity; prostration, 

Mink: oral, 503 mg/kg (334) 430 mg/kg LOAEL (350) 
Duck: oral, 1,490 mg/kg (334) Mouse: decreased activity; prostration, 
Cattle: oral, ~ 750 mg/kg (351) 430 mg/kg LOAEL (350) 

Mink: salivation, lethargy; immobilization, 
300 mg/kg LOAEL (334)

Methylphosphonic difluoride Mouse, dog: inhalation, 2,700 Rat, mouse, dog, monkey: eye irritation (345)
(CH3F2OP; 676-99-3) mg/m3/30 min (345) Rat, dog, monkey: corneal opacity, haze (345)

Rat: inhalation, 8,100 mg/m3/30 min (345) Mouse: muscle weakness, ataxia (345)
Monkey: inhalation, 3,000 Dog, monkey: miosis (345)

mg/m3/30 min (345) Rat, mouse, guinea pig: respiratory distress
Guinea pig: inhalation, < 1,600 (345,352)

µg/L/1 hr (mg/m3) (352) Dog: pulmonary edema, congestion (345)
Methyl methacrylate Rat: oral, 7,872 mg/kg (378) Dog: inhalation, Rabbit: skin, irritation, 10 g/kg (378)
(C5H8O2; 80-62-6) Mouse: oral, 3,625 mg/kg (380) 41,200 mg/m3/3 hr (379) Rabbit: eye, 150 mg (379)

Dog: oral, 4,725 mg/kg (379) Rabbit: inhalation, 
Rabbit: oral, 8,700 mg/kg (380) 17,500 mg/m3/4 hr (378)
Guinea pig: oral, 5,954 mg/kg (379) Guinea pig: inhalation,
Rat: inhalation, 78,000 mg/m3/4 hr (381) 19,000 mg/m3/4 hr (378)
Mouse: inhalation, 18,500 mg/m3/2 hr (381)
Rabbit: skin, > 5 g/kg (382)

Abbreviations: LC50, medial lethal concentration; LCLO, lowest lethal concentration; LD50, median lethal dose; LDLO, lowest lethal dose; LOAEL, lowest-observed-adverse-effect level.

Table 23. Degradation products, impurities, and thickener of pinacolyl methylphosphonofluoridate
(soman; GD).

Name Formula CAS no. Source

Pinacolyl methylphosphonic acid C7H17O3P 616-52-4 Hydrolysis of GD
Methylphosphonic acid CH5O3P 993-13-5 Hydrolysis of GD
Pinacolyl alcohol C6H14O 464-07-3 Hydrolysis of pinacolyl

methylphosphonic acid
Dipinacolyl methylphosphonate C13H29O3P 7040-58-6 Impurity

Bis(1,2,2-trimethylpropyl) methylphosphonic acid
Methyl pinacolyl methylphosphonate NA NA Impurity
Methyl methylphosphonofluoridate NA NA Impurity
Methyl methacrylate C5H8O2 80-62-6 Thickener

NA, not available. Data from Rosenblatt et al. (13), MacNaughton and Brewer (27), Kingery and Allen (28), Sanches et al.
(34), and Johnsen and Blanch (43).



Because of its volatility, it is considered a
nonpersistent agent (11). CK and cyanide
became the Allies’ standard nonpersistent
lethal agents early in World War II (99).
This agent is not part of the U.S. CW stock-
pile but was used as training material at sev-
eral sites in the United States; the continued
presence of CK at these sites has not been
verified (230,231). Without the addition of a
stabilizer, CK may undergo polymerization
to cyanuric chloride, which is corrosive and
may explode (15). Chemical and physical
properties of CK are listed in Table 1.

Formation of degradation products. At
ambient temperature (25°C), CK is an
extremely volatile liquid with a vapor pres-
sure of 1,000 mmHg (11). No data were
located on its fate in the atmosphere. 

Because of its extreme volatility and rela-
tively rapid rate of hydrolysis in water, CK is
not expected to persist in surface waters.
Hydrolysis half-lives range from 1 min at
45°C to 10 hr at 5°C (398). Kononen (399)
calculated a hydrolytic half-life of 5.25 hr at
20°C and a pH of 8.64. The hydrolysis rate
constant of CK at pH 7 is approximately
6.45 × 10-5/mol/min (9). According to the
American Public Health Association (400),
CK may persist for 24 hr at a pH of 9.0 if
no excess chlorine is present. CK undergoes
considerable hydrolysis in the alkaline pH
range to form cyanic acid (HOCN) and
hydrochloric acid; the two reaction products
are then converted to carbon dioxide (CO2)
and ammonium chloride (NH4Cl). The
same products form at a slower rate at acidic
and neutral pH values (9,401):

ClCN + OH- → HOCN + Cl-

ClCN + H+ → HOCN + H+ + Cl-

ClCN + H2O → HOCN + H+ + Cl-

CK from sources other than chemical
agents may be present in natural waters. CK
is formed by chlorine acting on dissolved or
suspended organic matter including humic

acids in the presence of ammonia or amines
(402). CK is also formed by chlorine acting
on cyanide ion or hydrocyanic acid in dilute
aqueous solution (9). Disinfection of drink-
ing water by chlorination results in the for-
mation of chlorinated by-products including
CK (403–405).

No data were located on the fate of CK in
soil; however, its fate in soil would probably
be similar to that in water, i.e., volatilization
and hydrolysis.

Decontamination. No specific informa-
tion was located on decontamination. CK is
extremely volatile and undergoes rapid
hydrolysis, which is accelerated if solutions
are heated.

Acute and chronic mammalian toxicity.
CK is highly toxic as a gas or liquid; it is
converted in the body to hydrocyanic acid
(HCN) and then detoxified to thiocyanate
(401). The toxic effects of CK closely paral-
lel those of cyanide (CN-), producing respi-
ratory failure by several means and blocking
cellular energy metabolism (167,240,401). 

Cyanic acid, the primary hydrolysis prod-
uct of CK, is toxic by the oral, ip, and intra-
muscular routes. Its lethality is evidenced by
data for its sodium salt, CNO•Na, which
includes a mouse oral LDLO value of 4 mg/kg
(240) and a rat oral LD50 value of 1,500
mg/kg (406). Intramuscularly, the rat LD50
value is 310 mg/kg (240), whereas the mouse
ip LD50 value is similar, 260 mg/kg (406),
again for the sodium salt of cyanic acid. No
toxicity test data were found for cyanic acid.
Cyanic acid is a vesicant and strong lacrima-
tor, causing severe irritation to the eyes, skin,
mucous membranes, and respiratory tract
(14). According to Lewis (240), human inges-
tion can result in weight loss and eye effects
including visual field changes. No occupa-
tional or environmental regulations or guide-
lines were found for cyanic acid. 

Ecotoxicology. CK is extremely toxic to
aquatic organisms, with 48-hr and 96-hr

LC50 values for aquatic invertebrates and fish
of < 150 µg/L (399,407). Toxicity may be
attributable, at least partially, to the free
cyanide (CN-) in solution. The 96-hr LC50
values of free cyanide for fathead minnows at
pH values of 8.29 and 8.67 were 120 and
110 µg/L, respectively (408). No information
was located on the toxicity of cyanic acid. 

Conclusions

We examined sources of information such as
field and laboratory studies as well as reports
on analyses of storage containers at burial or
unitary stockpile sites in this review to deter-
mine the presence of degradation products,
contaminants, and impurities of CW agents.
For completeness, we included all identified
organic compounds unless they were com-
mon and already well understood toxicologi-
cally. Few or no data on degradation path-
ways, mammalian toxicity, or ecotoxicity are
available for many of the rather obscure CW
degradation products. Of those substances
for which both toxicity and environmental
fate data are available, it is clear that very few
of the degradation products are both envi-
ronmentally persistent and highly toxic.
Compared with most hazardous environ-
mental contaminants, the CW agents show a
unique propensity to hydrolyze. The nerve
agents are so hydrolytically labile that they
are predicted to persist in the environment
for no more than a few days. Such suscepti-
bility by the parent agents and their more
toxic intermediate degradation products min-
imizes the likelihood of groundwater conta-
mination, given the nature of the leaching
and percolation processes involved in move-
ment through soil to groundwater. Of those
degradation products known to exhibit sig-
nificant environmental persistence, most are
minimally to moderately toxic.

The CW degradation products of primary
interest include TDG for HD; Lewisite
oxide for Lewisite; and EA 2192, EMPA,
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Table 25. Carcinogenicity, genotoxicity, reproductive toxicity, and systemic effects of chronic exposure to pinacolyl methylphosphonofluoridate (soman; GD) degra-
dation products, thickener, and impurities.

Degradation product 
(formula; CAS no.) Carcinogenicity Genetic effects Reproductive effects Systemic effects

Methyl methacrylate, Mouse: rat, inhalation, Mutagenicity: positive, Salmonella Rat: inhalation, fetotoxicity, Human: contact dermatitis (387) 
(C5H8O2; 80-62-6) negative (384) (385) growth retardation; Rat: inhalation, serum composition,

Rat: oral, negative (388) Mutagenicity: Ames, negative (222) embryolethality (386) cholesterol, bilirubin, transaminases,
Mutagenicity: positive, Rat: inhalation, nutrition/metabolic effects (390) 

mouse lymphoma cells (391) postimplantation Rat: inhalation, focal lung fibrosis,
Micronucleus test: equivocal, mortality (389) olfactory sensory epithelium 

mouse lymphocyte (391) degeneration, nasal cavity 
Mutation: mouse lymphoma cells, inflammation (392)

positive, with activation (394) Rat: oral, somnolence, neurostructural 
Cytogenetic effects: positive, several changes, lipid effects (393)

end points (384,391,394) Mouse: inhalation, zonal hepatocellular
SCE: positive; hamster ovary (384) necrosis, olfactory sensory epithelium
Mouse: negative, RDS test (166) degeneration, nasal cavity inflammation,

epithelial hyperplasia (384) 

Abbreviations: RDS, replicative DNA synthesis; SCE, sister chromatid exchange. 
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and MPA for VX. MPA is also a product of
both GB and GD degradation. The GB con-
taminant, DIMP, is also of interest because
of its environmental persistence, whereas the
closely related IMPA is a hydrolysis product
of GB that slowly hydrolyzes further to
MPA. Of these degradation products, only
Lewisite oxide and EA 2192 possess high
mammalian toxicity.

The information on these and other toxic
or persistent degradation products of possible
concern is summarized in the following dis-
cission and in Table 26, grouped by parent
CW agent. We do not consider the contami-
nants/degradation products present at
< 0.1% in ton containers of HD or VX to be
of environmental concern because amounts
are so small. Furthermore, these trace com-
pounds have not been identified following
pilot studies of agent neutralization, indicat-
ing their probable destruction.

Sulfur mustard (HD). For HD dispersed
in the environment, TDG and 1,4-oxathiane
are the primary hydrolysis end products. For
bulk mustard in the environment, the sulfo-
nium ion aggregates such as mustard–TDG
and hemimustard–TDG are of some impor-
tance. The most persistent degradation
product of HD, and therefore the substance
of primary interest, is TDG. Several addi-
tional persistent products are also discussed.

TDG is the main hydrolysis product of
HD prior to mineralization; it does not
undergo further hydrolysis but is susceptible
to microbial degradation, the latter being the
basis for the final phase of the disposal tech-
nology for HD stored in bulk. TDG is of
low acute and chronic toxicity to mammals
(Tables 4 and 5) and aquatic organisms.
Additionally, it is not a product unique to
HD degradation, as it is used as a solvent in
printing and in antifreeze solutions.

Sulfonium ion aggregates (mustard and
hemimustard–TDG aggregates) may be per-
sistent in the environment and retain their
vesicant properties, but according to avail-
able information, they are generally of low
oral toxicity to mammalian species (Table
4). However, the H–TDG aggregate has
considerable toxicity when applied dermally.
The HD–2TDG aggregate was almost non-
toxic to aquatic organisms.

Mustard sulfoxide, mustard sulfone, and
divinyl sulfone are oxidation products and so
may be formed in the environment to a less-
er degree than hydrolysis products. They are
relevant when considering decontamination.
The sulfoxide is extremely stable to hydroly-
sis but is considered only slightly toxic
(Table 4). Mustard sulfone retains vesicant
properties and is approximately 0.1 times as
toxic as distilled mustard by iv and sc routes
and half as toxic by inhalation. Divinyl

Table 26. Summary of known persistent or toxic chemical warfare agent degradation products.

Chemical warfare Degradation Degradation Persistence/ Relevant routes
agent process product parametersa of exposure Toxicityb

Sulfur mustard Hydrolysis Thiodiglycol Moderate/nonvolatile, miscible Oral Lowc: rat oral LD50, 6,610 mg/kg
with water, resistant to (63)
hydrolysis, biodegradable

Lewisite Hydrolysis, Lewisite oxided High/water insoluble, Dermal Unknown (dermal irritant,
dehydration potential oxidation (soil) vesicant)e

O-ethyl-S-[2-diisopro- Hydrolysis EA 2192 Moderate/low volatility, Oral Highe: rat oral LD50: 0.63 mg/kg
pylaminoethyl] methyl- high water solubility, (255)
phophonothioate (VX) resistant to hydrolysis

EMPA Moderate/low volatility, Oral No dataf

water soluble, resistant to
hydrolysis, biodegradableg

Formed from MPA High/low volatility, Oral Lowc: rat oral LD50: 5,000 mg/kg
EMPA resistant to photolysis, (273)

high water solubility, 
resistant to hydrolysis, 
mobile in soils,
biodegradation resistant

Isopropyl methyl- Hydrolysis IMPA High/low vapor pressure, Oral Lowc: rat oral LD50: 6,070 mg/kg 
phosphonofluoridate water soluble, resistant to (348)
(GB) hydrolysis, biodegradation

resistant 
MPA High/low volatility, Oral Lowc: rat oral LD50: 5,000 mg/kg 

resistant to photolysis, (273)
high water solubility, 
resistant to hydrolysis, 
mobile in soils,
biodegradation resistant

Impurity DIMP High/low volatility, Oral Lowc: rat oral LD50: 826 mg/kg 
water soluble, resistant (350)
to hydrolysis, slow 
biodegradation

Ethyl N,N-dimethyl- Hydrolysis MPA High/low volatility, Oral Lowc: rat oral LD50: 5,000 mg/kg 
phosphoroamido- resistant to photolysis, (273)
cyanidate (GD) high water solubility, 

resistant to hydrolysis, 
mobile in soils,
biodegradation resistant

Abbreviations: DIMP, diisopropyl methylphosphonate; EA 2192, S-(2-diisopropylaminoethyl) methylphosphonothioic acid; EMPA, ethyl methylphosphonic acid; IMPA, isopropyl
methylphosphonic acid; LD50, median lethal dose; MPA, methyl phosphonic acid. 
aPersistence depends on environmental conditions. In general, moderate persistence indicates weeks to months and high persistence indicates months to years. bToxicity by relevant
route of exposure. cDoes not retain the toxic properties of the parent chemical warfare agent. dUnder continually moist conditions, the hydrolysis product 2-chlorovinyl arsonous acid, a
probable vesicant, may be present. eRetains the toxic mechanism of action of the parent chemical warfare agent. fStructural similarity to that of IMPA may indicate a similar low toxicity.
gDisappearance from soil may be due to a combination of hydrolysis and biodegradation. 
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sulfone is a vesicant and is highly toxic by
the oral route. Some sources characterized
mustard sulfoxide and mustard sulfone as
highly toxic but lacked data for environmen-
tally relevant routes of exposure. These com-
pounds are moderately water soluble, which
may limit their environmental persistence.
Literature searches located no environmental
toxicity data for these compounds.

1,4-Dithiane and 1,4-oxathiane are often
referred to as thermal degradation products
but are present as impurities in ton contain-
ers of mustard; 1,4-oxathiane is also a
hydrolytic degradation product. Both prod-
ucts are groundwater contaminants in the
Rocky Mountain Arsenal area, indicating
environmental persistence. Both are of low
acute toxicity to mammalian species (Table
4). Additionally, subchronic administration
of 1,4-dithiane to rats at doses up to 420
mg/kg/day produced no overt toxicity
(Table 5). No environmental toxicity data
were located.

Other impurities of HD include 1,2-
bis(2-chloroethylthio)ethane and 1,8-
dichloro-3-oxa-6-thiaoctane. Impurities are
usually present in very small amounts.
Human and laboratory animal data indicat-
ed moderate-to-high toxicity for 1,2-bis(2-
chloroethylthio)ethane by the inhalation
route (Table 4). There are probably other
impurities such as isomers of HD that are
highly vesicant, but these would be present
in very small amounts (< 1%).

Nitrogen mustards. The nitrogen mus-
tards were manufactured in limited quanti-
ties; they were never stocked as a significant
part of the U.S. CW inventory and thus are
of limited environmental concern. The
nitrogen mustards are fairly persistent: HN1
and HN2 are moderately persistent and
HN3 is quite persistent, although the latter
slowly degrades to triethanolamine. The
main degradation process is expected to be
hydrolysis. Inhalation exposures are not a
concern because all three agents have low
vapor pressures. Although the intermediate
hydrolysis products are of moderate-to-high
toxicity and irritancy to mammals (Table 7),
the later hydrolysis products such as
diethanolamine and triethanolamine are
generally of low acute toxicity to mammals
and aquatic organisms.

Lewisite. Lewisite was also produced in
limited quantities. It is stored in bulk at only
one site, with smaller amounts possibly pre-
sent at several other sites. Lewisite gives rise to
two hydrolysis products, one of which
(Lewisite oxide) is a highly toxic vesicant
(Table 11). No toxicity data are available for
the other Lewisite hydrolysis product 2-
chlorovinyl arsonous acid, but this compound
retains most of the Lewisite structure. In
solution, Lewisite yields 100% 2-chlorovinyl

arsonous acid, but the insoluble Lewisite
oxide is formed after drying. In soil, Lewisite
oxide can be converted to 2-chlorovinyl
arsonic acid, which is moderately acutely toxic
to rats by the oral route. These organic arseni-
cals are not likely to exhibit carcinogenicity
themselves, but in the course of complete
mineralization they form various inorganic
arsenic compounds that are potentially car-
cinogenic and are of possible concern with
regard to worker safety. The U.S. EPA has set
oral and inhalation slope factors for inorganic
arsenic. However, the small quantity of
Lewisite produced makes its degradation
products of limited environmental concern.

VX. Agent VX forms a variety of degra-
dation products, one of which retains signifi-
cant toxicity, whereas several others, includ-
ing MPA, have low-to-negligible toxicity.
The most persistent products in weathered
soil samples are EA 4196 and MPA. The
most toxic is EA 2192.

Several literature sources indicated that
EA 4196 is environmentally stable and tight-
ly bound to soil, but gave no specific charac-
terization data (254,259). Environmental
monitoring data were not located, but it
would be of interest to know whether this
substance has been identified in soil or water
at contaminated sites. Mammalian and eco-
toxicity data were also unavailable.

The intermediate VX hydrolysis product
EA 2192 may be stable in water under cer-
tain pH conditions but is degraded as rapid-
ly as VX in soil. According to limited data, it
is a highly toxic anticholinesterase agent
depending on the route of exposure (Table
14). EA 2192 is only slightly less toxic than
VX by the iv route but is 0.1–0.2 times as
toxic as VX orally. It does not penetrate the
skin when applied in a water or alcohol solu-
tion, and its volatility is thought to be too
low to pose an inhalation hazard. No ecotox-
icity data were located for this compound. It
is unclear whether EA 2192 is sufficiently
persistent to be of concern.

MPA is an ultimate hydrolysis product for
VX, GB, and GD. It is environmentally per-
sistent and was detected for up to 10 years fol-
lowing contamination of the dry soil at
Dugway Proving Ground. MPA has low toxi-
city to both mammals and aquatic organisms. 

EMPA may be persistent in the environ-
ment under some conditions, as hydrolysis to
MPA has not been shown in a laboratory set-
ting. However, hydrolysis to MPA in soil does
occur. Experimental toxicity data are not
available for EMPA. Because the structure of
EMPA is similar to that of IMPA, which
exhibits low mammalian toxicity, EMPA is
predicted to exhibit low mammalian toxicity.

GA. This agent was produced in very
limited quantities and is presently stored
only at Tooele Army Depot. The production

process results in numerous contaminants
and impurities. The initial hydrolysis prod-
ucts ethylphosphoryl cyanidate and ethyl
N,N-dimethylamido phosphoric acid proba-
bly retain some toxic properties. However,
searches located no data on unique degrada-
tion products or GA contaminants and
impurities. Toxicity data were located for
dimethylamine and triethyl phosphate
(Tables 18 and 19); however, these com-
pounds are not unique to GA degradation.
The small quantity of GA produced, distrib-
uted, and stored makes this compound of
limited environmental concern.

GB. Agent GB is essentially nonpersis-
tent, as it is volatile, water soluble, and sub-
ject to both acidic and basic hydrolysis. The
degradation products are considered nontox-
ic. The primary hydrolysis product IMPA,
although environmentally persistent, is of
low acute oral toxicity in rats and mice
(> 5,000 mg/kg) (Table 21). IMPA slowly
hydrolyzes to MPA, which is persistent in
the environment but is essentially nontoxic
to mammalian and aquatic organisms. The
U.S. EPA has derived an RfD of 0.1
mg/kg/day for IMPA.

An impurity of GB, DIMP, has raised
concern because it is environmentally persis-
tent and has been found in groundwater at
Rocky Mountain Arsenal. Mammals rapidly
metabolize DIMP to IMPA; DIMP has
demonstrated low acute (Table 21) and neg-
ligible chronic (Table 22) toxicity in several
mammalian species. It is also of low toxicity
to mammalian wildlife and aquatic organ-
isms. Controversy over drinking water stan-
dards for DIMP and thus its cleanup criteria
has arisen because of deaths in a reproduc-
tive toxicity screening study with mink
(334). The deaths were probably due to
nursing or stress syndrome, a syndrome
thought to be unique to mink. These deaths
appear to have been misattributed to DIMP
toxicity by some, but the state of Colorado
has based its groundwater and surface water
standards on the LOAEL from this study.
The U.S. EPA based its less conservative
drinking water criteria instead on an oral
subchronic DIMP study in dogs.

Methylphosphonic difluoride, a precur-
sor and contaminant of GB that has irritant
and anticholinesterase properties (Table 21),
rapidly hydrolyzes in water to MPA and
hydrogen fluoride.

GD. Agent GD is not part of the U.S.
chemical inventory and so may be of limited
environmental concern. However, experi-
mental quantities exist in the United States,
and GD was the primary G agent manufac-
tured by the former Soviet Union. No infor-
mation was located on the primary hydrolysis
product pinacolyl methylphosphonic acid,
but its structure is similar to that of IMPA,
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which exhibits low mammalian toxicity, and
it also slowly hydrolyzes to MPA.

Cyanogen chloride. CK hydrolyzes rapidly
under alkaline conditions to HCl and cyanic
acid, which is highly toxic by all routes of
exposure. Cyanic acid and HCl slowly form
CO2 and ammonium chloride in an aqueous
environment.

Summary 
We reviewed the degradation of three types
of vesicant CW agents, the sulfur mustards,
nitrogen mustards, and Lewisite. Because of
its persistence, the major hazard in HD-cont-
aminated sites is probably HD itself.
Sulfonium ion aggregates formed during
hydrolysis may be persistent and may retain
vesicant properties. Decontamination gives
rise to two toxic oxidative dechlorination
products, mustard sulfone and divinyl sul-
fone. The final hydrolysis product, TDG,
may be persistent but exhibits low toxicity.
Similarly, HN agents themselves are both
highly toxic vesicant agents and are relatively
persistent, and their initial hydrolysis prod-
ucts are also of high toxicity. Diethanolamine
and triethanolamine are only slightly toxic.
Under varying moisture, Lewisite gives rise to
two toxic hydrolysis products, 2-chlorovinyl
arsonous acid and Lewisite oxide. Almost no
mammalian toxicity data are available for
these two hydrolysis products or for the
Lewisite oxidation product 2-chlorovinyl
arsonic acid.

The nerve agents include the V agent VX
as well as three G agents. VX gives rise to two
hydrolysis products of possible concern: EA
4196, which is persistent, and EA 2192,
which is highly toxic and is possibly persistent
under certain limited conditions. The alkyl
methylphosphonic acids, hydrolysis products
of the G agents, although environmentally
persistent, do not appear to present significant
hazards from the standpoint of toxicity.

The blood agent CK is extremely
volatile and undergoes rapid hydrolysis.
Thus, environmental persistence should not
be a concern. The primary degradation
products, cyanic acid and HCl, should be
mineralized under environmental condi-
tions. Like GA, GD, and Lewisite, however,
CK is not a major part of the United States
CW inventory.

REFERENCES AND NOTES

1. Munro NB, Ambrose KR, Watson AP. Toxicity of the
organophosphate chemical warfare agents GA, GB, and
VX: implications for public protection. Environ Health
Perspect 102:18–38 (1994).

2. Watson AP, Griffin GD. Toxicity of vesicant agents sched-
uled for destruction by the Chemical Stockpile Disposal
Program. Environ Health Perspect 98:259–280 (1992).

3. Munro NB, Watson AP, Ambrose KR, Griffin GD. Treating
exposure to chemical warfare agents: implications for
health care providers and community emergency plan-
ning. Environ Health Perspect 89:205–215 (1990).

4. O’Bryan TR, Ross RH. Chemical scoring system for hazard
and exposure identification. J Toxicol Environ Health
1:119–134 (1988).

5. Rosenblatt DH, Miller TA, Dacre JC, Muul I, Cogley DR.
Problem Definition Studies on Potential Environmental
Pollutants. II. Physical, Chemical, Toxicological, and
Biological Properties of 16 Substances. Tech Rpt 7509; AD
AO30428. Fort Detrick, MD:U.S. Army Medical
Bioengineering Research and Development Laboratory,
1975.

6. Forsman N, Frostling H, Hertzberg O, Jansson B, Larsson
L, Lundin J, Meyerhoffer A, Persson G, Santesson J, Sorbo
B, et al. C-Weapons (Characteristics and Defense) (trans-
lation). USAMIIA-HT-010-79, AD A075722. Fort Detrick,
MD:Department of the Army, U.S. Army Medical
Intelligence and Information Agency, 1979. 

7. Franke S. Textbook of Military Chemistry, Vol 1. USAMIIA-
HT-039-82, AD B062913. Alexandria, VA:Defense Technical
Information Center, 1982.

8. Small MJ. Compounds formed from the chemical deconta-
mination of HD, GB, and VX and their environmental fate.
Tech Rpt 8304; AD A149515. Fort Detrick, MD:U.S. Army
Medical Bioengineering Research and Development
Laboratory, 1984.

9. Clark DN. Review of Reactions of Chemical Agents in
Water. AD-A213 287. Alexandria, VA:Defense Technical
Information Center, 1989. 

10. Goldman M, Dacre JC. Lewisite: its chemistry, toxicology,
and biological effects. Rev Environ Contam Toxicol
110:75–115 (1989).

11. U.S. Army. Potential Military Chemical/Biological Agents
and Compounds. FM 3-9, NAVFAC P-467, AFR 355-7. Fort
McClellan, AL:Headquarters, Departments of the Army,
Navy, and Air Force, 1990.

12. Trochimowicz HJ. Heterocyclic and miscellaneous nitro-
gen compounds. In: Patty’s Industrial Hygiene and
Toxicology, Vol II, Part E. New York:John Wiley & Sons,
Inc., 1994;3295–3304.

13. Rosenblatt DH, Small MJ, Kimmell TA, Anderson AW.
Agent Decontamination Chemistry: Technical Report. U.S.
Army Test and Evaluation Command (TECOM) Technical
Support, Phase 1. Prepared for the Environmental Quality
Office, U.S. Army Test and Evaluation Command, by
Argonne National Laboratory, Washington, DC, 1995.

14. Budavari S, O’Neil MJ, Smith A, Heckelman PE, eds. The
Merck Index. An Encyclopedia of Chemicals, Drugs, and
Biologicals. 12th ed. Rahway, NJ:Merck & Co., Inc., 1996.

15. USACHPPM. Detailed and General Facts about Chemical
Agents - TG 218. Aberdeen Proving Ground, MD:United
States Army Center for Health Promotion and Preventive
Medicine, 1996.

16. Hazardous Substance Data Base. Bis(2-chloroethyl)sul-
fide. Bethesda, MD:National Library of Medicine, 1997.
Available: http://sis.nlm.nih.gov/sis1/index.html [cited 18
March 1997]. 

17. Hazardous Substance Data Base. Mechlorethamine.
Bethesda, MD:National Library of Medicine, 1997.
Available: http://sis.nlm.nih.gov/sis1/index.html [cited 22
December 1997].

18. Hazardous Substance Data Base. Tris(2-chloro-
ethyl)amine. Bethesda, MD:National Library of Medicine,
1997. Available: http://sis.nlm.nih.gov/sis1/index.html [cited
22 December 1997]. 

19. Opresko DM, Young RA, Faust RA, Talmage SS, Watson
AP, Ross RH, Davidson KA, King J. Chemical warfare
agents: estimating oral reference doses. Rev Environ
Contam Toxicol 156:1–184 (1998).

20. Major M. Personal communication. 
21. National Research Council. Review and Evaluation of

Alternative Chemical Disposal Technologies. Panel on
Review and Evaluation of Alternative Disposal
Technologies. Washington, DC:National Academy Press,
1996.

22. U.S. Army. Pilot Testing of Neutralization/Super Critical
Water Oxidation of VX Agent at Newport Chemical Activity
Depot, Indiana. Draft Environmental Impact Statement.
Aberdeen Proving Ground, MD:U.S. Army, 1998. 

23. Amr AT, Cain TC, Cleaves DJ, Faramarzi A, Haus SA,
Lewis JP, Mavis RD, Saynuk MA, Seth SS, Vogel GA.
Preliminary Risk Assessment of Alternative Technologies
for Chemical Demilitarization. MTR 96W0000023. McLean,
VA:Mitretek Systems, 1996.

24. U.S. Army. Pilot Testing of Neutralization/Biotreatment of
Mustard Agent at Aberdeen Proving Ground, Maryland.

Draft Environmental Impact Statement. Aberdeen Proving
Ground, MD:U.S. Army, 1998. 

25. Department of Defense. U.S. Chemical Weapons Stockpile
Information Declassified. News Release. Washington,
DC:Office of Assistant Secretary of Defense, 22 January
1996.

26. D’Agostino PA, Provost LR. Capillary column isobutane
chemical ionization mass spectrometry of mustard and
related compounds. Biomed Environ Mass Spectrom
15:553–564 (1988).

27. MacNaughton MG, Brewer JH. Environmental Chemistry
and Fate of Chemical Warfare Agents. SWRI Project 01-
5864. San Antonio, TX:Southwest Research Institute, 1994.

28. Kingery AF, Allen HE. The environmental fate of
organophosphorus nerve agents: a review. Toxicol
Environ Chem 47:155–184 (1995).

29. Yang YC, Baker JA, Ward JR. Decontamination of chemi-
cal warfare agents. Chem Rev 92(8):1729-1743 (1992).

30. Samuel JB, Penski EC, Callahan JJ. Physical Properties of
Standard Agents, Candidate Agents, and Related
Compounds at Several Temperatures (U). Special
Publications ARCSL-SP-83015. Aberdeen Proving Ground,
MD:Chemical Systems Laboratory, 1983.

31. Puzderliski A. The persistence of sarin and Yperite drops
in soil [in Serbo-Croatian]. Naucno-Teh Pregl 30:47–54
(1980). 

32. Rewick RT, Shumacher ML, Haynes DL. The UV absorp-
tion spectra of chemical agents and simulants. Appl
Spectrosc 40:152–156 (1986).

33. Atkinson R. A structure-activity relationship for the esti-
mation of rate constants for the gas-phase reactions of
OH radicals with organic compounds. Int J Chem Kinet
19:799–828 (1987).

34. Sanches ML, Russell CR, Randolf CL. Chemical Weapons
Convention (CWC) Signature Analysis. DNA-TR-92-73; AD
B171788. Alexandria, VA:Defense Technical Information
Center, 1993.

35. Epstein J, Rosenblatt DH, Gallacio A, McTeague WF.
Summary Report on a Data Base for Predicting
Consequences of Chemical Disposal Operations. EASP
1200-12. Edgewood Arsenal, MD:Department of the Army
Headquarters, 1973.

36. Madema J. Mustard gas: the science of H. Nucl Biol
Chem Def Int 1:66–71 (1986). 

37. Bartlett PD, Swain CG. Kinetics of hydrolysis and displace-
ment reactions of β,β´-dichlorodethylsulfide (mustard gas)
and of β-chloro-β´-hydroxydiethyl sulfide (mustard chloro-
hydrin). J Am Chem Soc 71:1406–1415 (1949). 

38. U.S. Army. Cumulative Sample Analysis Data Report, HD
Ton Container Survey Results. March 14, 1996. Aberdeen
Proving Ground, MD:U.S. Army Program Manager for
Chemical Demilitarization, 1996.

39. D’Agostino PA, Provost LR. Capillary column electron
impact and ammonia chemical ionization gas chromato-
graphic-mass spectrometric and gas chromatographic-
tandem mass spectrometric analysis of mustard hydroly-
sis products. J Chromatogr 645:283–292 (1993).

40. D’Agostino PA, Provost LR, Hansen AS, Luoma GA.
Identification of mustard related compounds in aqueous
samples by gas chromatography/mass spectrometry.
Biomed Environ Mass Spectrom 18:484–491 (1989).

41. D’Agostino PA, Provost LR, Hancock JR. Analysis of mus-
tard hydrolysis products by packed capillary liquid chro-
matography-electrospray mass spectrometry. J
Chromatogr A 808:177–184 (1998).

42. NMFA. Verification of a Chemical Weapons Convention:
Sampling and Analysis of Chemical Warfare Agents under
Winter Conditions, Parts 1 and 2. Oslo:Royal Norwegian
Ministry of Foreign Affairs, 1982–1983. 

43. Johnsen BA, Blanch JH. Analysis of snow samples conta-
minated with chemical warfare agents. Arch Belg
Suppl:22–30 (1984). 

44. Morrill LG, Reed LW, Chinn KSK. Toxic Chemicals in the
Soil Environment, Vol 2. Interaction of Some Toxic
Chemicals/Chemical Warfare Agents and Soils. TECOM
Project 2-CO-210-049 (DTIC: AD-A158 215). Stillwater,
OK:Oklahoma State University, 1985.

45. Lee KP, Allen HE. Environmental transformation mecha-
nisms of thiodiglycol. Environ Toxicol Chem 17:1720–1726
(1998).

46. Burrows EP. Analysis of Chemical Warfare Agents and
Their Transformation Products. Technical Report.
Aberdeen Proving Ground, MD:U.S. Army Center for
Health Promotion and Preventive Medicine, 1998. 



Reviews • Chemical warfare agent degradation products

Environmental Health Perspectives • Volume 107, Number 12, December 1999 969

47. Von Bremer P, Davis JH. Glycols (ethylene and propylene).
In: Kirk-Othmer Encyclopedia of Chemical Technology
(Mark HF,Othmer DF, Overberger CG, Seaborg GT,
Grayson M, Eckroth D, eds), 3rd ed. New York:John Wiley,
1981;948–949.

48. Nass LI. Heat stabilizers. In: Kirk-Othmer Encyclopedia of
Chemical Technology (Mark HF,Othmer DF, Overberger
CG, Seaborg GT, Grayson M, Eckroth D, eds). 3rd ed. New
York:John Wiley, 1981;240. 

49. Sigma Chemical Company. Material Safety Data Sheet:
Thiodiglycol. St Louis, MO:Sigma Chemical Company,
1996.

50. Berkowitz JB, Goyer MM, Harris JC, Lyman WJ, Horne
RA, Nelken LH, Harrison JE, Rosenblatt DH. Literature
Review—Problem Definition Studies on Selected
Chemicals. Final Report. Vol II. Chemistry, Toxicology and
Potential Environmental Effects of Selected Organic
Pollutants. AD B052964. Fort Detrick, MD:U.S. Army
Medical Bioengineering Research and Development
Laboratory, 1978.

51. Deardorff MB, Das BR, Roberts WC. Health Advisory for
1,4-Dithiane. PB93-117026. Washington, DC:U.S.
Environmental Protection Agency, 1992;1–57.

52. Harvey SP, DeFrank JJ. Biodegradation of chemical war-
fare agents: demilitarization applications. In: Army
Science: The New Frontiers, Military and Civilian
Application (Kamely D, Sasmore R, eds). Woodlands,
TX:Borg Biomedical Services, 1993. 

53. Beaudry WT, Bossle PC, Harvey SP, Kolakowski JE,
Procell LR, Rohrbaugh DK, Sorrick DC, Stroup AN,
Szafraniec LL, Yang YC. Neutralization/biodegradation of
HD. In: Analytical Methods for Environmental Sampling of
Chemical Warfare Agents and Their Degradation
Products (Watson AP, Kistner SL, eds). ORNL/M-4315. Oak
Ridge, TN:Oak Ridge National Laboratory, 1995.

54. Lee TS, Weigand WA, Bentley WE. Observations of
metabolite formation and variable yield in thiodiglycol
biodegradation process: impact on rector design. Appl
Biochem Biotech 63–65:743–757 (1997).

55. Hay A, Roberts G. The use of poison gas against the Iraqi
Kurds: analysis of bomb fragments, soil, and wool sam-
ples. J Am Med Assoc 263:1065 (1990). 

56. Black RM, Clarke RJ, Cooper DB, Read RW, Utley D.
Application of headspace analysis, solvent extraction,
thermal desorption and gas chromatography-mass spec-
trometry to the analysis of chemical warfare samples con-
taining sulphur mustard and related compounds. J
Chromatogr 637:71–80 (1993).

57. Durst HD, Sarver EW, Yurow HW, Beaudry WT, D’Eramo
PA, Jackson DM, Salem H, Samuel JB, Szafraniec LL,
Ward FP, et al. Hydrolysis Reaction Equations for
Chemical Agents. Rpt No CRDEC-TR-009. Aberdeen
Proving Ground, MD:Chemical Research, Development
and Engineering Center, 1988.

58. PMCD Newsletter. Pursuit of alternative technologies
authorized for Aberdeen and Newport stockpiles.
Program Manager for Chemical Demilitarization
Newsletter 5(March):2 (1997). 

59. IARC. Mustard gas. IARC Monogr Eval Carcinog Risk
Chem Hum 9:181–192 (1975).

60. Watson AP, Jones TD, Griffin GD. Sulfur mustard as a car-
cinogen: application of relative potency analysis to the
chemical warfare agents H, HD, and HT. Regul Toxicol
Pharmacol 10:1–25 (1989). 

61. Pechura CM, Rall DP, eds. Veterans at Risk: The Health
Effects of Mustard Gas and Lewisite. Washington,
DC:National Academy Press, 1993.

62. Major M. Personal communication.
63. Smyth HF Jr, Seaton J, Fischer L. The single dose toxicity

of some glycols and derivatives. J Ind Hyg Toxicol
23:259–268 (1941).

64. Carpenter CP, Smyth HF Jr. Chemical burns of the rabbit
cornea. Am J Ophthamol 29:1363 (1946). 

65. Union Carbide Data Sheet, Thiodiglycol (111-48-8). New
York:Union Carbide Corporation, 1971.

66. NDRC. Summary Technical Report of Division 9, Vol I:
Chemical Warfare Agents, and Related Chemical
Problems (parts III-VI). NTIS PB-158507. Washington,
DC:Office of Scientific Research and Development,
National Defense Research Committee, 1968.

67. Anslow WP Jr, Karnofsky DA, Jager BV, Smith HW. The
intravenous, subcutaneous and cutaneous toxicity of
bis(β-chloroethyl) sulfide (mustard gas) and of various
derivatives. J Pharmacol Exp Ther 93:1–9 (1948). 

68. Registry of Toxic Effects of Chemical Substances
Database. Bis-2[bis(2-hydroxyethyl)-sulfonium ethyl] sul-
fide dichloride (H2TG). J Org Chem 11:704 (1946). MED-
LARS Online Information Retrieval System, Bethesda,
MD:National Library of Medicine [cited 26 August 1997]. 

69. DeWitt JB, Belluck E, Klingensmith CW. Relationship
between chemical structure and toxic action on rats. In:
Chemical-Biological Coordination Center—Review 5.
Washington, DC:National Research Council, 1953.

70. Smyth HF, Carpenter CP, Weil CS, Pozzani UC. Range-find-
ing toxicity data. List V. Arch Ind Hyg Occ Med 10:61–68
(1954). 

71. Ishidate M, Sakurai Y, Yoshida T, Sato H, Kobayashi K.
Experimental studies on chemotherapy of malignant
growth employing Yoshida sarcoma animals. III. The
effect of N-oxide derivatives of nitrogen mustards. GANN
43:171–174 (1952). 

72. NDRC. Volume NDCrc-132. Washington, DC:Office of
Scientific Research and Development, National Defense
Research Committee, 1942. 

73. Glukharev IA, Ushdavini ER, Mamaeva AA, Gilev VG,
Sal´nikova LS. Data for a hygienic standard for divinyl sul-
fide in the water of reservoirs. Gig Sanit (5):69–70 (1980).

74. Glukharev IA, Ushdavini ER, Mamaeva AA, Gilev VG,
Stepanova AA. Establishment of the maximum permissible
concentration of divinyl sulfide in the air of a work area.
Gig Tr Prof Zabol 7:51–52 (1980).

75. NDRC. Volume 9-4-1-9. Washington, DC:Office of Scientific
Research and Development, National Defense Research
Committee, 1943.

76. Smyth HF Jr, Carpenter CP, Weil CS, Pozzani UC, Striegel
JA. Range-finding toxicity data: list VI. Am Ind Hyg Assoc
J 23:95–107 (1962).

77. Union Carbide Data Sheet, Divinyl Sulfone (77-77-0). New
York:Union Carbide Corporation, 1965.

78. Registry of Toxic Effects of Chemical Substances
Database. Divinyl. NTIS OTS0570940. MEDLARS Online
Information Retrieval System. Bethesda, MD:National
Library of Medicine [cited 11 July 1997]. 

79. Marhold JV. Prehled Prumyslove Toxikolologie Organicke
Latky, Vol 2. Praha:Avicenum, 1986;761–1700. 

80. Mayhew DA, Muni IA. Dermal, Eye and Oral Toxicological
Evaluations. Phase II: Acute Oral LD Determinations of
Benzothiazole, Dithiane, and Oxathiane. AD-A172
647/0/XAB. Woburn, MA:Bioassay Systems Corp, 1986.

81. Smyth HF, Carpenter CP, Weil CS. Range-finding toxicity
data: list IV. Arch Ind Hyg Occup Med 4:119–122 (1951).

82. Carpenter CP, Smyth HF Jr, Pozzani UC. The assay of
acute vapor toxicity, and the grading and interpretation of
results on 96 chemical compounds. J Ind Hyg Toxicol
31:343–346 (1949).

83. Chu I, Villeneuve DC, Secours VE, Becking GC, Valli VE.
Toxicity of trihalomethanes. I: The acute and subacute
toxicity of chloroform, bromodichloromethane, chlorodi-
bromomethane and bromoform in rats. J Environ Sci
Health Part B Pestic Food Contam Agric Wastes
17:205–224 (1982).

84. Litovitz TL, Schmitz BF, Matyunas N, Martin TG. 1987
annual report of the American Association of Poison
Control Centers National Data Collection System. Am J
Energ Med 6:479–515 (1988).

85. Torkelson TR. Halogenated aliphatic hydrocarbons. In:
Patty’s Industrial Hygiene and Toxicology (Clayton GD,
Clayton FE, eds). 4th ed, Vol II, Part E. New York:John
Wiley & Sons, 1994.

86. Doull J, Klaassen CD, Amdur MO. Casarett and Doull’s
Toxicology: the Basic Science of Poisons. New
York:Macmillan Publishing Company, 1980;471.

87. IARC. IARC Monogr Eval Carcinog Risk Chem Hum Vol
20:401–427 (1979).

88. Pericin C, Thomann P. Comparison of the acute toxicity of
clioquinol, histamine, and chloroform in different strains of
mice. Arch Toxicol Suppl 2:371–373 (1979).

89. ITII. ITII Toxic and Hazardous Industrial Chemicals Safety
Manual. Tokyo:The International Technical Information
Institute, 1988.

90. Registry of Toxic Effects of Chemical Substances
Database. Chloroform. Q J Pharm Pharmacol 7:205 (1934).
MEDLARS Online Information Retrieval System.
Bethesda, MD:National Library of Medicine, [cited 18
February 1998]. 

91. Torkelson TR, Oyen F, Rowe VK. The toxicity of chloroform
as determined by single and repeated exposure of labora-
tory animals. Am Ind Hyg Assoc J 37:697–705 (1976).

92. Skvortsov AF, Sergeev EP, Elakhovskaia NP,
Bonashevskaia TI, Mamulashvili NI. Hygienic assessment
of the chloroform content of the drinking water. Gig Sanit
48:10–13 (1983).

93. Lehmann KB, Schmidt-Kehl L. Die 13 wichtigsten
Chlorkohlenwasserstoffe der Fettreihe vom Standpunkt
der Gewerbehygiene. Archiv Hyg Bakteriol 116:131 (1936).

94. Lundberg I, Ekdahl M, Kronevi T, Lidums V, Lundgerg S.
Relative hepatotoxicity of some industrial solvents after
intraperitoneal injection or inhalation exposure in rats.
Environ Res 40:411–420 (1986).

95. Association of the American Pesticide Control Officials,
Inc. Pesticide Chemicals Officials Compendium, 1996 ed.
Topeka, KS:Kansas State Board of Agriculture, 1966.

96. Registry of Toxic Effects of Chemical Substances
Database. Chloroform. NTIS AD-A062-138. MEDLARS
Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 18 February 1998]. 

97. Clayton JW Jr. Fluorocarbon toxicity and biological action.
Fluorine Chem Rev 1:197–252 (1967).

98. Arena JM, Drew RH, eds. Poisoning: Toxicology,
Symptoms and Treatment. 5th ed. Springfield, IL:Charles C.
Thomas, 1986.

99. Robinson JP. Chemical warfare. Sci J 3:33–40 (1967).
100. Vocci FJ, Ballard TA, Yevich P, Punte CL. Inhalation toxici-

ty studies with aerosols of sesqui-mustard. Toxicol Appl
Pharmacol 5:677–684 (1963).

101. Stahmann MA, Fruton JS, Bergmann M. Chemical reac-
tions of mustard gas and related compounds. VI: The
chemistry of sulfonium salts related to mustard gas. J Org
Chem 11:704–718 (1946).

102. Pozzani UC, Weil CS, Carpenter CP. The toxicological
basis of threshold limit values. 5: The experimental inhala-
tion of vapor mixtures by rats, with notes upon the rela-
tionship between single dose inhalation and single dose
oral data. Am Ind Hyg Assoc J 20:364–369 (1959).

103. Registry of Toxic Effects of Chemical Substances
Database. Tetrachloroethylene. Am J Hyg 9:430 (1929).
MEDLARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 10 July 1997]. 

104. Registry of Toxic Effects of Chemical Substances.
Tetrachloroethylene, NTIS PB257-185. MEDLARS Online
Information Retrieval System. Bethesda, MD:National
Library of Medicine [cited 10 July 1997]. 

105. Registry of Toxic Effects of Chemical Substances.
Tetrachloroethylene. Arch Ind Hyg Occup Med 5:566 (1952).
MEDLARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 10 July 1997]. 

106. Altmann L, Bottger A, Weigand H. Neurophysiological and
psychophysical measurements reveal effects of acute
low-level organic solvent exposure in humans. Int Arch
Occup Environ Health 62:493–499 (1990).

107. Registry of Toxic Effects of Chemical Substances.
Tetrachloroethylene. Acta Pharmacol Toxicol 9:303 (1953).
MEDLARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 10 July 1997]. 

108. Koppel C, Arndt I, Arendt U, Koeppe P. Acute tetra-
chloroethylene poisoning-blood elimination kinetics dur-
ing hyperventilation therapy. J Toxicol Clin Toxicol
23:103–115 (1985).

109. Duprat P, Delsaut L, Gradiski D. Irritant power of the prin-
cipal chlorinated aliphatic solvents on the skin and ocular
mucosa of the rabbit. Eur J Toxicol Environ Hyg 9:171–177
(1976).

110. Marhold, JV. Prehled Prumyslove Toxikologie: Organicke
Latky, Vol 1. Praha:Avicenum, 1986;1–760.

111. Weeks MH, Angerhofer RA, Bishop R, Thomasino J, Pope
CR. The toxicity of hexachloroethane in laboratory ani-
mals. Am Ind Hyg Assoc J 40:187–199 (1979).

112. Sine C, ed. Ethylene dichloride. In: Farm Chemicals
Handbook. 77th ed. Willoughby, OH:Meister Publishing
Company, 1991;c130.

113. Registry of Toxic Effects of Chemical Substances
Database. 1,2-Dichloroethane. Cas Lek Cesk 86:203 (1947).
MEDLARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 21 August 1997].

114. Munson AE, Sanders VM, Douglas KA, Sain LE, Kauffmann
BM, White KL Jr. In vivo assessment of immunotoxicity.
Environ Health Perspect 43:41–52 (1982).

115. Registry of Toxic Effects of Chemical Substances
Database. 1,2-Dichloroethane. Klin Wochenscr 48:822
(1970). MEDLARS Online Information Retrieval System.
Bethesda, MD:National Library of Medicine [cited 21
August 1997].



116. Menschick H. Dichloroethanes. In: Encyclopedia of
Occupational Health and Safety, Vol 1. New York:
McGraw-Hill, 1971;385–386.

117. Registry of Toxic Effects of Chemical Substances
Database. 1,2-Dichloroethane. Food Agr Organ UN Rep
Ser 48A:91 (1970). MEDLARS Online Information Retrieval
System. Bethesda, MD:National Library of Medicine [cited
21 August 1997]. 

118. Heppel LA, Neal PA, Perrin TL, Endicott KM, Porterfield
VT. The toxicology of 1, 2-dichloroethane (ethylene). III: Its
acute toxicity and the effect of protective agents. J
Pharmacol Exp Therapeut 83:53 (1945).

119. ATSDR. Toxicological Profile for 1,2-Dichloroethane.
Atlanta, GA:Agency for Toxic Substances and Disease
Registry, 1997.

120. Registry of Toxic Effects of Chemical Substance. 1,2-
Dichloroethane. Guide Chem Used Crop Prot 6:264  (1973).
MEDLARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 21 August 1997]. 

121. Lazarew NW. Uber die Marketische Wirkungskraft der
Dampfe der Chlorderivaten des Methans, des Athans und
des Athylens. Naunyn-Schmiedebergs Arch Exp Pathol
Pharmakol 141:19–24 (1929). 

122. Union Carbide Corporation. Union Carbide Data Sheet, 1,2-
Dichloroethane (107-06-2), New York:Union Carbide
Corporation, 1970.

123. Spencer HC, Rowe VK, Adams EM, McCollister DD, Irish
DD. Vapor toxicity of ethylene dichloride determined by
experiments on laboratory animals. Arch Ind Hyg Occup
Med 4:482–493 (1951).

124. Gohlke R, Schmidt P, Bahmann H. 1,1,2,2-Tetrachloro-
ethane and heat stress in animal experiments–morpholog-
ic results. Z Gesamte Hyg Ihre Grenzgeb 23:278–282 (1977).

125. Registry of Toxic Effects of Chemical Substances Database.
1,1,2,2-Tetrachloroethane. Am J Hyg 16:325 (1932). MED-
LARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 10 July 1997].

126. Schmidt R. Comparison of adaptation to the effects of uni-
form and fluctuating concentrations of 1,1,2,2-tetra-
chloroethane. Gig Tr Prof Zabol 2:30–34 (1977).

127. Izmerov NF, Sanotsky IV, Sidorov KK. Toxicometric
Parameters of Industrial Toxic Chemicals under Single
Exposure. Paris:United Nations Environment Programme,
1982. 

128. Barsoum GS, Saad K. Relative toxicity of certain chlorine
derivatives of the aliphatic series. Q J Pharm Pharmacol
7:205–214 (1934).

129. Smyth HF Jr. Improved communication-hygienic stan-
dards for daily inhalation. Am Ind Hyg Assoc Q 17:129–185
(1956).

130. Angerhofer RA, Michie MW, Leach GJ. Subchronic oral
toxicity of thiodiglycol in rats [Abstract]. Toxicologist
48:318 (1999).

131. Registry of Toxic Effects of Chemical Substances
Database. Hemisulfur mustard. ICN-UCLA Symp Mol Cell
Biol 9:41 (1979). MEDLARS Online Information Retrieval
System. Bethesda, MD:National Library of Medicine [cited
13 July 1997]. 

132. Brookes P, Lawley PD. The reaction of mono- and di-func-
tional alkylating agents with nucleic acids. Biochem J
80:496–503 (1961).

133. Leopold WR, Miller JA, Miller EC. Comparison of some
carcinogenic, mutagenic, and biochemical properties of
S-vinylhomocysteine and ethionine. Cancer Res
42:4364–4374 (1982).

134. Dearfield KL, Harrington-Brock K, Doerr CL, Rabinowitz
JR, Moore MM. Genotoxicity in mouse lymphoma cells of
chemicals capable of Michael addition. Mutagenesis
6:519–525 (1991).

135. Shelby MD, Gutierrez-Espeleta GA, Generoso WM, McFee
AF. Mouse dominant lethal and bone marrow micronucle-
us studies on methyl vinyl sulfone and divinyl sulfone.
Mutat Res 250:431–437 (1991).

136. Ashby J, Clapp ML. The rodent dominant lethal assay: a
proposed format for data presentation that alerts to pseu-
do-dominant lethal effects. Mutat Res 330:209–218 (1995).

137. Choi DS, Kim YB, Lee YH, Cha SH, Sok DE.
Glyceraldehyde-3-phosphate dehydrogenase as a bio-
chemical marker of cytotoxicity by vinyl sulfones in cul-
tured murine spleen lymphocytes. Cell Biol Toxicol
11:23–28 (1995).

138. Sano SK, Korte DW Jr. Mutagenic Potential of p-Dithiane.
LAIR-207, AD-A165-756/8/XAB. Presidio of San Francisco,
CA:Letterman Army Institute of Research, 1985;1–26.

139. Schieferstein GJ, Sheldon WG, Cantrell SA, Reddy G.
Subchronic toxicity study of 1,4-dithiane in the rat.
Fundam Appl Toxicol 11:703–714 (1988).

140. Lee H, Bian SS, Chen YL. Genotoxicity of 1,3-dithiane and
1,4-dithiane in the CHO/SCE assay and the
Salmonella/microsomal test. Mutat Res 321:213–218
(1994).

141. Sano S, Korte D. Mutagenic Potential of 1,4-Thioxane.
Institute Report No. 206. Fort Detrick, MD:U.S. Army
Research and Development Command, 1985.

142. U.S. Environmental Protection Agency. National interim
primary drinking water regulations; control of tri-
halomethanes in drinking water; final rule. Fed Reg
44(231):68696–68698, 68703 (1979). 

143. IARC. Chloroform (group 2B). IARC Monogr Eval Carcinog
Risk of Chem Hum Suppl 4:87–88 (1982).

144. Van Abbe NJ, Green TJ, Jones E, Richold M, Roe FJC.
Bacterial mutagenicity studies on chloroform in vitro. Food
Chem Toxicol 20:557–561 (1982)

145. Davidson IWF, Summer DD, Parker JC. Chloroform and
review of its metabolism, teratogenic, mutagenic, and car-
cinogenic potential. Drug Chem Toxicol 5:1–87 (1994).

146. Callen DF, Wolf CR, Philpot RM. Cytochrome P-450 mediat-
ed genetic activity and cytotoxicity of seven halogenated
aliphatic hydrocarbons in Saccharomyces cereviciae.
Mutat Res 77:55–63 (1980).

147. Land PC, Owen EL, Linde HW. Morphologic changes in
mouse spermatozoa after exposure to inhalation anes-
thetics during early spermatogenesis. Anesthesiology
54:53–56 (1981).

148. NIOSH. Criteria for a Recommended Standard-
Occupational Exposure to Chloroform. DHEW (NIOSH) Pub
No 75-114, NTIS Pub No PB-246-695. Springfield,
VA:National Technical Information Service, 1974.

149. Topham JC. Evaluation of some chemicals by the sperm
morphology assay. In: Evaluation of Short-Term Tests for
Carcinogens. Report of the International Collaborative
Program. Progress in Mutation Research, Vol 1 (deSerres
FJ, Ashby J, eds). New York:Elsevier/North-Holland,
1981;18–20.

150. Jorgenson TA, Meierhenry EF, Rushbrook CJ, Bull RJ,
Robinson M. Carcinogenicity of chloroform in drinking
water to male Osborne-Mendel rats and female B6C3F1
mice. Fundam Appl Toxicol 5:760–769 (1985).

151. Kirkland DJ, Smith KL, Van Abbe NJ. Failure of chloroform
to induce chromosome damage or sister-chromatid
exchanges in cultured human lymphocytes and failure to
induce reversion in Escherichia coli. Food Cosmet Toxicol
19:651–656 (1981).

152. White AE, Takehisa S, Eger EI, Wolff S. Sister chromatid
exchanges induced by inhaled anesthetics.
Anesthesiology 50:426–430 (1979).

153. Fujie K, Aoki T, Maeda S. Sister-chromatid exchanges
induced by trihalomethanes in rat erythroblastic cells and
their suppression by crude catechin extracted from green
tea. Mutat Res 300:241–246 (1993).

154. Morimoto K, Koizumi A. Trihalomethanes induce sister
chromatid exchanges in human lymphocytes in vitro and
mouse bone marrow cells in vivo. Environ Res 32:72–79
(1983).

155. Le Curieux F, Gauthier L, Erb F, Marzin D. Use of the SOS
chromotest, the Ames-fluctuation test and the newt
micronucleus test to study the genotoxicity of four tri-
halomethanes. Mutagenesis 10:333–341 (1995).

156. IARC. Tetrachloroethylene. IARC Monogr Eval Carcinog
Risks Chem Hum 63:159–221 (1995).

157. ACGIH. Documentation of the Threshold Limit Values and
Biological Exposure Indices, Supplements to the Sixth
Edition. Cincinnati, OH:American Conference of
Governmental Industrial Hygienists, Inc., 1996.

158. Schwetz BA, Leong BKG, Gehring PJ. The effect of mater-
nally inhaled trichloroethylene, perchloroethylene, methyl
chloroform, and methylene chloride on embryonal and
fetal development in mice and rats. Toxicol Appl
Pharmacol 32:84–96 (1975).

159. Echeverria D, White RF, Sampaio C. A behavioral evalua-
tion of PCE exposure in patients and dry cleaners; a possi-
ble relationship between clinical and preclinical effects. J
Occup Environ Med 37:667–680 (1995).

160. NTP. Toxicology and Carcinogenesis Studies of
Tetrachloroethylene (Perchloroethylene) (CAS No 127-18-
4) in F344/N Rats and B6C3F1 Mice (Inhalation Studies).
NTP-TR-311. Research Triangle Park, NC:National
Toxicology Program, 1986.

161. Mennear JH. Chronic toxicologic and carcinogenic
effects of tetrachloroethylene (Perc) and trichloroethylene
(TCE) in rats and mice. Toxicol Lett 31:16 (1986).

162. Galloway SM, Armstrong MJ, Reuben C, Colman S, Brown
B, Cannon C, Bloom AD, Nakamura F, Ahmed M, Duk S.
Chromosome aberrations and sister chromatid exchanges
in Chinese hamster ovary cells: evaluations of 108 chemi-
cals. Environ Mol Mutagen 10:1–175 (1987).

163. Nelson BK, Taylor BJ, Setzer JV, Hornung RW. Behavioral
teratology of perchloroethylene. J Environ Pathol Toxicol
3:233–250 (1980).

164. Altmann L, Neuhann HF, Kramer U, Witten J, Jermann E.
Neurobehavioral and neurophysiological outcome of
chronic low-level tetrachloroethene exposure measured
in neighborhoods of dry cleaning shops. Environ Res
68:83–89 (1995).

165. Seiji K, Jin C, Watanabe T, Nakatsuka H, Ideda M. Sister
chromatid exchanges in peripheral lymphocytes of work-
ers exposed to benzene, trichloroethylene, or tetra-
chloroethylene, with reference to smoking habits. Int Arch
Occup Environ Health 62:171–176 (1990).

166. Miyagawa M, Takasawa H, Sugiyama A, Inoue Y, Murata
T, Uno Y, Yoshikawa K. The in vivo-in vitro replicative DNA
synthesis (RDS) test with hepatocytes prepared from male
B6C3F1 mice as an early prediction assay for putative
nongenotoxic (Ames-negative) mouse hepatocarcino-
gens. Mutat Res 343:157–183 (1995).

167. ACGIH. Documentation of the Threshold Limit Values and
Biological Exposure Indices. 6th ed. Cincinnati,
OH:American Conference of Governmental Industrial
Hygienists, Inc., 1991.

168. U.S. EPA. Ambient Water Quality Criteria for Chlorinated
Ethanes. EPA 440/5-80-029, NTIS PB 81-117400.
Washington, DC:U.S. Environmental Protection Agency,
Office of Water Regulations and Standards, 1980.

169. Haworth S, Lawlor T, Mortelmans K, Speck W, Zieger E.
Salmonella mutagenicity test results for 250 chemicals.
Environ Mutagen 5(suppl 1):3–142 (1983).

170. NCI. Bioassay of Hexachloroethane for Possible
Carcinogenicity. CAS No. 67-72-1. NCI-CG-TR-68, Tech Rpt
No 68. DHEW (NIH) Publ No 78-1318. Washington,
DC:National Cancer Institute, 1978.

171. NTP. Toxicology and Carcinogenesis Studies of
Hexachloroethane (CAS No. 67-72-1) in F344/N Rats
(Gavage Studies). NTP-TR-361. Research Triangle Park,
NC:National Toxicology Program, 1989.

172. Drury J, Hammons A. Investigations of Selected
Environmental Pollutants: 1,2-Dichloroethane. EPA-560/2-
78-006. Washington, DC:U.S. Environmental Protection
Agency, 1979;96–104.

173. Riccio E, Griffin A, Mortelmans K, Milman HA. A compara-
tive mutagenicity study of volatile halogenated hydrocar-
bons using different metabolic activation systems. Environ
Mutagen 5:472 (1983).

174. Rao KS, Murray JS, Deacon MM, John JA, Calhoun LL,
Young JT. Teratogenicity and reproduction studies in ani-
mals inhaling ethylene dichloride. In: Banbury Report 5.
Ethylene Dichloride: A Potential Health Risk? (Ames B,
Infante P, Reitz R, eds). Cold Spring Harbor, NY:Cold
Spring Harbor Laboratory, 1980;149–166.

175. Daniel FB, Robinson M, Olson GR, York RG, Condie LW. Ten
and ninety-day toxicity studies of 1,2-dichloroethane in
Sprague-Dawley rats. Drug Chem Toxicol 17:463–477 (1994).

176. Maltoni C, Valgimigli L, Scarnato C. Long-term carcino-
genic bioassays on ethylene dichloride administered by
inhalation to rats and mice. In: Banbury Report 5. Ethylene
Dichloride: A Potential Health Risk? (Ames B, Infante P,
Reitz R, eds). Cold Spring Harbor, NY:Cold Spring Harbor
Laboratory, 1980;3–33.

177. Crespi CL, Seixas GM, Turner TR, Ryan CG, Penman BW.
Mutagenicity of 1,2-dichloroethane and 1,2-dibro-
moethane in two human lymphoblastoid cell lines. Mutat
Res 142:133–140 (1985). 

178. Vozovaya M. Development of posterity of two generations
obtained from females subjected to the action of
dichloroethane. Gig Sanit 7:25–28 (1974). 

179. U.S. EPA. 1,2-Dichloroethane. IRIS Online Database.
Washington, DC:U.S. Environmental Protection Agency,
1991. Available: http://www.epa.gov/ngispgm3/iris/ [cited
22 August 1997]. 

180. Reitz RH, Fox TR, Ramsey JC, Quast JF, Langvardt PW,
Watanabe PG. Pharmacokinetics and macromolecular
interactions of ethylene dichloride in rats after inhalation
or gavage. Toxicol Appl Pharmacol 62:190–204 (1982).

Reviews • Munro et al.

970 Volume 107, Number 12, December 1999 • Environmental Health Perspectives



Reviews • Chemical warfare agent degradation products

Environmental Health Perspectives • Volume 107, Number 12, December 1999 971

181. Zhao SF, Zhang XC, Zhang LF, Zhou SS, Zhang F, Wang QF,
Wang YL, Bao YS. The evaluation of developmental toxici-
ty of chemicals exposed occupationally using whole
embryo culture. Int J Dev Biol 41:275–282 (1997).

182. Registry of Toxic Effects of Chemical Substances
Database. 1,2-Dichloroethane. MEDLARS Online
Information Retrieval System. Bethesda, MD:National
Library of Medicine [cited 21 August 1997]. 

183. Zeiger E. Carcinogenicity of mutagens: predictive capabili-
ty of the Salmonella mutagenesis assay for rodent car-
cinogenicity. Cancer Res 47:1287–1296 (1987).

184. U.S. EPA. 1,1,2,2-Tetrachloroethane. IRIS Online Database.
Washington, DC:U.S. Environmental Protection Agency,
1994. Available: http://www.epa.gov/ngispgm3/iris/ [cited
28 August 1997]. 

185. Rosenkranz HS. Mutagenicity of halogenated alkanes and
their derivatives. Environ Health Perspect 21:79–84 (1977).

186. Registry of Toxic Effects of Chemical Substances
Database. 1,1,2,2-Tetrachloroethane. MEDLARS Online
Information Retrieval System. Bethesda, MD:National
Library of Medicine [cited 28 August 1997]. 

187. Brem H, Stein AB, Rosenkranz HS. The mutagenicity and
DNA-modifying effect of halokanes. Cancer Res
34:2576–2579 (1974).

188. DeMarini DM, Brooks HG. Induction of prophage lambda by
chlorinated organics: detection of some single-species/sin-
gle-site carcinogens. Environ Mol Mutagen 19:98–111 (1992).

189. Otvos L, Elekes I. Stereochemistry of the reactions of
biopolymers. 3: Steric hindrance in the reactions of DNA
with bifunctional alkylating agents. Definition of tau and
mu substituents. Tetrahedron Lett 29:2477–2480 (1975).

190. Bausum HT, Reddy G, Leach GJ. Suggested interim esti-
mates of the reference dose (RfD) for certain breakdown
products of chemical agents. Presented at The Society of
Toxicology Annual Meeting, 14–19 March 1999, New
Orleans, LA. 

191. U.S. Army. Material Safety Data Sheets: HT. Aberdeen
Proving Ground, MD:U.S. Department of the Army,
Edgewood Research, Development and Engineering
Center, 1990.

192. Auerbach C, Robson JM. The production of mutations by
chemical substances. Proc R Soc Edinburgh 62B:271–283
(1947).

193. ATSDR. Toxicological Profile for Chloroform (Update).
Atlanta, GA:Agency for Toxic Substances and Disease
Registry, 1997.

194. Grant WM. Toxicology of the Eye. 3rd ed. Springfield,
IL:Charles C. Thomas, 1986;213.

195. Parkinson A. Biotransformation of xenobiotics. In:
Casarett & Doull’s Toxicology: The Basic Science of
Poisons (Casarett LJ, Klaassen CD, Amdur MO, Doull J,
eds). 5th ed. New York:McGraw-Hill, 1996;113–186.

196. ACGIH. 1999 TLVs and BEIs. Threshold Limit Values for
Chemical Substances and Physical Agents. Biological
Exposure Indices, Cincinnati, OH:American Conference of
Governmental Industrial Hygienists, Inc. 1999.

197. Occupational Safety and Health Administration. 29 CFR §
1910, 1 July 1997. 

198. Buswell AM, Price CC, Prosser CL, Bennett GW, von
Limbach B, James M. The Effect of Certain Chemical
Warfare Agents in Water on Aquatic Organisms. Rpt No
OSRD 3589. Edgewood Arsenal, MD:National Defense
Research Command Office, Office of Scientific Research
and Development, 1944.

199. Registry of Toxic Effects of Chemical Substances
Database. Divinyl sulfoxide. MEDLARS Online Information
Retrieval System. Bethesda, MD:National Library of
Medicine [cited 11 July 1997]. 

200. Registry of Toxic Effects of Chemical Substances
Database. 2-Chloroethyl vinyl sulfoxide.MEDLARS Online
Information Retrieval System. Bethesda, MD:National
Library of Medicine [cited 26 August 1997]. 

201. Inamori Y, Ohno Y, Nishihata S, Tsujibo H, Baba K.
Phytogrowth-inhibitory and anti-bacterial activities of 2,5-
dihydroxy-1,4-dithiane and its derivatives. Chem Pharm
Bull 38:243–245 (1990).

202. Black RM, Read RW. Application of liquid chromatogra-
phy-atmospheric pressure chemical ionisation mass spec-
trometry, and tandem mass spectrometry, to the analysis
and identification of degradation products of chemical
warfare agents. J Chromatogr A 759:79–92 (1997).

203. Yordy JR, Alexander M. Formation of N-nitrosodi-
ethanolamine from diethanolamine in lake water and
sewage. J Environ Qual 10:266–270 (1981).

204. Hazardous Substance Data Base. Diethanolamine.
Bethesda, MD:National Library of Medicine, 1997.
Available: http://sis.nlm.nih.gov/sis1/index.html [cited 22
December 1997]. 

205. Verschueren K. Handbook of Environmental Data on
Organic Chemicals. 3rd ed. New York:Van Nostrand
Reinhold Company, 1996.

206. Hazardous Substance Data Base. Triethanolamine.
Bethesda, MD:National Library of Medicine, 1997.
Available: http://sis.nlm.nih.gov/sis1/index.html [cited 22
December 1997]. 

207. Union Carbide Corporation. Union Carbide Data Sheet,
Diethanolamine (111-42-2). New York:Union Carbide
Corporation, 1971.

208. Dyachkov VI. Experimental data to substantiate the
hygienic standard levels of diethanolamine and tri-
ethanolamine in water bodies. Gig Sanit 27:25–31 (1964).

209. Registry of Toxic Effects of Chemical Substances
Database. Diethanolamine. Environ Space Sci 2:289 (1968).
MEDLARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine  [cited 22 December
1997]. 

210. Registry of Toxic Effects of Chemical Substances
Database. Diethanolamine. MEDLARS Online Information
Retrieval System. Bethesda, MD:National Library of
Medicine  [cited 22 December 1997]. 

211. Van Scott EJ, Yu RJ. Antimitotic, antigenic, and structural
relationships of nitrogen mustard and its homologues. J
Invest Dermatol 62:378–383 (1974).

212. Health and Safety Studies for 19 Chemicals. NTIS OTS
0516797. Springfield, VA:National Technical Information
Service, 1972.

213. Registry of Toxic Effects of Chemical Substances
Database. Triethanolamine. Cutan Toxic p. 127 (1977).
MEDLARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 22 December
1997]. 

214. Registry of Toxic Effects of Chemical Substances
Database. Triethanolamine. Sci Rep Res Inst Tohoku Univ
Ser C Med 36(1–6):10 (1989). MEDLARS Online Information
Retrieval System. Bethesda, MD:National Library of
Medicine [cited 22 December 1997]. 

215. Weil CS, Scala RA. Study of intra- and interlaboratory vari-
ability in the results of rabbit eye and skin irritation tests.
Toxicol Appl Pharmacol 19:276–360 (1971).

216. Griffith JF, Nixon GA, Bruce RD, Reer PJ, Bannan EA.
Dose-response studies with chemical irritants in the albi-
no rabbit eye as a basis for selecting optimum testing con-
ditions for predicting hazard to the human eye. Toxicol
Appl Pharmacol 55:501–513 (1980).

217. Union Carbide Corporation. Union Carbide Data Sheet,
Triethanolamine (102-71-6). New York:Union Carbide
Corporation, 1965.

218. NTP. Toxicology and Carcinogenesis Studies of
Diethanolamine (CAS No 111-42-2) in F344/N Rats and
B6C3F1 Mice (Dermal Studies). TR-478 [Draft]. Research
Triangle Park, NC:National Toxicology Program, 1997.

219. Registry of Toxic Effects of Chemical Substances
Database. Diethanolamine. NTP TRS NIH-92-3343. MED-
LARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 22 December
1997]. 

220. NTP. Toxicity Studies of Diethanolamine (CAS No 111-42-
2) Administered Topically and in Drinking Water to F344/N
Rats and B6C3F1 Mice. TOX-20. Research Triangle Park,
NC:National Toxicology Program, 1992.

221. Loveday KS, Lugo MH, Resnick MA, Anderson B, Zeiger E.
Chromosome aberration and sister chromatid exchange
tests in Chinese hamster ovary cells in vitro. II: Results
with 20 chemicals. Environ Mol Mutagen 13:60–94 (1989).

222. Zeiger E, Anderson B, Haworth S, Lawlor T, Mortelmans K,
Speck W. Salmonella mutagenicity tests. III: Results from
the testing of 255 chemicals. Environ Mutagen 9(suppl
9):1–110 (1987).

223. NTP. Toxicology and Carcinogenesis Studies of
Triethanolamine (CAS No. 102-71-6) in F344 Rats and
B6C3F1 Mice (Dermal Studies). TR-449 [Draft]. Research
Triangle Park, NC:National Toxicology Program, 1994.

224. Mortelmans K, Haworth S, Lawlor T, Speck W, Tainer B,
Zeiger E. Salmonella mutagenicity tests. II: Results from
the testing of 270 chemicals. Environ Mutagen 8(suppl
7):1–119 (1986).

225. Snyder R, Buhler DR, Reed DJ, eds. Ethel Browning’s
Toxicity and Metabolism of Industrial Solvents. 2nd ed, Vol

2: Nitrogen and Phosphorus Solvents. New York:Elsevier,
1990;445.

226. NTP. NTP Report on the Immunotoxicity of Triethanol-
amine (CAS No. 102-71-6) in Female B6C3F1 Mice (Contact
Hypersensitivity Studies). IMM 90005. Research Triangle
Park, NC:National Toxicology Program, 1994. 

227. Yoon JS, Mason JM, Valencia R, Woodruff RC, Zimmering
S. Chemical mutagenesis testing in Drosophila. IV: Results
of 45 coded compounds tested for the National Toxicology
Program. Environ Mutagen 7:349–367 (1985).

228. U.S. Army. Chemical Agent Data Sheets, Vol. 1. Tech Rpt
EO-SR-74001 (Edgewood Arsenal Special Report), AD
B028222. Aberdeen Proving Ground, MD:U.S.Department
of the Army, Edgewood Arsenal, 1974;167–179.

229. U.S. Army. Final Programmatic Environmental Impact
Statement for the Chemical Stockpile Disposal Program.
Aberdeen Proving Ground, MD:U.S. Department of the
Army, 1988.

230. U.S. ACMDA. Interim Survey and Analysis Report.
Aberdeen Proving Ground, MD:Program Manager for
Nonstockpile Chemical Materiel, Nonstockpile Chemical
Materiel Program, U.S. Army Chemical Materiel
Destruction Agency, April 1993.

231. U.S. ACMDA. Survey and Analysis Report. Aberdeen
Proving Ground, MD:U.S. Army Chemical Materiel
Destruction Agency, November 1993.

232. Epstein J. Nerve gas in public water. Public Health Rep
71:955–962 (1956).

233. Major M. Unpublished data. 
234. Cooper WA. A Data Base on Persistent CW Agents on

Terrain. AD-B149 283. Aberdeen Proving Ground,
MD:Chemical Research, Development & Engineering
Center, 1990.

235. Fowler WK, Stewart DC, Weinberg DS. Gas chromato-
graphic determination of the Lewisite hydrolysate, 2-
chlorovinylarsonous acid, after derivatization with 1,2-
ethanedithiol. J Chromatogr 558:235–246 (1991).

236. Registry of Toxic Effects of Chemical Substances
Database. 2-Chlorovinyl arsonic acid. J Pharmacol Exp
Ther 93:287 (1948). MEDLARS Online Information Retrieval
System. Bethesda, MD:National Library of Medicine [cited
3 March 1998]. 

237. Memorandum from FL O’Donnell, Office of the Surgeon
General, U.S. Department of the Army, Falls Church, VA.
Interim chronic toxicological criteria for chemical warfare
compounds, 19 August 1996.

238. U.S. EPA. Arsenic. IRIS Online Database. Washington,
DC:U.S. Environmental Protection Agency, 1998. Available:
http://www.epa.gov/ngispgm3/iris/ [cited 20 February
1998]. 

239. Centers for Disease Control. Final recommendations for
protecting the health and safety against potential adverse
effects of long-term exposure to low doses of agents: GA,
GB, VX, mustard agent (H, HD, T), and Lewisite (L). Fed
Reg 53:8504–8507 (1988).

240. Lewis RJ Sr. Sax’s Dangerous Properties of Industrial
Materials. 9th ed. New York:Van Nostrand Reinhold, 1996.

241. Price CC, von Limbach B. Further Data on the Toxicity of
Various CW Agents to Fish. OSRD No. 5528. Edgewood
Arsenal, MD:National Defense Research Committee,
Office of Scientific Research and Development, 1945. 

242. Bauer VE, Lindsten DC, Epstein J. Field Purification of
Water Containing CW Agents with Corps of Engineers
Mobile Water Purification Unit. MLRR No. 344. Edgewood
Arsenal, MD:Chemical Corps Medical Laboratory, 1955. 

243. Armstrong GC, Wells HB, Wilkes AE, Moulton CH.
Comparative Test with Mustard Gas (HS) Lewisite (M-1),
Methyldicloroarsine (MD) and Methyldifluorarsine (MD2)
in 75 mm Shell Fired Statically in Collaboration with
Chemical Division. EAMRD 95. Edgewood Arsenal, MD,
1928. 

244. Menzer RE, Nelson JO. Water and soil pollutants. In:
Casarett and Doull’s Toxicology: The Basic Science of
Poisons (Casarett LJ, Doull J, Klaassen CD, Amdur MO,
eds). 2nd ed. New York:Macmillan Publishing Co., Inc.,
1980;632–658.

245. U.S. Army. Newport Chemical Activity Concept Design
Package for VX Neutralization Followed by Off-Site
Biodegradation. April 4, 1996. Product Manager for
Alternative Technologies and Approaches. Aberdeen
Proving Ground, MD:U.S. Army Program Manager for
Chemical Demilitarization, 1996.

246. Sage GW, Howard PH. Environmental Fate Assessments
of Chemical Agents HD and VX. CRDEC-CR-034. Aberdeen



Proving Ground, MD:Edgewood Research, Development
and Engineering Center , 1989.

247. U.S. Army. Material Safety Data Sheets: Lethal Nerve
Agents GA, GB, VX. Aberdeen Proving Ground,
MD:Edgewood Research, Development and Engineering
Center, 1992.

248. Epstein J, Callahan JJ, Bauer VE. The kinetics and mecha-
nisms of hydrolysis of phosphonothiolates in dilute aque-
ous solution. Phosphorus 4:157–163 (1974).

249. Rohrbaugh DK. Characterization of equimolar VX-water
reaction product by gas chromatography-mass spectrom-
etry. J Chromatogr 809:131–139 (1998).

250. D’Agostino PA, Provost LR, Visentini J. Analysis of O-ethyl
S-[2-(diisopropylamino)ethyl] methylphosphonothiolate
(VX) by capillary column gas chromatography-mass spec-
trometry. J Chromatogr 402:221–232 (1987).

251. Ember L. Soil sample key to U.S. missile strike in Sudan.
Chem Eng News 76:6–7 (1998).

252. D’Agostino PA, Hancock JR, Provost LR. Analysis of O-
ethyl S[2-diisopropylamino)ethyl] methylphosphonothio-
late (VX) and its degradation products by packed capillary
liquid chromatography-electrospray mass spectrometry.
J. Chromatogr A837:93–105 (1999).

253. Yang YC, Szafraniec LL, Beaudry WT. Perhydrolysis of
nerve agent VX. J Org Chem 58:6964–6965 (1993).

254. Verweij A, Boter HL. Degradation of S-2-diisopropy-
laminoethyl O-ethyl methylphosphonothioate in soil:
phosphorus-containing products. Pestic Sci 7:355–362
(1976).

255. Michel HO, Epstein J, Plapinger RR, Fleisher JH. EA 2192:
A Novel Anticholinesterase. CRDLR 3135. Edgewood
Arsenal, MD:U.S. Army Chemical Research and
Development Laboratories, 1962. 

256. Szafraniec LJ, Szafraniec LL, Beaudry WT, Ward JR. On
the Stoichiometry of Phosphonothiolate Ester Hydrolysis.
ADA-250773. Aberdeen Proving Ground, MD:U.S. Army
Chemical Research, Development and Engineering
Center, 1990.

257. Small MJ. Soil Detection Limits for Potential Chemical
Warfare-Related Contaminants at Fort McClellan,
Alabama. Fort Detrick, MD:U.S. Army Medical
Bioengineering Research and Development Laboratory,
1983.

258. Yang YC, Szafraniec LL, Beaudry WT, Rohrbaugh DK.
Oxidative detoxification of phosphonothiolates. J Am
Chem Soc 112:6621–6627 (1990).

259. Kaaijk J, Frijlink C. Degradation of S-2-diisopropy-
laminoethyl O-ethyl methylphonothioate in soil: sulfur-con-
taining products. Pestic Sci 8:510–514 (1977).

260. Bossle PC, Martin JJ, Sarver EW, Sommer HZ. 1983. High-
performance liquid chromatography analysis of alkyl
methylphosphonic acids by derivatization. J Chromatogr
267:209–212 (1983).

261. Hazardous Substance Data Base. Diisopropyl-
aminoethanol. Bethesda, MD:National Library of
Medicine, 1997. Available: http://sis.nlm.nih.gov/sis1/
index.html [cited 22 December 1997]. 

262. Howard PH, Meylan WM, eds. Handbook of Physical
Properties of Organic Chemicals. New York:Lewis
Publishers, 1997.

263. Hazardous Substance Data Base. Methyl phosphonic
acid. Bethesda, MD:National Library of Medicine, 1997.
Available: http://sis.nlm.nih.gov/sis1/index.html [cited 18
March 1997]. 

264. Stone & Webster Engineering Corporation. Evaluation of
Confirmatory Testing of Supercritical Water Oxidation for
Treating VX/NaOH Hydrolysate. Boston, MA:Stone &
Webster Engineering Corporation, 1997. 

265. Mill T, Gould CW. Free-radical oxidation of organic phos-
phonic acid salts in water using hydrogen peroxide, oxy-
gen, and ultraviolet light. Environ Sci Technol 13:205–208
(1979).

266. Yang YC. Chemical detoxification of nerve agent VX. Acc
Chem Res 32:109–115 (1999).

267. Yang YC. Chemical reactions for neutralizing chemical
warfare agents. Chem Ind 9:334–337 (1995).

268. Registry of Toxic Effects of Chemical Substances
Database. Diisopropyl ethyl mercaptoamine. NTIS AD277-
689. MEDLARS Online Information Retrieval System.
Bethesda, MD:National Library of Medicine [cited 26
August 1997]. 

269. Horton RJ. EA 2192: A Novel Anticholinesterase. CRDLR
3135. Edgewood Arsenal, MD:U.S. Army Chemical
Research and Development Laboratories, 1962.

270. MacEwen JD, Vernot EH. Toxic Hazards Research Unit
Annual Technical Report: 1985. AAMRL-TR-058, AD-A161
558. Wright-Patterson Air Force Base, OH:Harry G.
Armstrong Aerospace Medical Research Laboratory,
1985.

271. Registry of Toxic Effects of Chemical Substances
Database. 2-Diisopropylaminoethanol. Union Carbide Data
Sheet. MEDLARS Online Information Retrieval System.
Bethesda, MD:National Library of Medicine [cited 14 July
1997]. 

272. Registry of Toxic Effects of Chemical Substances
Database. Diethyl methyl phosphonate. Farmakol Toksikol
(Kiev) 10:121 (1975). MEDLARS Online Information
Retrieval System. Bethesda, MD:National Library of
Medicine [cited 11 July 1997]. 

273. Williams RT, Miller WR III, MacGillivray AR. Environmental
Fate and Effects of Tributyl Phosphate and Methyl
Phosphonic Acid. CRDEC-CR-87103: NTIS AD-A184 959/5.
Aberdeen Proving Ground, MD:U.S. Army Armament
Munitions Chemical Command, Chemical Research,
Development and Engineering Center, 1987.  

274. Thiokol/Ventron Division. Material Safety Data Sheet,
Methylphosphonic Acid. Danvers, MA:Thiokol/Ventron
Division, 1980.

275. Armstrong DJ, Fukuto TR. Synthesis and acute toxicity of
simple O,S-dialkyl alkylphosphonothioate esters to the rat
and house fly. J Agric Food Chem 32:774–777 (1984).

276. Registry of Toxic Effects of Chemical Substances
Database. O,S-Diethyl methylphosphonothioate.
Interagency Collaboration Group. MEDLARS Online
Information Retrieval System. Bethesda, MD:National
Library of Medicine [cited 21 August 1997]. 

277. Treon JF, Sigmon H, Kitzmiller KV, Heyroth FF. The physio-
logical response of animals to respiratory exposure to the
vapors of diisopropylamine. J Ind Hyg Toxicol 31:142–145
(1949).

278. Final report on the safety assessment of diisopropylamine.
J Am Coll Toxicol 14:182–192 (1995). 

279. Toropkov VV. Hygienic background for calculation of mar-
ginally permissible concentrations of mono-, di-, and tri-
isopropylamine in bodies of water. Gig Sanit 45:79–81
(1980).

280. Kennedy GL Jr, Graepel GJ. Acute toxicity in the rat fol-
lowing either oral or inhalation exposure. Toxicol Lett
56:317–326 (1991).

281. Monsanto Company. Nine Toxicity Studies on
Diisopropylamine. NTIS No OTS0513421-1. Springfield, VA:
National Technical Information Service, 1985.

282. Union Carbide Corporation. Union Carbide Data Sheet,
Diisopropylamine (108-18-9). New York:Union Carbide
Corporation, 1971. 

283. Registry of Toxic Effects of Chemical Substances
Database. Diisopropylcarbodiimide. MEDLARS Online
Information Retrieval System. Bethesda, MD:National
Library of Medicine [cited 6 August 1997]. 

284. Moyer RC. A carbodiimide eye irritant [Letter]. Chem Eng
News 68(45):2 (1990).

285. Eastman Kodak Co. Initial Submission: Acute Toxicity
Studies of N,N´-Methanetetraylbiscyclohexanamine. NTIS
OTS0555962, 8EHQ-0992-12509. Springfield, VA:National
Technical Information Service, 1992.

286. Gelernt MD, Herbert V. Mutagenicity of diisopropylamine
dichloroacetate, the “active constituent” of Vitamin B15
(pangamic acid). Nutr Cancer 3:129–133 (1982).

287. Microbiological Associates, Inc. Final Report of the
Twenty-Week Prechronic Dermal Toxicity/Carcinogenicity
Study of Diisopropylcarbodiimide (DIC) in Female NTP
TG.AC Mice, CAS No. 693-13-0. Study No. 93020B.
Prepared for National Toxicology Program under contract
N01-ES-15319. Research Triangle Park, NC:National
Toxicology Program, 1996. 

288. Pathco. Chairperson’s Report. Pathology Working Group
(PWG) Review. 90-Day Subchronic Skin Painting Study of
1,3-Diisopropylcarbodiimide (DIC) in F344 Rats and B6C3F1
Mice (C93020-03/93020-04), and 150-day Subchronic Skin
Painting Study of DIC in Female Transgenic TG.AC Mice
(C93020-05). Prepared for the National Toxicology
Program under contract N01-ES-15319. Research Triangle
Park, NC:National Toxicology Program, 1997;1–11.

289. National Toxicology Program. Unpublished data.
Diisopropylcarbodiimide. Salmonella Testing Results. 

290. Poesen N, de Moor A, Busschots A, Dooms-Goossens A.
Contact allergy to dicyclohexyl carbodiimide and diiso-
propyl carbodiimide. Contact Dermatitis 32:368–369 (1995).

291. National Toxicology Program. Unpublished data.
Diisopropylcarbodiimide. In Vivo Cytogenetics Testing
Results. Micronucleus Induction Results. 

292. Immunotoxicology Program. Assessment of Contact
Hypersensitivity to Diisopropylcarbodiimide in Female
B6C3F1 Mice. Richmond, VA:Virginia Commonwealth
University, 1995.

293. Microbiological Associates, Inc. Final Report of the
Twenty-Week Prechronic Dermal Toxicity/Carcinogenicity
Study of Dicyclohexylcarbodiimide (DCC) in Female NTP
TG.AC mice, CAS No. 538-75-0. Study No. 93021B.
Prepared for the National Toxicology Program under con-
tract N01-ES-15319. Research Triangle Park, NC:National
Toxicology Program, 1996. 

294. Pathco. Chairperson’s Report. Pathology Working Group
(PWG) Review of N,N-Dicyclohexylcarbodiimide (DCC) 13-
Week Subchronic Study in B6C3F1 Mice and F344 Rats,
and 150 Day Subchronic Study in Female TG.AC Mice
Administered by Skin Application. Prepared for the
National Toxicology Program under contract N01-ES-
15319. Research Triangle Park, NC:National Toxicology
Program, 1997;1–8. 

295. National Toxicology Program. Unpublished data.
Dicyclohexylcarbodiimide. Salmonella Testing Results. 

296. National Toxicology Program. Unpublished data.
Dicyclohexylcarbodiimide. In Vivo Cytogenetics Testing
Results. Micronucleus Induction Results. 

297. Meade BJ. Assessment of Contact Hypersensitivity to
Dicyclohexylcarbodiimide in B6C3F1 Female Mice.
Richmond, VA:Department of Pharmacology and
Toxicology, Virginia Commonwealth University, 1996.

298. Bausum HT. Toxicological and related data for VX, sug-
gested breakdown products and additives; suggested RfD
and RfC values. Aberdeen Proving Ground, MD:U.S. Army
Center for Health Promotion and Preventive Medicine,
1998;1–61.

299. Ivanov P, Georgiev B, Kirov K. Vendov L. Correlation
between concentration of cholinesterase and the resis-
tance of animals to organophosphorus compounds. Drug
Chem Toxicol 16:81–99 (1993).

300. Weimer JT, Owens EJ, Samuel JB, Olsson JS, Merkey RP.
Toxicity of VX and GD in aquatic animals indigenous to the
Carroll Island test area water. Tech Rpt No 4441.
Edgewood Arsenal, MD:U.S. Department of Army, 1970.

301. D’Agostino PA, Provost LR, Looye KM. Identification of
tabun impurities by combined capillary column gas chro-
matography-mass spectrometry. J Chromatogr
465:271–283 (1989).

302. D’Agostino PA, Provost LR. Determination of chemical
warfare agents, their hydrolysis products and related
compounds in soil. J Chromatogr 589:287–294 (1992).

303. D’Agostino PA, Hansen AS, Lockwood PA, Provost LR.
Capillary column gas chromatography-mass spectrometry
of tabun. J Chromatogr 347:257–266 (1985).

304. Creasy WR, Stuff JR, Williams B, Morrissey K, Mays J,
Duevel R, Durst HD. Identification of chemical-weapons-
related compounds in decontamination solutions and
other matrices by multiple chromatographic techniques. J
Chromatogr A 774:253–263 (1997).

305. D’Agostino PA, Provost LR. Mass spectrometric identifica-
tion of products formed during degradation of ethyl
dimethylphosphoramidocyanidate (tabun). J Chromatogr
598:89–95 (1992).

306. Dzhanashvili GD. Maximum permissible concentration of
dimethylamine in water bodies. Hyg Sanit 32:329–335 (1967).

307. Rothwell CE, Turck P, Parker D, Rowland J, England T.
Summary Review of Health Effects Associated with
Dimethylamine: Health Issue Assessment. EPA/600/8-
90/038F, ECAO-R-0149. Research Triangle Park, NC:U.S.
Environmental Protection Agency, 1990.

308. Mellerio J, Weale RA. Hazy vision in amine plant opera-
tives. Br J Ind Med 23:153–154 (1966).

309. Steinhagen WH, Swenberg JA, Barrow CS. Acute inhala-
tion toxicity and sensory irritation of dimethylamine. Am
Ind Hyg Assoc J 43:411–417 (1982).

310. Mezentseva NV. Data on the toxicity of dimethylamine. Gig
Sanit 21:47–49 (1956).

311. Grechkin NP, Grishina LN, Neklesova ID, Kudrina MA,
Anisimova NN. Synthesis and physiological activity of
some amidophosphates. Pharm Chem J 11:38–41 (1977).

312. Eastman Kodak Co. Material Safety Data Sheet, MSDS-10,
100A-01 (010-84), FYI-OTS-0884-0328 Supp, Seq. E.
Washington, DC:Office of Toxic Substances, U.S.
Environmental Protection Agency, 1984.

Reviews • Munro et al.

972 Volume 107, Number 12, December 1999 • Environmental Health Perspectives



Reviews • Chemical warfare agent degradation products

Environmental Health Perspectives • Volume 107, Number 12, December 1999 973

313. Levin L, Gabriel KL. The vapor toxicity of trimethyl phos-
phite. Am Ind Hyg Assoc J 34:286–291 (1973).

314. Bisesi MS. Esters. In: Patty’s Industrial Hygiene and
Toxicology, 4th ed. New York:John Wiley & Sons, Inc.,
1994;2967–3118. 

315. Deichman WB, Gerarde HW. Toxicology of Drugs and
Chemicals. New York:Academic Press, 1969;605–606.

316. Jackson H, Craig AW. Antifertility action and metabolism
of hexamethylphosphoramide. Nature 212:86–87 (1966).

317. Hsie AW, San Sebastian JR, Perdue SW, Schenley RL,
Waters MD. Multiple-endpoint mutagenesis with Chinese
hamster ovary (CHO) cells: evaluation with eight carcino-
genic and non-carcinogenic compounds. Mol Toxicol
1:217–234 (1987).

318. Isakova GK, Yakshtat BY, Kerkis YY. The study of the muta-
genic action of chemical substances in substantiation of
hygienic standards. Gig Sanit 36:9–13 (1971).

319. Ishidate M Jr, Sofuni T, Yoshikawa K. Chromosomal aber-
ration tests in vitro as a primary screening tool for envi-
ronmental mutagens and/or carcinogens. Gann Monogr
Cancer Res 27:95–108 (1981).

320. Dyer KF, Hanna PJ. Comparative mutagenic activity and
toxicity of triethylphosphate and dichlorvos in bacteria
and Drosophila. Mutat Res 21:175–177 (1973).

321. Hanna PJ, Dyer KF. Mutagenicity of organophosphorus
compounds in bacteria and Drosophila. Mutat Res
28:405–420 (1975).

322. Graf U, Frei H, Kagi A, Katz AJ, Wurgler FE. Thirty com-
pounds tested in the Drosophila wing spot test. Mutat Res
222:359–373 (1989).

323. Gumbmann RR, Gagne WE, Williams SN. Short-term toxic-
ity studies of rats fed triethylphosphate in the diet. Toxicol
Appl Pharmacol 12:360–371 (1968).

324. U.S. EPA. Chemical Hazard Information Profile, Draft
Report. Triethyl Phosphate, 78-40-0. EPA/OTS Doc 40-
8542937. Washington, DC:U.S. Environmental Protection
Agency, 1985.

325. Epstein SS, Arnold E, Andrea J, Bass W, Bishop Y.
Detection of chemical mutagens by the dominant lethal
assay in the mouse. Toxicol Appl Pharmacol 23:288–325
(1972).

326. Eastman Kodak Co. Basic Toxicity, Bacterial Mutagenicity,
and in Vitro Mammalian Cell Transformation of Triethyl
Phosphate. FYI-OTS-0884-0328 Supp, Seq. C. Washington,
DC:Office of Toxic Substances, U.S. Environmental
Protection Agency, 1984.

327. Brown DR, Murphy SD. Factors influencing dimethoate
and triethyl phosphate-induced narcosis in rats and mice.
Toxicol Appl Pharmacol 18:895–905 (1971).

328. Gumbmann MR, Williams SN. Anticholinesterase activity
of triethyl phosphate resulting from an impurity. J Agric
Food Chem 18:76–77 (1970).

329. Johnson MK. Organophosphorus esters causing delayed
neurotoxic effects. Arch Toxicol 34:259–288 (1975).

330. Brown DR, Murphy SD. Metabolic factors which influence
triethyl phosphate-induced narcosis in rats. J Pharmacol
Exp Ther 179:396–403 (1971).

331. U.S. EPA. Hydrogen cyanide. IRIS Online Database.
Washington, DC:U.S. Environmental Protection Agency,
1994. Available: http://www.epa.gov/ngispgm3/iris/ [cited
20 February 1998]. 

332. Robson SG. Computer simulation of movement of DIMP-
contaminated groundwater near the Rocky Mountain
Arsenal, Colorado. In: Permeability and Groundwater
Contaminant Transport: A Symposium. ASTM Spec Tech
Publ 746:209–220 (1981).

333. Epstein J, Davis GT, Eng L, Demek MM. Potential hazards
associated with spray drying operations. Environ Sci
Technol 11:70–75 (1977).

334. Aulerich RJ, Coleman TH, Polin D, Ringer RK, Howell KS,
Jones RE, Kavanagh TJ. Toxicology Study of Diisopropyl
Methylphosphonate and Dicyclopentadiene in Mallard
Ducks, Bobwhite Quail and Mink. AD-A087-257/2. East
Lansing, MI:Michigan State University, 1979.

335. Epstein J. Properties of GB in water. J Am Water Works
Assoc 66:31–37 (1974).

336. Daughton CG, Cook AM, Alexander M. Bacterial conver-
sion of alkylphosphonates to natural products via carbon-
phosphorus bond cleavage. J Agric Food Chem
27:1375–1382 (1979).

337. ATSDR. Draft Toxicological Profile for Diisopropyl
Methylphosphonate. Atlanta, GA:Agency for Toxic
Substances and Disease Registry, U.S. Department of
Health and Human Services, 1996.

338. Major M. Unpublished data. 
339. Van Voris P, Cataldo DA, Ligotke MW, Frederickson JK, Li

SMW, Crecelius EA, Hardy JT, Fellows RJ, Wentsel RS.
Acute Environmental Toxicity and Persistence of Selected
Chemical Agent Simulants: Diisopropyl fluorophosphate
(DFP) and Diisopropyl Methylphosphonate (DIMP). AD-
A181 309. Aberdeen Proving Ground, MD:Chemical
Research Development & Engineering Center, 1987.

340. Spanggord RJ, Chou T, Mabey WR. Studies of
Environmental Fate of DIMP and DCPD. AD-A078-236.
Menlo Park, CA:SRI International, 1979.

341. Bentley RE, LeBlanc GA, Hollister TA, Sleight BH. Acute
Toxicity of Diisopropylmethyl Phosphonate and
Dicyclopentadiene to Aquatic Organisms. Wareham,
MA:EG&G Bionomics, 1976.

342. Czerwinski SE, Maxwell DM, Lenz DE. A method for mea-
suring octanol:water partition coefficients of highly toxic
organophosphorus compounds. Toxicol Methods
8:139–149 (1998).

343. Williams RT, Ziegenfuss PS, Marks PJ. Biodegradation of
DIMP, Dieldrin, Isodrin, DBCP, and PCPMSO in Rocky
Mountain Arsenal Soils. AD-A245-852. West Chester,
PA:Roy F. Weston, Inc., 1989.

344. O’Donovan PA, Woodward JE. Investigation of the Soil
Translocation and Phytotoxicity of DIMP and DCPD. AD-
A058-790. Downey, CA:Aerojet Ordnance Co., 1977.

345. Crook JW, Musselman NP, Hess TL, Oberst FW. Acute
inhalation toxicity of difluoro vapor in mice, rats, dogs, and
monkeys. Toxicol Appl Pharmacol 15:131–135 (1969).

346. Gustafson RL, Martell AE. A kinetic study of the copper (II)
chelate-catalyzed hydrolysis of isopropyl methylphospho-
nofluoridate (sarin). J Am Chem Soc 84:2309–2316 (1962).

347. Epstein J, Bauer VE, Saxe M, Demek MM. The chlorine-
catalyzed hydrolysis of isopropyl methylphosphonofluori-
date (sarin) in aqueous solution. J Am Chem Soc
78:4068–4071 (1956).

348. Mecler FJ, Dacre JC. Toxicological assessment of isopropyl
methylphosphonic acid [Abstract]. Toxicologist 2:35 (1982). 

349. Mecler FJ. Mammalian Toxicological Evaluation of DIMP
and DCPD (Phase 3-IMPA). AD-A107574. Fort Detrick,
MD:U.S. Army Medical Research and Development
Command, 1981.

350. Hart ER. Mammalian Toxicological Evaluation of DIMP
and DCPD. Final Report. AD-AO58 323. Kensington,
MD:Litton Bionetics, Inc, 1976.

351. Palmer JS, Cysewski SJ, Crockshank HR, Stell EG, Ivie
GW. Toxicologic Evaluation and Fate of Diisopropyl
Methylphosphonate (DIMP) and Dicyclopentadiene
(DCPD) in Cattle. NTIS No. AD-A093-673. Springfield,
VA:National Technical Information Service, 1979.

352. Dahl AR, Marshall TC, Hobbs CH. The acute toxicity of an
inhalable fluorophosphonate (difluoro) and chlorophos-
phonate (dichloro) in three species of rodents [Abstract].
Toxicologist 4:22 (1984). 

353. Ciugudeanu M, Gabor S, Gocan M, Ivanescu G, Buzas A.
Experimental researches regarding the acute toxicity of
butanol monoamine and diamine and tributylamine. Rev
Chim 36:667–670 (1985).

354. Carpenter CP, Weil CS, Smyth HF Jr. Range-finding toxici-
ty data: list VIII. Toxicol Appl Pharmacol 28:313–319 (1974).

355. Din Min L. Hygienic standardization of tributylamine in
water bodies. Gig Sanit 42:36–38 (1977).

356. Plaa G, Duncan W, eds. Proceedings of the 1st
International Congress on Toxicology, Toxicology as a
Predictive Science. New York:Academic Press, 1978;450.

357. Opdyke DLJ. Monographs on fragrance raw materials.
Food Cosmet Toxicol 19:97–116 (1981).

358. Sax NI, Lewis RJ Sr, eds. Hawley’s Condensed Chemical
Dictionary. 11th ed. New York:Van Nostrand Reinhold,
1987;193.

359. Sax NI, Lewis RJ Sr. Dangerous Properties of Industrial
Materials. 7th ed, Vol II. New York:Van Nostrand Reinhold,
1989;659.

360. Union Carbide Corporation. Union Carbide Data Sheet, n-
Butanoic Acid (107-92-6). New York:Union Carbide
Corporation, 1968.

361. Registry of Toxic Effects of Chemical Substances
Database. n-Butanoic. Toksikol Nov Prom Khim
Veshchestv 4:19 (1962). MEDLARS Online Information
Retrieval System. Bethesda, MD:National Library of
Medicine [cited 21 August 1997]. 

362. Hart ER. Mammalian Toxicological Evaluation of DIMP
and DCPD (Phase II). AD-AO82 685. Kensington, MD:Litton
Bionetics, Inc, 1980.

363. Bucci TJ, Mercieca MD, Perman V, Weiss DJ. Study No
TP-001. Two-Generation Reproductive Study in Mink Fed
Diisopropyl Methylphosphonate (DIMP). Final Report.
Frederick, MD:Pathology Associates International, 1997.

364. Trosko JE, Yotti LP, Dawson B, Chang C-C. In vitro assay
for tumor promoters. In: Short-Term Tests for Chemical
Carcinogens (Stich HF, San RHC, eds). New
York:Springer-Verlag, 1981;420–427.

365. Dawson DA. Joint actions of carboxylic acid binary mix-
tures on Xenopus embryo development: comparison of
joint actions for malformation types. Arch Environ Contam
Toxicol 27:243–249 (1994).

366. Tai CC, Ting RC. Induction of increased frequencies of sis-
ter chromatid exchange in V79 cells by butyric acid. In
Vitro 15:172 (1979).

367. Hagopian HK, Riggs MG, Swartz LA, Ingram VM. Effect of
n-butyrate on DNA synthesis in chick fibroblasts and HeLa
cells. Cell 12:855–860 (1977).

368. Sairenji T, Spiro RC, Humphreys RE. Differential effect of
TPA and n-butyrate on induction of Ii and EBV antigens in
the P3HR-1 lymphoblastoid cell line. Hematolog Oncol
2:381–389 (1984).

369. U.S. EPA. Drinking Water Regulations and Health
Advisories. EPA 822/R-94-001a. Washington, DC:U.S.
Environmental Protection Agency, Office of Water, 1994.

370. U.S. EPA. Isopropyl methyl phosphonic acid. IRIS Online
Database. Washington, DC:U.S. Environmental Protection
Agency, 1993. Available: http://www.epa.gov/
ngispgm3/iris/ [cited 20 February 1998]. 

371. Donohue JM, Roberts WC. Isopropyl methylphosphonic
acid (IMPA). In: Drinking Water Health Advisory:
Munitions II (Hartley WR, Roberts WC, Commons BJ, eds).
Professional Administrative Services, 1994;227–247.

372. Bucci TJ, Wustenberg W, Perman V, Weiss DJ, Dacre JC,
Baumel IP, Parker RM. Subchronic oral toxicity study of
diisopropyl methylphosphonate in mink. Fundam Appl
Toxicol 22:220–230 (1994).

373. U.S. EPA. Diisopropyl methylphosphonate. IRIS Online
Database. Washington, DC:U.S. Environmental Protection
Agency, 1993. Available: http://www.epa.gov/
ngispgm3/iris/ [cited 23 July 1997]. 

374. Colorado. The Basic Standards for Ground Water 3.11.0.
Denver, CO:Department of Health, Water Quality
Commission, 1993.

375. Colorado. The Basic Standards and Methodologies for
Surface Water 3.1.p (5CCR 1002-8). Denver, CO:Colorado
Department of Health, Water Quality Commission, 1993.

376. Lenga RE. The Sigma-Aldrich Library of Chemical Safety
Data, 1st ed. Milwaukee, WI:Sigma-Aldrich Corporation,
1985. 

377. Hambrook JL, Howells DJ, Utley D. Degradation of phospho-
nates. Breakdown of soman (O-pinacolyl-methylphosphono-
fluoridate) in wheat plants. Pestic Sci 2:172–175 (1971).

378. Deichman WB. Toxicity of methyl, ethyl, and n-butyl
methacrylate. J Ind Hyg Toxicol 23:343–351 (1941).

379. Spealman CR, Main RJ, Haag HB, Larson PS. Monomeric
methyl methacrylate. Studies on toxicity. Ind Med
14:292–298 (1945).

380. Klimkina NV, Ekhina RS, Sergeev AN. Experimental sub-
stantiation of the maximum permissible concentration of
methyl and butyl ethers of methacrylic acid in water bod-
ies. Gig Sanit 41:6–11 (1976).

381. Blagodatin VM, Smirnova ES, Dorofeeva ED, Golova IA,
Arziaeva EI. Establishing the maximum permissible con-
centration of the methyl ester of methacrylic acid in the
air of a work area. Gig Tr Prof Zabol 6:5–8 (1976).

382. Registry of Toxic Effects of Chemical Substances
Database. Methyl methacrylate. NTIS OTS0520933. MED-
LARS Online Information Retrieval System. Bethesda,
MD:National Library of Medicine [cited 23 July 1997]. 

383. Chung C, Giles A Jr. Sensitization potentials of methyl,
ethyl, and n-butyl methacrylates and mutual cross-sensi-
tivity in guinea pigs. J Invest Dermatol 68:187–190 (1977).

384. NTP. Toxicology and Carcinogenesis Studies of Methyl
Methacrylate (CAS No. 80-62-6) in F344/N Rats and B6C3F1
Mice (Inhalation Studies). NTP-TR-314. Research Triangle
Park, NC:National Toxicology Program, 1986.

385. Ashby J, Tennant RW. Definitive relationships among
chemical structure, carcinogenicity and mutagenicity for
301 chemicals tested by the U.S. NTP. Mutat Res
257:229–306 (1991).

386. Nicholas CA, Lawrence WH, Autian J. Embryotoxicity and
fetotoxicity from maternal inhalation of methyl methacrylate
monomer in rats. Toxicol Appl Pharmacol 50:451–458 (1979).



387. Kassis V, Vedel P, Darre E. Contact dermatitis to methyl
methacrylate. Contact Dermatitis 11:26–28 (1984).

388. Borzelleca JF, Larson PS, Hennigar GR Jr, Huf EG,
Crawford EM, Smith RB Jr. Studies on the chronic oral
toxicity of monomeric ethyl acrylate and methyl
methacrylate. Toxicol Appl Pharmacol 6:29–36 (1964).

389. Luo S-Q, Gang B-Q, Sun S-Z. Study on embryotoxicity of
fetotoxicity in rats by maternal inhalation of low level
methyl methacrylate. Toxicol Lett 31(suppl):80 (1986).

390. Tansy MF, Kendall FM, Benhayem S, Hohenleitner FJ,
Landin WE, Gold M. Chronic biological effects of methyl
methacrylate vapor. I: Body and tissue weights, blood
chemistries, and intestinal transit in the rat. Environ Res
11:66–77 (1976).

391. Doerr CL, Harrington-Brock K, Moore MM.
Micronucleus, chromosome aberration, and small-
colony TK mutant analysis to quantitate chromosomal
damage in L5178Y mouse lymphoma cells. Mutat Res
222:191–203 (1989).

392. Chan PC, Eustis SL, Huff JE, Haseman JK, Ragan H.
Two-year inhalation carcinogenesis studies of methyl
methacrylate in rats and mice: inflammation and degen-
eration of nasal epithelium. Toxicology 52:237–252
(1988).

393. Husain R, Khan S, Husain I, Seth PK, Pandya KP. Effect of
methyl methacrylate on selected lipids in rat brain and
sciatic nerve. Ind Health 27:121–124 (1989).

394. Amtower AL, Brock KH, Doerr CL, Dearfield KL, Moore
MM. Genotoxicity of three acrylate compounds in L5178Y
mouse lymphoma cells. Environ Mutagen 8(suppl 6):4
(1986).

395. Myhr BC, McGregor D, Bowers L, Riach C, Brown A,
Edwards I, McBride D, Martin R, Caspary WJ. L5178
mouse lymphoma cell mutation assay results with 41
compounds. Environ Mol Mutagen 16(suppl 18):138–167
(1990). 

396. Anderson BE, Zeiger E, Shelby MD, Resnick MA, Gulati
DK, Ivett JL, Loveday KS. Chromosome aberration and
sister chromatid exchange test results with 42 chemi-
cals. Environ Mol Mutagen 16(suppl 18):55–137 (1990).

397. U.S. EPA. Methyl Methacrylate. Health Effects
Assessment Summary Table. Washington, DC:U.S.
Environmental Protection Agency, 1998.

398. Bailey PL, Bishop E. The hydrolysis of cyanogen chloride.
Proc Soc Anal Chem 7:150–152 (1970). 

399. Kononen DW. Acute toxicity of cyanogen chloride to
Daphnia magna. Bull Environ Contam Toxicol 41:371–377
(1988).

400. APHA. Standard Methods for the Examination of Water
and Wastewater. 14th ed. New York:American Public
Health Association, 1975.

401. Aldridge WN, Evans CL. The physiological effects and
fate of cyanogen chloride. Q J Exp Physiol 33:241–266
(1946).

402. Ohya T, Kanno S. Formation of cyanide ion or cyanogen
chloride through the cleavage of aromatic rings by
nitrous acid or chlorine. VIII: On the reaction of humic
acid with hypochlorous acid in the presence of ammoni-
um ion. Chemosphere 14:1717–1722 (1988).

403. Flesch JJ, Fair PS. The analysis of cyanogen chloride in
drinking water. Proc Water Qual Technol Conf
16:465–474 (1989).

404. Krasner SW, McGuire MJ, Jacangelo JG, Patania NL,
Reagan KM, Aieta EM. The occurrence of disinfection
by-products in drinking water in a nationwide study.
Proc Ann Conf Am Water Works Assoc 2:1171–1202
(1989). 

405. Krasner SW, McGuire MJ, Jacangelo JG, Patania NL,
Reagan KM, Aieta EM. The occurrence of disinfection
by-products in U.S. drinking water. Am Water Works
Assoc J 81:41–53 (1989).

406. Cerami A, Allen TA, Graziano JH, DeFuria FG, Manning
JM, Gillette PN. Pharmacology of cyanate. I: General
effects on experimental animals. J Pharmacol Exp Ther
185:653–666 (1973).

407. Sabourin TD, Moore EL Jr, Durell GS. Acute Aquatic
Toxicity of Cyanogen Chloride to Daphnia magna and
Fathead minnows (Pimephales promelas). BA-870911
(USEPA: OTS 0538530). Columbus, OH:Battelle, 1987.

408. Broderius SJ, Smith LL Jr, Lind DT. Relative toxicity of
free cyanide and dissolved sulfide forms to the fathead
minnow (Pimephales promelas). J Fish Res Bd Can
34:2323–2332 (1977).

Reviews • Munro et al.

974 Volume 107, Number 12, December 1999 • Environmental Health Perspectives



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




