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1. Introduction

Between 1918 and 1970, disposing of excess, obsolete,
and unserviceable chemical munitions and chemical agents
into ocean waters was an internationally accepted practice.
Although there is some evidence of sea disposa in the
aftermath of World War |, little documentation of this
practice before the mid-1940s can be found. At the end of
World War |1, large chemical munitions stores were discov-
ered in Germany and Japan. From 1946 to 1947, an estimated
50 000—150 000 tons of captured enemy chemical munitions
were disposed in the Baltic Sea, and chemical munitions were
also disposed in the Pacific Ocean and Sea of Japan after
World War 11. Accidents due to ocean disposal of chemical
munitions have been reported in the Baltic Sea,'? the
Adriatic,® and the Pacific Ocean and Japanese coastal waters.
Most of these reports concern fishermen who inadvertently
snared plastic lumps of the agent sulfur mustard in their nets.
The United States disposed of atotal of approximately 30 000
tons of chemical agent in several locations off its Atlantic®®
and Pacific coasts™’ as well as in Alaskan and Hawaiian
waters.>® In 1972, Congress enacted the Marine Protection,
Research, and Sanctuaries Act, which explicitly prohibited
disposal of chemical agents in ocean waters.® This practice
was also prohibited by the 1972 London Convention on the
Prevention of Marine Pollution by Dumping of Wastes and
Other Matter.’® The last ocean disposal of U.S. chemical
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warfare materials occurred on August 18, 1970, and the issue
of ocean disposal soon receded from public consciousness.

Recently, the presence of disposed chemical weapons in
U.S. coastal waters has received renewed attention. |n 2004,
three bomb disposal technicians from Dover Air Force Base,
DE, were injured and one was hospitalized as a result of
exposure to mustard agent when a clam trawler brought up
a 75 mm chemical artillery shell that had been disposed at
sea. Thisincident brought renewed attention to the practice
of sea disposal both in the popular press*? and in the
technical literature.>” Many of the chemical munitions that
were disposed of 40—80 years ago have not yet ruptured or
leaked; a large proportion of the discarded 30000 tons
remains on the sea floor. In response to this renewed public
attention, Congress passed section 314(c) of the John Warner
National Defense Authorization Act for Fiscal Year 2007,
requiring the Department of Defense to conduct research on
the effects of chemical munitions disposed of in U.S. ocean
waters. This research and future assessments of the risk these
munitions pose to human health and the environment will
require use of a number of physical, chemical, and toxico-
logical parameters for evaluation of the fate, transport, and
environmental impacts of chemical warfare agentsin marine
environments. As more information on disposal sites comes
to light,” more assessments using these parameters will be
performed.

Many of these physical and chemical parameters were
measured long ago and have been compiled many times
subsequently. A number of recent reviews cover several of
the relevant parameters,**~1° often citing previous compila-
tions.2°~2* Many of these in turn cite earlier generations of
data compilations,?>2® making it difficult to determine the
original source of the data. In addition, many of these
compilations do not address all of the chemical agents
disposed in U.S. coastal waters or address only a subset of
the parameters required to assess environmental impacts. In
anumber of cases, qualifications, notably of estimated values,
have been lost in trandlation and certain errors have been
repeated. In view of the renewed interest in sea disposal of
chemical weapons and the need for accurate and traceable
values for use by risk assessors, the authors attempted to
critically re-examine this entire data set, tracing as many
values for these parameters as possible back to the original
data sources.?” In many cases, fusion of multiple independent
data sets for a particular parameter show the degree to which
the data are mutually validating and thus provide increased
confidence in the data both to scientists using them directly
aswell asto laypersonsinterested in the issue of seadisposal.
This review covers a wide time period; some of the agents
covered first appeared in the literature more than two
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centuries ago, and the most recent measurements appeared
within a year of this review.

Thisreview covers data relevant to the chemical warfare
agents phosgene (military designation CG, 1), cyanogen
chloride (CK, 2), hydrogen cyanide (AC, 3), sulfur
mustard (HS/H/HD, 4), Lewisite (L, 5), nitrogen mustard
(HN1, 6), GA (Tabun, 7), GB (Sarin, 8), and VX (9),
which have been identified by the U.S. Army® as the agents
disposed of in U.S. ocean waters. The structures of these
agents are depicted in Figure 1. Physica and chemical
parameters are covered in section 2. Section 3 presents a
short assessment of the extent of data available for parameters
used for assessing potential ecological effects. These ec-
otoxicological parameters have been reviewed recently
elsewhere!’” and will be discussed here only briefly. Mam-
malian toxicological parameters used for assessing potentia
human exposures have been reviewed thoroughly by others'”?
and are therefore not included in this review. Data gaps are
identified in section 4.
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2. Physical and Chemical Parameters

This study covered the available unclassified literature for
several physical and chemical parameters used to determine
the fate and transport of chemical warfare agents in marine
environments. Boiling point and melting point are used to
determine the initial physical state of an agent released to
the marine environment. Density (D) determines whether
undissolved agent rises or sinks in the water column. \V apor
pressure (p), solubility, Henry’s Law constant (Ky), and
partition coefficients (P, Koy) are important parameters for
determining the phases and matrices in which the agent
resides and is transported. Partition coefficients also allow
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risk assessors to determine whether or not the agents
bioaccumulate in the food chain. Dissociation constants (Ka),
where applicable, determine the form in which those agents
which have acidic or basic groups exist in the sea. Finaly,
hydrolysis rate constants (k) and products, where applicable,
are key parameters to determining the fate of the agent in
the ocean. Available data for these parameters are reviewed
below for each of the agents disposed of in U.S. coastal
waters.

This review includes fusion of independent data sets for
some of the parameters. These analyses involved combining
the individual data values from the relevant data sets and
performing alinear regression analysis on the data or on an
agpropriate linear form. For all data fusion regressions, the
r< value for the regression indicated significant correlation
at the 99.9% confidence level; coefficients for the resulting
equation are given with tstandard error. We report regres-
sion results for the Clausius—Clapeyron equation for vapor
pressures; because the regressions fit this form at the 99.9%
confidence level, use of the Antoine vapor pressure equation
was not deemed necessary.

Whenever available, this review presents data on the
temperature, pH, and sodium chloride concentration depen-
dence of these parameters. U.S. ocean disposal of chemical
weapons occurred in areas with depths ranging from several
hundred feet up to 16 000 feet.®> Temperatures at shallower
sites may be close to surface temperatures, which depend
on latitude and could range from warmer values of 27 °C in
Hawaiian waters in summer?® to cooler values of 0—4 °Cin
Alaskan waters in winter.* In contrast, at deep disposal sites
below the thermocline, temperatures approach 0 °C. Salinity
in U.S. oceanic waters is about 35 parts per thousand, with
90% of the salt present as sodium chloride (NaCl) with the
remainder including other salts such as magnesium. This
corresponds to [NaCl] = 0.5 M. Oceanic pH valuestypically
range from 7.7 to 8.2;* surface pH istypically 8.0—8.3 and
declinesto 7.4—8.0 in deep waters. Whenever possible, this
review presents data that will allow users to adjust values
for the temperature, pH, and salinity specific to the disposal
site under consideration; there dependencies may also prove
useful as assessments of fate are extended to sediments and
associated pore waters.”
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Figure 1. Chemical agents.

2.1. Phosgene (CG)

Phosgene (Chemical Abstracts Service [CAS] index name,
carbonic dichloride; International Union of Pure and Applied
Chemistry [IUPAC] name, carbony! dichloride; CAS registry
no. 75-44-5) was first obtained and identified in 1812 by
Davy>? and employed for thefirst time as awar gas at Nieltje
in Flanders on December 19, 1915.% Phosgene is aso a
major chemical intermediate mainly used to produce poly-
urethane and polycarbonate plastics with annual worldwide
production recently estimated as several million tons.3*3°
Additionally, phosgene is formed from the photoinduced
oxidation as well as thermal degradation of chlorinated
hydrocarbons in the atmosphere.*® The United States pro-
duced ap}?roxi mately 1400 tons of phosgene during World
War 13337 and 20 000 tons of phosgene during World War
[I, much of it for military applications.®® Phosgene was
loaded into a variety of American chemical munitions.*
Approximately 29 tons of phosgene was disposed in U.S.
coastal waters.®> There is a considerable body of literature
on the physical and chemical properties of phosgene because
of its long history, wide use in the chemical industry, and
trace occurrence in the atmosphere.

At ambient temperatures phosgene is a colorless gas with
acharacteristic odor described as “hay-like”,*° athough many
secondary references describe the odor as reminiscent of
moldy hay.2*?® The molecular formulaof phosgeneis CCl,0,
corresponding to a molecular weight of 98.92. There are
numerouspublishedval uesfor theboiling point of phosgeng; ™~
these values agree quite well, giving a mean boiling point
value of 8.0 + 0.3 °C. The melting behavior of phosgeneis
reported to have multiple phase transitions.*® The reported
melting temperatures are —133.96 and —131.06 °C for the
first two transitions; another paper reports amelting transition
at —132.78 °C,* which appears to be intermediate between
the first two transitions. Multiple papers report a third
transition;*4349°0 the mean melting point value from these
studies is —128 4+ 1 °C. This third phase transition is the
one typically reported as the “melting point” in data
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Figure 2. Vapor pressure values for phosgene (r* = 0.992, n =
163).
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Figure 3. Density values for phosgene (r* = 0.993, n = 71).

Table 1. Henry’s Law Constants for Phosgene

Kp (mol-L~t-atm™1) T (°C) ref
0.25 0 36
0.15 5 58
0.2 20 (in seawater) 59
0.06 25 58

compilations. Finally, there is an earlier report of a melting
point of —118 °C,>* which disagrees with the other reported
values and potentially represents a measurement using impure
meaterial. The vapor pressure of phosgene has been studied
by several groups as a function of temperature;*14344:47:52
the combined 163 data points from these studiesfit eq 1 over
the temperature range from —96.3 to 27.9 °C

1373(4+10)

TK) D
This expression is plotted with the data in Figure 2; the data
from these independent studies agree very well, giving ahigh
degree of confidence in the derived expression.

Density vauesfor phosgene from multiple studies*> 648505254
a temperatures ranging from —104 to 60.2 °C can befit to eq 2

log p(Torr) =7.77(+0.04) —

D(g/mL) = 1.4226(£0.0007) —
0.00243T(£0.00003, °C) (2)

This expression is plotted with the data in Figure 3, again
showing excellent agreement between independent studies.

Henry’s Law constant values for phosgene are provided
in Table 1. An analysis of Henry's Law constant as afunction
of temperature® using data from several literature sources™ >/
giveseq 3
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18233
T(K)

This expression agrees with the fresh water valuesin Table
1 and suggests that the value in seawater is nearly twice what
would be expected for fresh water.

The primary fate of phosgene in water is hydrolysis to
chloride and carbon dioxide. Rate constants have been
measured for the reaction of phosgene with water.>’>°
Severa studies have examined rate constants as a function
of temperature. One study presents the Arrhenius parameters
for hydrolysisas A= 1.4 x 10*° s ' and E,= 53 kJmol *
over arange of 13—59 °C.%° An analysis of rate constants
from several other studies®®>"*°% gives similar parameters,
A=19 x 10" s ! and E; = 57 kI mol —* over arange of
15—45 °C. These expressions give rate constants that agree
within afactor of about 2 over this temperature range. There
are aso two studies that give values of 4.6 x 10°*%and 2.8
x 10* L mol™! s for the rate of the hydroxide—-
phosgene reaction at 25 °C. At pH 8 (approximately the pH
of seawater), the hydroxide—phosgene reaction is signifi-
cantly slower than the water—phosgene reaction and can
therefore be neglected. The Arrhenius parameters for the
water—phosgene reaction yield a half-life for phosgene in
water of 0.4—1sat 2 °C and 0.1-0.2 sat 25 °C.

There is one study that indicates that phosgene is sorbed
to soil, although the data do not appear to alow calculation
of an absorption coefficient.®* There are no values available
in the literature for phosgene solubility in water or partition
coefficients, but these values are not required for environ-
mental assessments because of the extremely short half-life
of phosgene in water. Phosgene does not undergo acid—base
dissociation in water.

log Ky,(mol-L ™ *atm™) = —70283  (3)

2.2. Cyanogen Chloride (CK)

Cyanogen chloride (CAS index name, cyanogen chloride;

IUPAC name, carbononitridic chloride; CAS registry no.
506-77-4) was prepared for the first time in 1789 b%
Berthollet® and subsequently characterized by Gay-L ussec.
It was used during World War | by the French both alone
and mixed with arsenic trichloride. Other applications of
cyanogen chloride include chemical synthesis, metal clean-
ing, orerefining, and production of triazine herbicides, optical
brighteners, dyestuffs, and synthetic rubber.®* Additionally,
cyanogen chloride is formed from the chlorination of
drinking water containing aromatic compounds and am-
monium ion.®>® The United States produced roughly 12 500
tons of cyanogen chloride during World War 11,* and the
compound has been loaded into several American chemical
munitions.® An estimated 205 tons of cyanogen chloride
was disposed in U.S. coastal waters.” Thereis a considerable
body of literature on the physical and chemical properties
of cyanogen chloride because of its long history and
occurrence in drinking water.

Pure cyanogen chloride is a clear colorless liquid or gas
with a highly irritating odor. The molecular formula of
cyanogen chloride is CCIN, corresponding to a molecular
weight of 61.47. There are numerous published values for
the boiling point of cyanogen chloride, "%~ all of which
agree reasonably well; the mean boiling point value from
these studies is 13 + 1 °C. Similarly, there are severd
published values in agreement for the melting point of
cyanogen chloride;®”:"%376.77 the mean melting point value
from these studiesis —6.6 £+ 1.0 °C. The vapor pressure of
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cyanogen chloride has been studied by several groups as a
function of temperature;">":"® the combined 33 data points
from these studies fit eq 4 over the temperature range from
—12t0 17.82 °C
_ 4068
log p(Torr) = 10.562 _T(K) 4

This expression is plotted with the data in Figure 4, which
shows the agreement between these independent data sets.

Density values for cyanogen chloride from multiple
studies®”: 73757879 gt temperatures ranging from —5.8 to 14
°Ccanbefittoeq5

D(g/mL) = 1.2228(-£0.0007) —
0.00208T(£0.00008, °C) (5)

This expression is plotted with the data in Figure 5; these
independent observations are in good agreement. The derived
expression corresponds to a coefficient of expansion of
0.00173, which agrees reasonably well with Maugin and
Simon,%” who report a coefficient of expansion of 0.0015
for the temperature range of 0—45 °C, athough they give
the measured density only at 0 °C. One other study " reports
a density value of 1.247 at 0 °C that differs significantly
(by nearly 7 standard deviations) from the other studies; this
value was determined to be an outlier and not included in
the derivation of the density expression; the same study
reports melting point and vapor pressure data that agree well
with other studies but a molecular weight that is higher than
the accepted value by roughly the same factor as the density
is high, suggesting that there may have been an error in
determining the weight.

The solubility of cyanogen chloride in agueous sodium
chloride solution at 30 °C was found to obey eq 67

Bizzigotti et al.

[CICN](M, satd at 30° C) = 0.91(0.05) —
0.16(+0.03)[NaCl](M) (6)

Another reference gives the water solubility at 8 °C as 7—8%
(0.8—0.9 M).”

The primary fate of cyanogen chloride in water is
hydrolysis to chloride and cyanate species; cyanic acid
subsequently hydrolyzes to ammonia and carbon dioxide.
Rate constants have been measured for reaction of cyanogen
chloride with water”>7"# and hydroxide ion.28! Analysis®
shows that this data fit eq 7 for an observed first-order rate
constant over the temperature range 5—45 °C

1 o —87180
Kops(S 7) =99.97 x 10 eg.13a1(x) +

2.06% 10" e 1347[OH™ -
. 8.1341(K)[OH J(mol-L )  (7)

At pH 8 (approximately the pH of seawater) this expression
yields a half-life for cyanogen chloride of 19 days at 5 °C
and 3 days at 25 °C. However, this expression does not
account for adight inhibition of cyanogen chloride hydroly-
sisin the presence of chloride ions.” There are other studies
of cyanogen chloride hydrolysis that were conducted in
buffer solutions that catalyze the hydrolysis;®* 8 rate
constants from these studies should not be used for assess-
ments of the fate of cyanogen chloride in the marine
environment because they overestimate the hydrolysis rate
under such conditions.

The Agency for Toxic Substances and Disease Registry
(ATSDR) has stated and this review confirms that “no
information could be found in the available literature on the
transport and partitioning of cyanogen chloride in the
environment or its partitioning coefficients (Ko, Kow) OF
Henry’s law constants’.®* Nevertheless, a value for the log
of the partition coefficient between water and olive ail of
1.6 has been reported;® this val ue suggests that the Ko, value
is likely to be similarly low. However, on the basis of the
relatively short hydrolytic half-life of cyanogen chloride it
appears that hydrolysis would dominate the fate of cyanogen
chloride in the deep ocean. Cyanogen chloride does not
undergo acid—base dissociation in water.

2.3. Hydrogen Cyanide (AC)

Hydrogen cyanide (CAS index name, hydrocyanic acid;
I[UPAC name, formonitrile; CAS registry no. 74-90-8) was
one of the earliest compounds to be investigated in modern
chemistry. Hydrogen cyanide was first obtained as agueous
hydrocyanic acid, and its qualitative composition was
determined by Scheele in 1782.% Water-free liquid hydrogen
cyanide was produced in 1811 by Gay-Lussac, who first
measured its properties.®” Hydrogen cyanide and its salts are
used in high volume in the steel, electroplating, mining, and
chemical industries with current annual U.S. demand of more
than 700 000 t.%* There is an extensive body of literature on
the physical and chemical properties of hydrogen cyanide
because of its long history and extensive use.

The French were the first to use hydrogen cyanide as a
chemical warfare agent on July 1, 1916 during the Battle of
the Somme.*® The French were the only major users of
hydrogen cyanide during World War |, using a bit less than
4000 tons during the 1915—1918 period.?® Although its high
vapor pressure and rapid diffusion are presumed to have
limited its effectiveness as a chemical weapon, hydrogen
cyanide was used in several American chemical munitions.*
The United States procured about 560 tons of hydrogen
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Figure 6. Vapor pressure values for hydrogen cyanide (r? =
0.99996, n = 36).

cyanide during World War |1 alone,® and an estimated 10
tons of hydrogen cyanide was sea disposed in U.S. coastal
waters.”

Pure hydrogen cyanideisaclear colorlessliquid with an odor
described in standard sources as that of bitter amonds.®® The
molecular formula of hydrogen cyanide is CHN, correspond-
ing to a molecular weight of 27.026. There are numerous
published values for the boiling point of pure hydrogen
cyanide,®"8971% 4l in excellent agreement; the mean boiling
point value from these studies is 25.9 + 0.3 °C. Similarly,
there are many published values giving similar values for
the melting point of pure hydrogen cyanide;%%93.94.101-107
the mean melting point value from these studies is —13.33
+ 0.05 °C. Several others reported melting points that are
significantly lower, suggesting that less pure material was
used for those measurements. 88919119 The vapor pressure
of hydrogen cyanide has been studied by several groups as
afunction of temperature;®°:% the combined 36 data points
from these studies fit eq 8 over the temperature range from
—8.07 to 46.29 °C

1457(+2)

TK) (8)
This expression is plotted with the data in Figure 6; the data
from these independent experiments are in very good
agreement.

Henry's Law constant has been measured as a function
of temperature three times.** '3 One of the studies**
covered the temperature range from 0 to 100 °C and fits the
datato eq 9

In K,(kg+atm/mol) = 9.585 — 0.03147T(K) +
31704InT — &TOZ ©)

log p(Torr) = 7.746(+£0.006) —

The other studies were performed at higher temperature
ranges, these two studies as well as two additional reports
of Ky at 25 °C***1%5 provide values that agree within a factor
of 1.6.

The aqueous dissociation constant of hydrogen cyanide
has been measured as a function of temperature twice 1112
One of the studies™* covers the temperature range from 0
to 150 °C and fits the data to eq 10

In K, = —12.1960 — 0.031482T(K) + 3.7658 In T —

6340.7
T (10
The pK, value calculated from this expression for 25 °C is

9.29, which is close to the preferred pK, value of 9.21 +
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Figure 7. Density values for hydrogen cyanide (r*> = 0.998, n =
21).

0.02 at 25 °C.*® The other study gives similar K, values
but was performed at a higher temperature range. Several
studies indicate that the pK, value decreases somewhat at
the ionic strength of seawater (approximately 0.7 M) to a
value of 8.95 at 25 °C,*"~ 9 dthough there is disagreement
about the behavior at higher ionic strength. Although the
datamay not allow a precise vaue to be calculated for marine
conditions, all available data indicate that at the pH of
seawater, hydrogen cyanide will exist predominantly as the
free acid.

Density values for hydrogen cyanide from multiple
studies’® 7987:90.9397.103-105.120 o temperatures ranging from
—13.3to 25.7 °C can befit to eq 11

D(g/mL) = 0.7161(:0.0002) —
0.00142T(+0.00001, °C)  (11)

This expression is plotted with the datain Figure 7; the data
from these independent studies agree very well.

Hydrogen cyanide is reported to be miscible with water
a temperatures above —23.3 °C.}** Hydrogen cyanide
hydrolyzes slowly at low pH to form ammonium ion and
formic acid,™* although this reaction would not be expected
to be significant under environmental conditions. In lieu of
hydrolysis, biodegradation is likely to be a mgjor fate of
hydrogen cyanide; this process occurs in natural surface
waters and is dependent on such factors as concentration,
pH, temperature, availability of nutrients, and acclimation
of microbes.*?? 2" The Environmental Protection Agency
has found no data to indicate that hydrogen cyanide biocon-
centrates in aquatic organisms.*?**?8 The value for the log
of the partition coefficient (log P) is reported as —0.25.%°

ATSDR stated that “except for soil partition (K) coef-
ficient, data for the physical and chemical properties of
hydrogen cyanide are available to estimate its environmental
fate’.®* There is one study that indicates that hydrogen
cyanide is sorbed to soil, although the data do not appear to
alow calculation of an absorption coefficient.5*

Volatilization and biodegradation are considered to be the
most significant processes for loss of hydrogen cyanide from
surface water. However, there have been no studies focusing
on hydrogen cyanide in deeper oceanic waters, from which
volatilization is likely to be much slower. In deeper water,
even weak sorption could become a significant process and
information on nutrients and microbial populationsisunlikely
to be available; as a result, estimation of the lifetime of
hydrogen cyanide in deeper ocean waters is likely to be
difficult.
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2.4. Sulfur Mustard (HS/H/HD)

The principle active compound in sulfur mustard is 1,1'-
thiobig[2-chloroethane] (CAS index name, 1,1'-thiobig2-
chloroethane]; IUPAC name, bis(2-chloroethyl) sulfide; CAS
registry no. 505-60-2). This compound was probably first
produced by Despretz™*° and then later by Riche,**! although
neither isolated nor identified the compound. The material
was prepared in purer form by Niemann™32 and independently
by Guthrie, ™ both of whom noted the vesicant property of
the material. Meyer'®* subsequently prepared and established
the structure of 1,1'-thiobig[2-chloroethane]. Chemical war-
fare has been the only significant use of sulfur mustard.
Sulfur mustard was first used in chemical warfare by the
Germans on the night of July 12—13, 1917 near Ypres in
Flanders. The United States produced 900 tons of mustard
during World War 13337 and more than 87 000 tons of sulfur
mustard during World War 11.%8 Sulfur mustard was |oaded
into many American chemical munitions,® and more than
16 000 tons of mustard are estimated to have been sea
disposed in U.S. coastal waters.>® Historically, sulfur mustard
has been referred to using the designation HS, H, and HD,
depending on the period and grade of the material. The
current NATO designation is HD, for material that was
distilled starting in the late 1940s. H is the designation for
undistilled mustard, and HS was a historical designation used
during World War 1. There is a considerable body of
academic literature on the chemical and physical properties
of sulfur mustard, much of it published in the years
immediately after each of the two World Wars.

Early workersindicated that 1,1'-thiobig 2-chloroethane] had
a “not unpleasant” odor resembling oil of mustard™* or
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horseradish,**? although popular accounts also compare the
odor to burning garlic and a “weak, sweet, agreeable
odor”.**® The crude material is straw colored.**® The molec-
ular formula for 1,1'-thiobig[2-chloroethane] is C4HgCl,S,
which corresponds to a molecular weight of 159.08. Five
independent studies report that 1,1'-thiobis] 2-chloroethaneg]

boils at atmospheric pressure with decomposition; 6134137 ~13

the mean boiling point is 216.9 + 0.2 °C. Four studies of
the melting point of pure 1,1'-thiobis[2-chloroethang] 140~ 144
give amean melting point value of 14.46 + 0.04 °C. Severa
other studies report lower values, presumably because they
used less pure material;**61391457147 |ower and broader
melting ranges typically apply to weapons-grade material.
One of the studies indicates that treating melting point as a
function of pressure gives a dope of 74 megabars per
degree.'*” Data from several studies!36:140.143145.148 gy
that the density of 1,1'-thiobis[2-chloroethane] obeys eq 12
over the temperature range of 15—90 °C

D(g/mL) = 1.295(+0.001) — 0.00112(+0 . 00002) T(°C)
(12)

This expression is plotted with the data in Figure 8; athough
only one data set covered temperatures above 25 °C, the
expression shows good agreement in the 15—25 °C temperature
range covered by multiple data sets.

A number of workers examined the vapor pressure of 1,1'-
thiobig 2-chloroethane] as a function of temperature, 43149153
Using those data along with boiling points at reduced
pressuret36:138-140.154-157 i nijj cates that the vapor pressure
of 1,1'-thiobig[2-chloroethane] obeys eq 13 over the tem-
perature range from 14 to 217 °C

2990(440)
T(K)
This expression is plotted with the data in Figure 9; these
independent data sets are in very good agreement. A similar
andysis®of thedatafromseveral of thesamestudies'="149151.153
was fitted to the following Antoine equation (eq 14) for vapor

pressure

log p(Torr) =9.1(£0.1) — (13)

1941(+6)
(T(°C) + 204.671)
(14)

The Antoine equation agrees within 90—124% of the
Clausius—Clapeyron equation over the temperature range
from the melting point to 140 °C. A recent study provided
eq 15 for the vapor pressure of solid HD over the temperature
range from —25 to 13 °C%9160

log P(Torr) =7.47(£0.03) —

4230(20)
T(K)

Note that this equation differs from the equation for liquid
HD because the slope is related to the heat of sublimation
(79 kd/mal) rather than the heat of fusion (55 kJmal).
The primary fate of 1,1'-thiobig[2-chloroethane] in water
is hydrolysis, primarily to thiodiglycol (TDG, CAS registry
no. 111-48-8) and hydrogen chloride. Hydrolysis generally
proceeds as shown in Scheme 1; the degree to which the
reaction proceeds through the sulfonium chloride intermedi-
ates H-TG (CAS registry no. 45088-63-9), H-2TG (CAS
registry no. 64036-80-2), and CH-TG (CAS registry no.
107327-27-5) depends on the concentration of mustard in
the aqueous solution.*®> %2 The initial formation of H-TG
in the aqueous phase requires accumulation of the TDG

log p(Torr) = 15.45(£0.09) — (15)
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Scheme 1. Hydrolysis of Sulfur Mustard
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Table 2. Half-Lives of 1,1'-Thiobis[2-chloroethane] in Seawater

T (°C) seawater ty, (min) ki, caled (min~Y)
5 175 0.0040
15 49 0.0141
25 15 0.046

reaction product and appears less significant in a marine
environment where currents can remove the hydrolysis
product.

Numerous groups have measured rate constants for reac-
tion of 1,1'-thiobig[2-chloroethane] with water. Ogston et al.
measured values at 25 °C of k; = 0.174 min~* for 1,1'-
thiobig[2-chloroethane] and k'; = 0.223 min~* for 2-([2-
chloroethyl]thio)ethanol (CH, CAS registry no. 693-30-1);
ko and K, are rapid compared to k; and K, respectively.”
Independently, Bartlett and Swain reported values at 25 °C
of ky = 0.155 min~* and k'; = 0.260 min~*.**®> CH is thus
arelatively short-lived hydrolysis intermediate. Other groups
have measured reaction rates for 1,1'-thiobig 2-chloroethane]
from 0 to 50 °C,'%¢~17 dthough the validity of these rate
constants has been questioned because some were calcul ated
assuming a single first-order reaction rather than consecutive
first-order reactions.®™ A recent study determined the
activation energy of 18.5 kcal mol~* for 1,1'-thiobig[2-
chloroethane] hydrolysis,*"? which allows calculation of rate
constants at different temperatures. The rate of 1,1'-thiobig2-
chloroethane] hydrolysis in seawater is, however, consider-
ably dower than the rate of hydrolysisin pure water. A group
of U.S. Army researchers has measured the half-life of 1,1'-
thiobig[2-chloroethane] in seawater at severa different tem-
peratures.’”® These values are given in Table 2. Theratesin
seawater are slower than the corresponding reaction rates in
pure water because aqueous chloride ion displaces the
equilibrium between 1,1'-thiobig2-chloroethane] and the
intermediate episulfonium chloride toward the reactants. The
effect of chloride is to slow the observed rate of hydrolysis
by afactor of 3.8 a 25 °C, which isin close agreement with
avalue of 3.5 calculated for 0.55 M chloride ion (a typica
level of seawater salinity) using the Brgnsted—Bjerrum law
to correct for the effect of seawater’s ionic strength on the
chloride ion activity.

Despite the relative rapidity of the hydrolysisreaction, 1,1'-
thiobis[2-chloroethane] has been found to persist in soil or
even under water for periods of decades™**"* This is
believed to be due to the low solubility of sulfur mustard in

L_oH

water and the ow rate at which mustard dissolves in water.
1,1'-Thiobig[2-chloroethane] is only sparingly soluble in
water. Literature values for water solubility include 0.7 g/L
at 10 °C,**® 0.92'"° and 0.68 g/L*"® at 25 °C, and 0.48 g/L
in “cold water” at an unspecified temperature.>”” A compila-
tion of solubility valuesincludes alisting of 0.678 g/L at 25
°C; 178 although the authors are unable to trace the source of
the value, it may refer to the previously cited 0.68 g/L
measurement.

However, the saturation water solubility is likely to be
less important to the fate of 1,1'-thiobis[2-chloroethane]
released to the marine environment than the rate at which it
dissolves. Brookfield et al. first established the rate at which
1,1'-thiobig[ 2-chloroethane] dissolves in quiescent water as
afunction of temperature, which follows eq 16'7°

12,350

o(grem *s 1) =233.7¢ [1987T(K) (16)

More recently, Demek et a. measured the rate of sulfur
mustard dissolution as 3.4 x 107" gmecm 2s ta 4 °Cin
a0.15 knot current.>® Epstein et al. estimated that a one ton
block of 1,1'-thiobig 2-chloroethane] would require 5 years
to dissolve.!”™® However, lumps of sulfur mustard have
apparently persisted in the ocean for decades,>*1"* suggest-
ing that the above values overestimate the rate of dissolution.
It has been suggested that formation of a sulfonium salt-
rich layer at the mustard water interface slows the dissolution
of mustard.?* Thus, in order to perform environmental fate
assessments of 1,1'-thiobig[2-chloroethane], both the hy-
drolysis rate in seawater and dissolution rate must be
considered. The result is that for a cylinder of solid 1,1'-
thiobis[2-chloroethane] with surface area of 4 x 10% cm?
placed in a0.15 knot current the 1,1'-thiobi g 2-chl oroethane]
concentration drops within 1 foot to 0.3 ppm.*&°

The authors were unable to find an original experimental
value for the log of the octanol —water partition coefficient
(log Kow). Severa estimates are available for this parameter.
One report estimates a value of 1.37 at an unspecified
temperature,>* whereas subsequent compilations report the
identical value without indicating that it is estimated.*”*° A
higher value of 2.41 has also been reported in severa data
compilations, but this value also appears to be an estimate.*®*
The log of the ether—water partition coefficient at an
unspecified temperature has been measured as 1.93,'%2 and
the xylene:water partition coefficient at 20 °C is reported to
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be greater than 200 (log K > 2.3).18 These values suggest
that the estimates of log Ko, are reasonably accurate. In
addition, the relative rapidity of hydrolysis suggests that
partitioning of mustard from seawater into other matrices
should not be a significant environmental fate.

Three values of Henry’s Law constant at 25 °C, all derived
from solubility and vapor pressure values, appear in the
literature,*2**"® giving a mean value of 2.6 & 0.6 x 10~°
atm m®/mol. 1,1'-Thiobis[2-chloroethane] does not undergo
acid—base dissociation in water.

Finally, evaluation of mustard-containing munitions dis-
posed in the ocean may also consider mustard “heel”, which
is a solid material that forms in mustard munitions upon
prolonged storage. It is composed of occluded liquid mustard
inamixture of iron salts and S-(2-chloroethyl)-1,4-dithianium
chloride (10, CAS registry no. 30843-67-5).284185 Mustard
heel is water soluble, but the authors have been unable to
locate any quantitative data on the fate of mustard heel once
it dissolves in water. It would be expected to be relatively
nonvolatile, and it has been shown to react with water within
several hours.*®®

Cl—\_S:—\S

cl /

10

2.5. Lewisite (L)

2-Chlorovinylarsonous dichloride (CAS index name, ar-
sonous dichloride, As-(2-chloroethenyl)-; IUPAC name, (2-
chloroethenyl)arsonous dichloride; CAS registry no. 541-
25-3) may have been first prepared by Julius Nieuwland as
part of his doctoral research at Catholic University in 1903.
A team of Americans headed by Capt. W. Lee Lewis
working at Catholic University in 1918 reviewed Nieuw-
land’s thesis and then isolated 2-chlorovinylarsonous dichlo-
ride in somewhat purer form, which they called Lewisite.*®’
There is some evidence that German scientists also studied
Lewisite during World War 1.2%8 Lewisite is the first major
chemical warfare agent that was produced for such use before
it was described in the open literature.®®® The United States
produced an estimated 150 tons of Lewisite during World
War |, and approximately 20000 tons of Lewisite was
produced during World War 11.%® Lewisite was loaded into
many American chemical munitions,® and 11 141 tons of
Lewisite are estimated to have been sea disposed in U.S.
ocean waters.® There is a moderate body of literature on the
constituents of Lewisite, much of it published in the 1920s
and late 1940s.

The chemical warfare agent Lewisite is a mixture of cis-
and trans-2-chlorovinylarsonous dichloride (referred to as
L1), isomers of bis(2-chlorovinyl)arsinous chloride (L2, CAS
registry no. 40334-69-8), and isomers of tris(2-chloroviny-
larsine (L3, CASregistry no. 40334-70-1). The vesicant and
main component in most Lewisite is 2-chlorovinylarsonous
dichloride. Industrially produced Lewisite is reported to have
astrong penetrating geranium odor,*®” athough pure 2-chlo-
rovinylarsonous dichloride is odorless. 2-Chlorovinylarson-
ous dichloride has a molecular weight of 207.32 and
molecular formula of C,H,ASsCl;. The boiling point for
2-chlorovinylarsonous dichloride at ambient pressure has
been reported as 196.6*° and ca. 203 °C.* The melting point
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Figure 10. Vapor pressure values for Lewisite (r> = 0.960, n =
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Scheme 2. Hydrolysis of 2-Chlorovinylarsonous Dichloride

¢, 2hH0 oH

A s As T 2 HCI
o™ > o x"on

o =
oA oI AS=0 (slow)
C|/\/A3:O polymer  (slow)

for 2-chlorovinylarsonous dichloride has variously been
reported as 0.1,°* —1.2, and —2.5 °C;* differences are
likely due to different levels of cis and trans isomers in the
tested material. Weapons-grade Lewisite is expected to
remain liquid at substantially lower temperatures because of
the presence of the L2 and L3 chlorovinylarsines.

The density of 2-chlorovinylarsonous dichloride is reported
as 1.888 g/mL at 20 °C* and 1.8799'** and 1.8793 g/mL
a 25 °C.**° These data are insufficient to allow precise
extrapolation to higher or lower temperatures, although it is
virtually certain that Lewisite will have a density significantly
greater than that of water at any temperature encountered in
the marine environment.

One study reports that the vapor pressure of 2-chlorovi-
nylarsonous dichloride obeys eq 17 over the temperature
range from 0 to 60 °C*%

2786.6
log p(Torr) =9.1000 T(K) a7
This study does not report individual data points and cannot
be combined with other data sets. Using vapor pressure and
reduced boiling point datafrom several other studies' 191194197
gives eq 18 for the temperature range from 25 to 200 °C

2400(=£200)

T(K)
This expression is plotted with the data in Figure 10; these
independent data sets correlate well. Moreover, the two
independently derived expressions agree to within a factor
of 1.5 or better between 25 and 60 °C, where the two data
sets overlap. Note that 2-chlorovinylarsonous dichloride is
the most volatile component in Lewisite and the predominant
constituent. Thus, the vapor pressure of Lewisite is deter-
mined in large part by the 2-chlorovinylarsonous dichloride
vapor pressure.

Hydrolysis of 2-chlorovinylarsonous dichloride proceeds
as shown in Scheme 2. The initial 2-chlorovinylarsonous
dichloride hydrolysis reaction is rapid relative to formation
of the 2-chlorovinylarsonous acid (CAS registry no. 85090-

log p(Torr) =7.9(£0.5) — (18)
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33-1)/Lewisite oxide (CAS registry no. 3088-37-7) equilib-
rium mixture.'®® The literature indicates that production of
two equivalents of chloride occurs within 3 min at 20 °C.
At 5 °C, 90% reaction occurs within 2 min; completion of
the reaction requires several hours.*®® The titration methodol-
ogy used in this study does not alow determination of precise
rate constants because more than 80% of the reaction occurs
before the first measurement can be obtained. Nevertheless,
these data indicate that the hydrolysis rate constant at 20 °C
is on the order of 1 min~%. The immediate hydrolysis
products 2-chlorovinylarsonous acid and Lewisite oxide are
aso vesicants.>®® The toxicity of the 2-chlorovinylarsonous
acid/Lewisite oxide equilibrium mixture is quite high; given
the rapidity of hydrolysis it is possible that 2-chloroviny-
larsonous acid and Lewisite oxide are responsible in vivo
for many of the systemic effects of Lewisite.” The vesicant
properties of the mixture are reported to remain unchanged
after storage for 10 weeks in seawater.’”® The hydrolysis
product mixture has a reported 10g Kpenzenewaer Of 0.15.1%

Over time the hydrolysis products will be transformed into
both organic and inorganic forms of arsenic. Waters and
Williams observed that cold alkali decomposes 2-chlorovi-
nylarsonous acid into arsonous acid, acetylene, and chloride.
At 17 °C, this reaction shows no detectabl e acetylene product
after 24 h at pH 8.5, adlight amount of product after 24 h at
pH 9.5, and substantial amounts of product after 2 h at pH
10.5.%8 This is roughly consistent with the observation of
continued vesicant properties after 10 weeks at 0 °C in
seawater. The arsonous acid produced by this reaction will
subsequently undergo the expected transformations of inor-
ganic arsenic in the environment.

The water solubility of Lewisite is reported to be 0.5
g/L,>® and several data compilations report values for
Henry’s Law constant (0.00032 atm m®/mol)*’ and log of
the partition coefficient (2.56)*°* for Lewisite. However,
given the extremely short lifetime of dissolved 2-chlorovi-
nylarsonous dichloride the validity of these values is
guestionable. Nevertheless, the fate of 2-chlorovinylarsonous
dichloride in water is primarily hydrolysis, so accurate values
for these three parameters are less critical to assessing the
environmental impacts of Lewisite in the marine environ-
ment. Lewisite does not undergo acid—base dissociation in
water.

2.6. Nitrogen Mustard (HN1)

In 1935, Kyle Ward, Jr. published an article describing
the first of the nitrogen mustards, a vesicant agent now
known as HN3.2°22%3 The U.S. Army eventually standardized
on N,N-bis(2-chloroethyl)-N-ethylamine (HN1) asits nitrogen
mustard agent. This agent will be covered in this review.
N,N-Bis(2-chloroethyl)-N-ethylamine (CAS index name,
ethanamine, 2-chloro-N-(2-chloroethyl)-N-ethylethanamine;
IUPAC name, 2-chloro-N-(2-chloroethyl)-N-ethyl-etha-
namine; CAS registry no. 538-07-8) was studied extensively
prior to and during World War |1, but the compound was
first described in the open literature in 1946.2°* Chemical
warfare has been the only significant use of N,N-bis(2-
chloroethyl)-N-ethylamine, although there do not appear to
be any reports of its use in combat by any nation. About
100 tons of N,N-bis(2-chloroethyl)-N-ethylamine was pro-
duced during World War 11,3 athough it is unclear whether
it was ever loaded as a standard fill into any munition.®
Fifty seven tons of HN1 are estimated to have been disposed
in the ocean.? This review found only limited information
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on N,N-bis(2-chloroethyl)-N-ethylamine, presumably because
it is a more recent development than the agents covered in
previous sections, has no significant industrial use, and was
a less important chemical warfare agent.

The molecular weight of N,N-bis(2-chloroethyl)-N-ethy-
lamine is 170.08, and the molecular formula is CeH13CIoN.
The compound is reported to possess a faint fishy or soapy
odor.?®® The melting point of this compound was measured
as —34.2 °C.2% At ambient pressure, N,N-bis(2-chloroethy!)-
N-ethylamine will polymerize before it boils. The boiling
point at reduced pressure has been reported as 73 °C at 4.5
Torr®®” and 85.5 °C at 12 Torr.?® One study indicates that
the N,N-bis(2-chloroethyl)-N-ethylamine vapor pressure fits
eq 19 over the temperature range 0—60 °C°%®

2868.9
T(K)
The density of N,N-bis(2-chloroethyl)-N-ethylamine?®®2%8
obeys eq 20 over the temperature range from 10 to 35 °C

D(g/mL) = 1.1097(-£0.0005) —
0.00096(+0.00002) T(°C) ~ (20)

This expression is plotted with the data in Figure 11; the
two data sets are consistent.

One source reports the pK, value of N,N-bis(2-chloroet-
hyl)-N-ethylamine as 6.78 at 0 °C and 6.57 at 25 °C.%®°
Another source gives a value of 6.3 at an unspecified
temperature.’®” These valuesindicate that the free amine will
be the predominant species at the pH of seawater. Hydrolysis
proceeds as shown in Scheme 3. Although the reaction
mechanisms are qualitatively similar, hydrolysis of nitrogen
mustard is more complicated than hydrolysis of sulfur
mustard for two reasons. nitrogen mustards can more easily
form dimers in aqueous solution and the ethyleniminium ion
(CAS registry no. 36086-29-0) has a considerably longer
lifetime in water than the analogous episulfonium ion.

A 1% aqueous solution of N,N-bis(2-chloroethyl)-N-
ethylamine at 25 °C forms the ethyleniminium ion with k;
= 0.049 h™1%° A more detailed examination of the
mechanism was conducted in aqueous acetone, giving the
rate constants in Table 3.2 In the first study, after 70 h
approximately 28% of N,N-bis(2-chloroethyl)-N-ethylamine
remained with 5% of the ethyleniminium salt, 35% of N-(2-
chloroethyl)-N-ethylethanolamine (CAS registry no. 4669-
20-9), 28% of N-ethyldiethanolamine (CAS registry no. 139-
87-7), and 4% of the piperazinium dimer (CAS registry no.
63884-24-2).%%° | n other studies, 0.34% aqueous N,N-bis(2-
chloroethyl)-N-ethylamine is completely converted to eth-
yldiethanolaminein 24 h at pH 8 and 25 °C; at higher agent
concentrations quaternary ammonium dimers were also
formed.?®* Finaly, 0.8% N,N-bis(2-chloroethyl)-N-ethy-
lamine in water was converted quantitatively to N-ethyldi-

log p(Torr) =9.0182 — (29
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Scheme 3. Hydrolysis of Nitrogen Mustard
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Table 3. Nitrogen Mustard Hydrolysis Rate Constants in
Aqueous Acetone at 25 °C

rate constant 2:1 acetone:water 1:3 acetone:water

ke 0.085h* 024h?

k-1 1.5—7.0 h™%, with strong negative not given
dependence on ionic strength

ko 0.074—0.090 h*

Kw 0.0050—0.0063 h™*

0.0023 h™*
0.0013—0.0017 h™*

ethanolamine in 13 days at room temperature.>*> No mea-
surements of the temperature dependence of nitrogen mustard
hydrolysis rates were found. One early compilation gave an
approximate half-life in water at 25 °C of 1.3 min;?® this
value has been repeated in subsequent compilations. 623
However, this value corresponds to afirst-order rate constant
of 32 h™%, which is much faster than the values reported in
ref 210 or suggested by ref 211 in the peer-reviewed
literature. Because of this conflict and the lack of experi-
mental datato support the 1.3 min half-life value, the authors
would caution against its uncritical use.

The vaue of the water solubility of N,N-bis(2-chloroethyl)-
N-ethylamine is the subject of some confusion. The earliest
report of water solubility for HN1 is 4 g/L,**?* athough
this summary report does not give the source of the
measurement. The hydrolysis studies suggest that the solubil-
ity may be as high as 0.8% (8 g/L).?** A recent review'’
reports two different values; both appear to be erroneous.
Table 1 in the reference appears to be a typographical error,
reporting the 12 g/L solubility of the methyl analogue
(HN2)?*° as applying to HN1. Later in the text the NH3
solubility of 0.16 g/L is reported, citing Franke,?? who
apparently uses the solubility of HN3 for HN1 because “the
ethyl compound behaves approximately like” HN3.

A Henry’slaw constant of 3.5 x 10~# am-m>*mol is given
in some data compilations,®* which indicates it has been
calculated from the 0.16 g/L water solubility value and the
vapor pressure value; using the 4 g/L solubility value would
result in aHenry’ s law constant estimate of 1.4 x 10 ° atm-
m/mol. Theredoesnot appear to beameasured octanol —water
partition coefficient for N,N-bis(2-chloroethyl)-N-ethylamine,
although some compilations list a value of 2.02 estimated
from fragment constants.?*

One final qualitative observation is that N,N-bis(2-chlo-
roethyl)-N-ethylamine is somewhat unstable, forming the
N,N'-diethyl-N,N'-di (2-chloroethyl)piperazinium dichloride
dimer at room temperature.?°” Although no rate constants
are available, one-sixth of the material was converted to a
solid thought to be dimer after storage at 50 °C for 5
months.?*®> Thus, it seems likely that a significant amount
of nitrogen mustard in undersea munitions, most if not all
of which was disposed by 1958,2 has by now been converted
to the dimer form. This reaction would correspondingly lower
the amount of N,N-bis(2-chloroethyl)-N-ethylamine available
to be released from those munitions.

Cl

2.7. Tabun (GA)

Tabun (GA, CAS index name, phosphoramidocyanidic
acid, N,N-dimethyl-, ethyl ester; IUPAC name, ethyl dim-
ethylamidocyanidophosphate; CAS registry no. 77-81-6), the
first organophosphate nerve agent, was initially prepared on
Dec 23, 1936 in Dr. Gerhard Schrader’s laboratory at |. G.
Farbenindustrie in Leverkusen.?*® The identity of the com-
pound was kept secret at least through 1943, and the first
report of Tabun in the open literature appears to be in
1951.?*" The compound was first produced industrially in
1942 at Dyhernfurth-am-Oder in Silesia, with an estimated
12 000 tons produced by the end of the war.?*® Tabun was
|later loaded into some American chemical munitions.® One
ton of Tabun is documented as being disposed in U.S.
waters.®> There is a moderate amount of data available on
Tabun in the open literature.

Pure Tabun is a colorless liquid with a sweetish smell;?®
weapons-grade material is reported in many compilations to
have a fruity odor.’®?? |t has a molecular formula of
CsH1:NL,O,P and formulaweight of 162.13. The boiling point
at ambient pressure is reported as 246 °C,?*° and the melting
point is reported to be —50 °C.??° Data for the boiling point

at reduced pressure and for vapor pressure®*®21°-222 can be
fit to eq 21 over the range of 25—246 °C
log p(Torr) =8.6(+0.2) — % (21)

This expression is plotted with the datain Figure 12, which
shows the agreement among the data from various sources.
Note that the ambient boiling point is not shown in the figure
but was included in the analysis.

The density from several studies over the range from 9.8
to 35 °C?1°7?2! can be fit to eq 22

D(g/mL) = 1.096(:0.002) — 0.00090(0.00007) T(°C)
(22)

This expression is plotted with the datain Figure 13, showing
the agreement between the various data sources.

- n
(3} o
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Vapor Pressure (torr)
o o

X
(
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A Holmsted & Larrson @ Larsson

@ Schrader

Figure 12. Vapor pressure values for Tabun (r? = 0.994, n =
16).



Chemical Agents in Marine Environments

1.100
< 1.095
£ 1.090
51.085 i
> 1.080
T 1.075 \’\‘Q\
& 1.070
1.065
1.060 T T T T T f
5 10 15 20 25 30 35
Temperature (°C)
— Theoretical
A Harris
& Holmistedt & Larsson
O Larsson

Figure 13. Density values for Tabun (r? = 0.977, n = 6).

Scheme 4. Hydrolysis of Tabun
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Table 4. Tabun Hydrolysis Rate Constants

T (°C) pH Kobsa (W1 ref
25 5.00 0.39 224
20 5.10 0.07 217
20 7.20 0.17 217
20 8.60 0.28 217
25 8.50 0.26 223
25 8.75 0.33 223
25 9.00 0.50 223
25 9.00 0.42 248
35 9.00 144 223
25 9.50 1.26 223
35 9.50 421 223

Table 5. Tabun Hydrolysis Half-Lives in Seawater

T (°C) seawater ty, (min) Kobsa, caled (h™1h)
15 475 0.088
20 267 0.156
25 175 0.238

At pH > 7 Tabun is hydrolyzed by hydroxide anion,
producing cyanide anion and monoethyl dimethylphospho-
ramidate (CAS registry no. 2632-86-2) as shown in Scheme
4. Rate constants for hydrolysis of Tabun have been
measured at a variety of pH and temperature values, these
measurements are given in Table 4 along with referencesto
the experimental literature. From these data an activation
energy, E,, of 10.1 kcal mol~* was calculated for the basic
hydrolysis of Tabun.??®> A group of U.S. Army researchers
has also measured the haf-life of GA in seawater at several
different temperatures;*” these val ues are given along with
the corresponding rate constants in Table 5. The calculated
rate constants are roughly consistent with comparable values
in Table 4, suggesting that the effects of the ionic strength
and composition of seawater on the hydrolysisrate is minor.
Reports of the subsequent reactivity of monoethyl dimeth-
ylphosphoramidate conflict. One study reported that the P—O
bond is more reactive than the N—P bond toward hydrolysis
under basic conditions,?** whereas a previous investigation
of ethyl diethylphosphoramidate and homologu% indicated
that the N—P bond was the more reactive.*

The water solubility of Tabun is 98 g/L at 0 °C and 72
g/L at 20 °C.**?% Several recent compilations*’?*" report
the 98 g/L value at 25 °C, which appears to be an error.
One of the compilations listsaHenry’s Law constant of 1.52
x 1077 am m*mol at 25 °C,*” which is calculated from
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Figure 14. Vapor pressure values for Sarin (r? = 0.993, n = 32).
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Figure 15. Density values for Sarin (r? = 0.961, n = 16).

the vapor pressure?* and the erroneous water solubility. One
can calculate a Henry’s Law constant of 1.40 x 10~/ atm
m*/mol at 20 °C using the solubility at that temperature and
a vapor pressure extrapolated from the equation given
previously in this section. Findly, the log Koy value for
Tabun was recently measured as 0.384 + 0.033 at room
temperature. 228229

2.8. Sarin (GB)

In 1938, a second potent organophosphate nerve agent
named Sarin (GB, CAS index name, phosphonofluoridic
acid, P-methyl-, 1-methylethyl ester; IUPAC name, iso-
propyl methylphosphonofluoridate; CAS registry no. 107-
44-8) was discovered. Sarin was produced in pilot-scale
guantities by the Germans just before the end of World
War 112*® and later became a mainstay of Soviet and
American chemical arsenals. Sarin has been loaded into a
wide variety of American chemical munitions,* and an
estimated 239 tons of Sarin were disposed in U.S. waters.”
There is a moderate amount of data on Sarin available in
the open literature.

Pure isopropyl methylphosphonofliuoridate is an odorless
liquid under ambient conditions and has a molecular formula
of C4H10FO,P and a formula weight of 140.10. Weapons-
grade GB is reported to have an acidic odor, reminiscent of
hydrogen chloride.?° The boiling point at ambient pressure
is reported in various data compilations as 147%* and 158
°C,Y" and the melting point is reported to be —56.3 °C.%3*
One study reports that the vapor pressure of isopropyl
methyl phosphonofluoridate obeys eq 23 over the temperature
range from 0 to 60 °C>*?



248 Chemical Reviews, 2009, Vol. 109, No. 1

2850.9
T(K)
This study does not report individual data points. Using
vapor pressure and reduced boiling point data from several

other studies®®?32~2% gives eq 24 for the temperature
range from O to 147 °C

log p(Torr) =9.8990 — (23)

2700(£40)
T(K)

This expression is plotted with the data in Figure 14, showing
good agreement between the various data sources. Note that
the ambient boiling point is not shown in the figure but was
included in the analysis. The two expressions agree to within
10% between 0 and 60 °C, where the two data sets overlap.

Values for density from multiple studies®*232~234237-239
over the range from 10 to 69 °C can be fit to egq 25

D(g/mL) = 1.118(0.002) — 0.00109(0.00006) T(°C)
(29)

log p(Torr) =9.4(£0.1) — (24)

This expression is plotted with the datain Figure 15, showing
the good agreement between the individual data sources.
The water solubility of isopropyl methylphosphonofluo-
ridate increases as temperature decreases. GB ismiscible with
water in all proportions a both 0.0 and 25 °C.2*° One
compilation reports a Henry’s Law constant of 5.4 x 10~’
atm m3mol at 25 °C,*’ which appears to be calculated from
the vapor pressure and a solubility value of 100%. However,
the vapor pressure of GB over water shows a strong positive
deviation from Henry’s Law with an activity coefficient
exceeding 5 at low agent mole fractions (<0.1).2%°
Isopropyl methylphosphonofluoridate undergoes hydrolysis
by acidic, neutral, and basic mechanisms, all of which give
fluoride and isopropyl methylphosphonate (IMPA, CAS
registry no. 1832-54-8) as the initia products. IMPA is
slowly converted to methylphosphonic acid (MPA, CAS
registry no. 993-13-5) and isopropy! acohol in the environ-
ment, most likely via biodegradation®* 2* as abiotic
processes are orders of magnitude slower.?**2% The neutral
reaction is shown in Scheme 5. Rate constants for isopropy!
methylphosphonofluoridate hydrolysis rates are given in
Table 6. E, values of 10.6%*" and 9.1 kcal mol~***° were
calculated from the rate constants for basic hydrolysis.

Scheme 5. Hydrolysis of Sarin
0
I 1]
b Ao —— /R\,QJ\+ "
F o

isopropyl methylphosphonate

[biodegradation] t

1
P
_P.
ot
methylphosphonic acid

Table 6. Isopropyl Methylphosphonofluoridate Hydrolysis Rate
Constants

T (°C) kon (L mol~ts™ ko (579 ref
0.3 4.67 17 x 10°° 247
25 23.7 5x 10°° 247
25 25.80 NA% 239
35 42.40 NA2 239
42.5 63.7 5x 10°° 247

2NA= not available.

Bizzigotti et al.

Several other studies have presented observed rate constants
for isopropyl methylphosphonofluoridate hydrolysis at vari-
ous pH values at room temperature.?*®~2*° These studies are
generaly consistent with the values in Table 6. In seawater,
at a reported constant pH of 7.7, the half-life of isopropyl
methylphosphonofluoridate at any temgerar[ure between 0 and
25 °C can be estimated using eq 26>

. 4325
log t,,(min) TK) 12.84 (26)
Epstein reports that Ca?" and Mg?" in seawater signifi-
cantly catalyze isopropyl methylphosphonofluoridate hy-
drolysis. At 0.2 °C in seawater the measured half-life of GB
is 15.9 h,%?>* corresponding to arate constant for hydrolysis
of 7.3 x 107* s, which is 38 times the expected rate
constant for the same conditions in fresh water. Finaly, if
the initial concentration of isopropyl methylphosphonofiuo-
ridate exceeds 0.01 mol/L (1.4 g/L), the quantity of acidic
reaction products will be sufficient to overwhelm the
buffering capacity of seawater®>* and autocatalysis will occur,
increasing the rate of hydrolysis. One additional factor that
could complicate the analysis of the effect of GB on the
marine environment is the presence of carbodiimide stabiliz-
ers in some GB. At the pH of seawater the carbodiimide
should be converted to the analogous urea by hydrolysis.
The log Kow value for isopropyl methylphosphonofluori-
date was measured as 0.299 + 0.016 at room tempera-
ture. 222229 Partition coefficients for isopropyl methylphospho-
nofluoridate between water and other organic solvents have
also been measured with log P values ranging from 31.2 for
chloroform/water to 0.20 for n-heptane/water at temperatures
between 25 and 29 °C.>?

29. VX

Use of VX asachemica warfare agent resulted from work
in 1952 and 1953 by several groups working independently
that discovered the high toxicity of organophosphate esters
of substituted 2-aminoethanethiols.?>>~2° The British chemi-
cal weapons laboratory at Porton began investigating this
class of compounds and notified the U.S. chemical weapons
laboratory at Edgewood, which began a systematic investiga-
tion of the entire class. In 1958, the United States selected
VX (CAS index name, phosphonothioic acid, P-methyl-,
S[2-[bis(1-methylethyl)amino] ethyl] O-ethyl ester; IUPAC
name, S[2-(diisopropylamino)ethyl] O-ethyl methylphospho-
nothioate; CAS registry no. 50782-69-9) for manufacture.
Construction of the production plant began in 1959; produc-
tion ran from 1961 to 1968. The U.S. government classified
the chemical structure of VX as secret until the early
1970s2%® VX has been loaded into several American
chemical munitions, and an estimated 124 tons of VX was
disposed in U.S. coastal waters.®> This review found only
limited information on VX, presumably because it was the
last of the agents covered in this review to be prepared, the
chemical identity of VX was classified for so long, and the
material poses such a hazard that experiments with VX
should only be conducted by specially trained personnel in
a limited number of laboratories.

Pure VX is an odorless liquid under ambient conditions
and has amolecular formula of C;1H2sNO,PS and molecular
weight of 267.37. Weapons-grade VX has a pronounced thiol
odor.2*° Many secondary sources list the boiling point of
VX at ambient pressure as 298 °C with decomposition.*’
However, it appears that the ambient pressure boiling point
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Figure 16. Density values for VX (r? = 0.924, n = 12).

is not experimental but was calculated on the basis of the
extrapolation of vapor pressure measurement.?>”2°® A good
melting point of VX has never been obtained; the best
interpretation is that the value is below —60 °C.?>° A number
of secondary references report the value of the VX melting
point as —39 °C; this appears to have originated in a
misunderstanding of the results reported in ref 259.

Values for density®>® over the range from 25 to 50 °C
can be fit to eq 27

D(g/mL) = 1.029(:0.003) — 0.00082(+0.00007)T(°C)
(27)

This expression is plotted with the data in Figure 16.

Two studies of VX vapor pressure as a function of
temperature have been published. One covers the temperature
range between 7.5 and 42.4 °C**° and results in eq 28

5200(=4200)
T(K)
The second study covers the temperature range between —12

and 103 °C?®* and provides eq 29, athough individual data
points are not recorded

log p(Torr) =13.9(+0.7) — (28)

4068

log p(Torr) = 10.562 () (29)

The data points in Buchanan et al.>>® appear to fit the second
equation more closely. The two expressions give vapor
pressures that agree to within an order of magnitude or better
between 7.5 and 42.4 °C, where the two data sets overlap.
The pK, value of VX isvariously given as 8.6°? and 9.12
at 25 °C.*"® This indicates that the amino group of VX will
be predominantly protonated at the pH of seawater. VX has
a lower consolute temperature of 9.4 °C in pure water;*>°
thisis often reported as miscibility below that temperature.®®?
At higher temperatures VX is soluble in water at levels of
75¢g/L at 15°Cand 30 g/L at 25 °C, whereas water is soluble
in VX at 220 g/L at 15 °C and 160 g/L at 25 °C.%*° The
solubility of VX in water decreases significantly as pH
increases.”®* A recent compilation of data lists the Henry’s
Law constant as 3.5 x 10 ° atm m*mol at pH 6’ the
solubility value and the vapor pressure at 25 °C using the
expression above give a similar value of 2.6 x 10~° atm
m*/mol. The log Ko of VX was measured as 0.675 + 0.070
at room temperature, 224229 although a significantly different
estimated value of 2.09 is given in some data compilations.t’
Hydrolysis of VX, along with other aspects of detoxifi-
cation, was recently reviewed.”®®> A summary of key hy-
drolysis pathways is shown in Scheme 6. One reference gives
hydrolysis rate constants for VX as 8.4 x 103 h™* ([VX]o
= 2%) and 12.1 x 103 h™* ([VX]o = 0.5%) in distilled
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water at 21 °C.?® Rate constants of 0.130 h™* at pH 8 and
0.281 h™* a pH 9 have aso been measured at 55.6 °C.%5?
One reference fits the rate constants for hydrolysis of VX at
25 °C as well as rate constants for the diethylamino analog

to eq 30%%2
_ HY
=29x10"* [
obas 25x10 %+ [H']
15102 25X 10°°
25%x10°+[HY]
—9
30[OH]—22*10 (30)

25%x10 7+ [H"]

Cu?" and Ca?" are known to catalyze hydrolysis of both
methyl phosphonofluoridates (see above) and thiophosphoric
esters.®®’ However, there is a report that Cu®" does not
catalyze VX hydrolysis to any significant degree,®® and a
recent review notes that “no transition metals or complexes
have yet been reported to catalyze the hydrolysis of VX 2%®
Rate constants have been measured at pH 7.7 in a synthetic
seawater solution at several temperatures between 15 and
45 °C; kops = 4 x 103 h™* at 25 °C; this corresponds to a
half-life of 170 h. The rate constant in seawater at pH 7.7 as

a function of temperature obeyed eq 317
a0 7954
10g k(™) = 24286~ £ (31)

Extrapolating to 2 °C, this expression gives a rate constant
of kops = 2 x 107> h™ %, corresponding to a half-life in deep
water of more than 3 years. VX isthus expected to be longer
lived in the marine environment than most other chemical
warfare agents. VX aso contains carbodiimide stabilizers,
but their presenceislesslikely to complicate the analysis of
VX in the marine environment because VX has a much
longer half-life than does GB. Thus, the relatively larger
extent of hydrolysis of the carbodiimide to the analogous
urea and dilution as the plume disperses will diminish the
effect of carbodiimides on VX in the marine environment
and its hydrolysis products.

As shown in Scheme 6, hydrolysis of VX can follow two
pathways. One pathway produces 2-(diisopropylamino)et-
hanethiol (CAS registry no. 5842-07-9) and the ethyl ester
of methylphosphonic acid (EMPA, CAS registry no. 1832-
53-7), which are significantly lower in toxicity than the
starting VX.*" However, a second pathway produces ethanol

Scheme 6. Hydrolysis of VX Structure 10:
S-(2-chloroethyl)-1,4-dithianium Chloride
e 9
N + ll:l’ A
N PLNEN
HS j/ HC™ 59

2-(diisopropylamino)ethanethiol EMPA

o

E Y
PLICS N
lon
9 Y
Plo~N + ~0H
HO ' s j/
C 3
EA2192 ethanol
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Table 7. Acute Toxicity of Thiodiglycol to Aquatic Organisms
organism effect notes ref
Leuciscus idus (fish) LCs (96 h), 10 000 mg/L static test; no mortality at concentrations up to 10 000 mg/L 283
Daphnia magna (water flea) ECs (48 h),2 500 mg/L no immobilization at 500 mg/L 284
Desmodesmus subspicatus (algae) ECi0509 (72 h),® 500 mg/L effect on growth 285
activated sludge ECy (30 min),® 1000 mg/L inhibition of oxygen consumption rate 286
Pseudomonas putida(microorganism) ECy (17 h),2 10 000 mg/L inhibition of cell multiplication 287

a8 EC,n = Effective concentration affecting nn% of the test population.

and S-(2-[diisopropylamino]ethyl) methylphosphonothiol ate
(CAS registry no. 73207-98-4), adso known as EA2192,
which is approximately as toxic as the starting VX when
administered intravenously.!” Measurements at pH 8 and 25
°C indicate that 34% of the diethyl analogue of VX is
converted to the corresponding EA2192 analogue; at 55.6
°C, 35% of VX is converted to EA2192.2%2 Under acidic
conditions EA2192 hydrolyzes faster than VX,2%2 and under
strongly basic conditions EA2192 undergoes hydrolysis
roughly 4 orders of magnitude more slowly than V' X,2%° but
the authors cannot locate any data for the rate of hydrolysis
of EA2192 at the pH of seawater. It has been suggested that
the relatively slow hydrolysis at high pH was due at least in
part to electrostatic repul sion between hydroxide and anionic
EA2192. At the pH of seawater, EA2192 is likely to be
predominantly zwitterionic, so the reactivity at high and low
pH relative to VX provides little indication of the likely
behavior. However, reaction of EA2192 is expected under
al conditions to be slower than reaction of VX,?*® and so it
is likely that EA2192 will persist in seawater even longer
than VX. Thus, the environmental effects of EA2192 may
be more significant than the effects of the origina VX.

The authors can find no measurements of physical proper-
ties for EA2192, adthough estimated values have been
published in several sources.>”'° Some of the properties
covered in this review (boiling and melting points, bulk
density, and bulk solubility) are not relevant for EA2192
because it is produced in aqueous solution rather than being
released as a bulk material. However, volatility and partition-
ing parameters for EA2192 remain of interest. Although
guantitative data are unavailable, EA2192 is expected to be
relatively nonvolatile because it is likely present at the pH
of seawater as a zwitterion with a molecular weight of
239.32. It is also expected to partition preferentially into the
aqueous phase rather than into organic materials for the same
reason. Moreover, the properties of EA2192 are not consid-
ered critical data gaps because hydrolysis of VX in seawater
isso dow. Dilution to well below detectable levels will have
occurred long before the hydrolysis process that generates
EA2192 proceeds to a significant degree.

3. Ecotoxicity Parameters

The literature on the toxicity to aquatic organisms for the
agents and breskdown products has been reviewed recently**
except for phosgene and hydrogen cyanide. Therefore, the
current review does not attempt to criticaly evaluate the
ecotoxicity values. However, as part of this review the
authors evaluated areas where additional research may be
required, so the relevant ecotoxicity studies are briefly
considered for that purpose.

No data were found on the toxicity of phosgene to aguatic
organisms. However, the extremely rapid hydrolysis of
phosgene in water makes it unlikely that marine organisms
would be directly exposed to phosgene if released from

munitions disposed in the ocean. The phosgene hydrolysis
products—chloride ions and carbon dioxide—are unlikely to
be toxic at concentrations that would result in the marine
environment from the breakdown of phosgene released from
disposed munitions.

The highly toxic effects of hydrogen cyanide have been
extensively studied because of its use in the mining industry
and other industrial processes.?’®~273 At the time of this
review, the U.S. Environmental Protection Agency’s Ecotox
database listed 24 published papers about the effects on
freshwater invertebrates and fish. At seawater pH of about
8.3 hydrogen cyanide will be present predominantly as the
unionized acid, which is very toxic to freshwater organisms.
Median lethal concentration (LCsp) values reported in the
Ecotox database range from 10 to several hundred ug/L.
Lower water temperatures increased toxicity in freshwater
fish.

Previous reviews**'" cite three sources of data on
cyanogen chloride, which were for freshwater fish and
invertebrates.?’*~ 2’ These reviews found no information
on the breakdown product cyanic acid. In the current study
no additional toxicity data were identified for cyanogen
chloride. Cyanogen chloride is very toxic to aguatic
invertebrates and fish and is similar to that of hydrogen
cyanide; LCs values were 120—150 ug/L.

The recent reviews™**” cite three sources of data on sulfur
mustard.??”2""278 These reported data in the effects of sulfur
mustard on the water flea (Daphnia magna) and five
freshwater fish species, crayfish, and the bullfrog. One of
the cited reports®’® also provides data from several additional
references on the effect of mustard on species of saltwater
phytoplankton, crustaceans, mollusks, and fish.?"%?%° These
studies were conducted at concentrations ranging from ppb
(ug/L) to afew ppm (mg/L). Results were consistent with
the findings of the studies in the reviews.

These reviews reported on one study of the mustard
breakdown product thiodiglycol.?®* The Organization for
Economic Cooperation and Development (OECD) has
published a recent assessment of thiodiglycol.?®? Data are
presented in Table 7 for toxicity to aquatic species from
unpublished studies conducted by BASF.283~2%/ These data
are consistent with previously reported data that thiodiglycol
has very low or no toxicity to aquatic organisms. OECD
states that thiodiglycol is of low toxicity to the aquatic
environment based on short-term tests from three trophic
levels, which is consistent with data reported in recent
reviews.**’ One group measured inhibition of methane
production of an anaerobic sludge blanket reactor for
thiodiglycol concentrations of 0.5—10.0 g/L. A 24 h median
effective concentration (ECso) was estimated to be 4.2 g/L..%%8
This is consistent with the values reported in Table 7.
Another study determined an acute 24 h ECs value for 1,4-
dithiane, a substance present as an imfurity in mustard, for
the water flea D. magna as 23.2 mg/L.“® Thisvalueis about
an order of magnitude greater (less toxic) than the acute
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toxicity value for sulfur mustard to freshwater fish of 2 mg/L
reported in the Munro et al. review.*’

Asdiscussed previoudly, sulfur mustard may also undergo
reaction in its container to form a heel material, composed
primarily of S(2-chloroethyl)-1,4-dithianium chloride, 10.
No data were found on the toxicity of S-(2-chloroethyl)-1,4-
dithianium chloride to aquatic organisms.

The recent reviews'*'’ cite three sources of data on
Lewisite and its hydrolysis products.?’"?%2%! Test organisms
were freshwater species of fish, tadpole, phytoplankton, and
aquatic plants. In addition, the current study found a dietary
exposure study for Lewisite at two dose levels in the food
of the three-spined stickleback (Gasterosteus aculeatus L.),
amarine species.*? No significant differences were observed
between the dosed and control groups for mortality, liver
function (EROD activity), and presence of cellular degenera-
tions. A review of Lewisite chemistry and toxicology has
been published®® but does not contain data on toxicity to
aquatic organisms. Arsenic is an ultimate degradation product
from Lewisite. The transport, transformation, fate, and effects
of arsenic in the marine environment have been studied
extensively and will not be summarized here.?943%

Recent reviews'*’ cite one source of data on nitrogen
mustard®’’ which may have tested hydrolysis products
because it was a 30-day test. The current study found no
additional information on aquatic toxicity. Munro et al.*’ cite
an L Cs value of 160—200 mg/L for the breakdown product
N-ethyldiethanolamine for the creek chub (Semolitus atro-
maculatus), a freshwater fish, but do not provide areference.
The value is identical to that reported by Gillette et al.>°’

As discussed in the section on the chemical and physical
properties, N,N-bis(2-chloroethyl)-N-ethylamine is unstable
and slowly turns into the N,N'-diethyl-N,N'-di(2-chloroeth-
yl)piperazinium dichloride dimer in the container. It islikely
that much of N,N-bis(2-chloroethyl)-N-ethylamine disposed
in the marine environment may now be in the dimer form,
which is what would be released to the environment. No
data were found on the toxicity of the N,N'-diethyl-N,N'-
di(2-chloroethyl)piperazinium dichloride to aquatic organ-
isms. Data were found for the subcutaneous median lethal
dose (LDsp) in mice for the close analogue (methyl vs ethyl)
N,N’-dimethyl-N,N’-di(2-chloroethyl)piperazinium dichlo-
ride.3® The LDs in mice for N,N'-dimethyl-N,N'-di(2-
chloroethyl)piperazinium dichloride is approximately 200
times greater (less toxic) than N,N-bis(2-chloroethyl)-N-
methylamine. Since the compounds are such close anal ogues,
N,N'-diethyl-N,N'-di(2-chloroethyl)piperazinium dichloride
may be similarly less toxic than N,N-bis(2-chloroethyl)-N-
ethylamine.

Recent reviews™’ cite one source of data on Tabun,*®
which found high toxicity to several species of freshwater
fish (LCs of 0.7—1.3 mg/L). One source of data on the
breakdown product dimethylamine was cited®*® which found
moderate toxicity to the water flea (freshwater invertebrate)
and rainbow trout. The current study found no additional
aquatic toxicity data for Tabun or its breakdown products.

Recent reviews'*'’ cite one source of data on Sarin,>*®
which found high toxicity (LCsy less than 1 mg/L) for
freshwater fish species. The current study did not find any
additional studies of the direct toxicity of Sarin to aguatic
organisms.

IMPA isthe immediate hydrolysis breakdown product for

Sarin. LCs values have been measured in a bioassay for
the freshwater fish golden shiner and channel catfish eggs
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Table 8. Median Lethal Concentration (LCso) of IMPA

organism LCso (Mg/L) time (h)
golden shiner eggs 66.6 72
golden shiner 15-day post hatch fry 93.9 96
channel catfish eggs 167.5 168
channel catfish 15-day post hatch fry 144.1 96

and 15-day posthatch fry; these data are presented in Table
8.3 Test water temperature was 24 °C for eggs and 23 °C
for fry. The LCsy value for eggs was the concentration at
which one-half the eggs failed to hatch. Golden shiner eggs
and fry were more sensitive than channel catfish eggs and
fry. These LCs values are 5—6 orders of magnitude greater
(less toxic) than those for the direct toxicity of Sarin to
freshwater fish, which were 1—2 ug/L.*” Munro et al. did
not report any data for IMPA.’

MPA is produced very slowly as a breakdown product of
IMPA. The recent reviews**'’ cited one study of MPA.3*2
MPA was determined to have almost no toxic effect on the
methane production activity of an anaerobic sludge blanket
reactor for MPA concentrations of 500—10 000 mg/L.?% The
results are consistent with data presented in Munro et al.*’
for LCsp and ECs values for freshwater algae, protozoan
communities, invertebrates, and fish.

Recent reviews'*’ cited four studies of the Sarin impurity
DIMP on toxicity to freshwater aquatic organisms.>331¢
The bluegill sunfish was reported as the most sensitive
species tested with an LCsp of 257 mg/L. The current study
did not find any additional aquatic toxicity data for DIMP.
A toxicological profile has been published for potential
human health effects but does not contain data on aquatic
organisms.>*’

Recent reviews' !’ cite one study for the toxicity of VX
to the salt water species blue crab, white perch, and striped
bass.*'® The concentration needed to kill 50% of the fish
tested was 0.1 ppm or less. The concentration needed to kill
50% of the blue crabs was 215 ppm. The current study did
not find any additional aquatic toxicity data for VX.

EA2192, EMPA, 2-(diisopropylamino)ethanethiol, and
ethanol would be the significant VX breakdown productsin
the marine environment. No aquatic toxicity data were found
for EA2192, EMPA, or 2-(diisopropylamino)ethanethiol.
However, based on mammalian toxicity data,*” EA2192 may
be approximately as toxic to marine organisms as VX.
Ethanol would not be considered toxic at concentrations
likely to occur in the marine environment if VX is released
from disposed munitions.

4. Conclusions

One result of thisreview has been to identify areas where
additional data would be desirable. The authors prioritized
the data gaps identified in this study on the basis of our
experience in conducting fate and transport evaluations for
chemical warfare agents in the marine environment and our
consideration of the available data. Given the available data
and what they suggest will be the dominant fate and transport
mechanisms, there are no data gaps that |eave one unable to
conduct a reasonable assessment for any agent of potential
effects on the marine environment. For this reason, we have
not rated any data gaps as critical to fill. Of the identified
data gaps, the most useful data would be the following. (1)
Nitrogen mustard: data on the temperature dependence of
therate of hydrolysis of N,N-bis(2-chloroethyl)-N-ethylamine
in seawater and on the partition coefficient, and ecotoxicity
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of the N,N'-diethyl-N,N'-di(2-chloroethyl)piperazinium dichlo-
ride dimer. (2) Sulfur mustard: ecotoxicity of the mustard
heel material (or the primary constituent, S-(2-chloroethyl)-
1,4-dithianium chloride). (3) VX: bioconcentration measured
at pH 8 (VX could potentially accumulate in lower organisms
in the marine environment); EA2192 ecotoxicity. Under some
combinations of environmental conditions, these data might
affect the accuracy of the assessment but appear unlikely to
decrease the uncertainty of the result significantly.

Other data gaps that appear to be less critical to fate and
transport assessments include the following. (1) Nitrogen
mustard: there are data giving the Henry’s law constant at a
single temperature only, but these values suggest that the
parameter is less important to fate assessments. (2) Sulfur
mustard: there appears to be no experimental value for the
standard octanol —water partition coefficient; various sources
list estimates that differ by an order of magnitude. However,
the environmental fate of 1,1'-thiobig[2-chloroethane] is
dominated by dissolution and hydrolysis, so obtaining an
experimental partition coefficient is unlikely to significantly
affect fate and transport assessments. (3) Lewisite: data on
hydrolysis and oxidation rates of intermediates such as
chlorovinylarsonous acid are approximate at best. (4) Effect
of carbodiimide stabilizers on Sarin fate and transport. Such
data would be useful under some circumstances but are less
useful for assessment of release scenarios where the agent
and stabilizer are quickly dispersed and diluted. Our judg-
ment is that these data gaps would minimally affect the
accuracy of the assessment or the uncertainty of the result.

It is possible that some data that would fill these data gaps
have been collected by one or more governmental labora-
tories but have never been published in the open literature;
a review by such organizations of internal archives and
publication of such data if located would be a useful
contribution for environmental fate assessments.

In addition to these specific data gaps, the authors
identified several general issues that extend beyond single
compounds or types of data. In general, there are sufficient
data on hydrolysis rate constants to alow for sound
extrapolation to obtain values for seawater at relevant
temperature. However, no measurements appear to be
available for hydrolysis rates at the pressures experienced
in deep water, where many U.S. munitions were disposed.
One literature review of activation volumes provides arange
of known effects that correspond to rate constants changing
by a factor of 0.6—1.2 at 8000 ft depth.3*° This suggests
that pressure effects are unlikely to affect environmental fate
assessments significantly, although it could be useful to
determine activation volumes for sulfur mustard and one
nerve agent to confirm that the pressure dependence of agent
hydrolysis reactions falls within this modest range.

Toxicity data for salt water species at low temperatures
would also be useful. The literature on aquatic toxicity tests
or bioassays for agents and their breakdown products are
modest, and most of those tests were conducted on freshwater
species. In addition, few tests have been conducted at the
temperatures typically found in degper marine environments.
Nonetheless, there is sufficient data to give a genera
understanding of likely toxicities, so additional testing is not
considered critical.

More data on the environmental effects of slow-reacting
components would be useful. Many of the chemical agents
are hydrolyzed relatively quickly to much less toxic materi-
als. However, VX, EA2192 (from V X), and the methylphos-
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phonate esters EMPA (from VX) and IMPA (from Sarin)
are expected to be long lived in ocean waters. Because of
this, the effect of these materials on aquatic organisms will
be determined by transport and fate phenomena when
released into ocean waters.

Finally, it would be desirable to have additional informa-
tion on the fate of hydrogen cyanide in the deep sea
environment. There is extensive data for fate assessments
in shallow water, where volatilization to the atmosphere is
a main fate but transport from deeper sites to the surface
can be very slow. Other processes may dominate the fate of
hydrogen cyanide in deep water, so a more detailed and
integrated investigation into the fate of hydrogen cyanidein
deep ocean waters may be useful.

This study has compiled a significant body of the physical
and chemical data needed to alow for evaluation of the fate,
transport, and environmental impacts of these agents in the
marine environment with a reasonable degree of accuracy.
The authors and sponsors of this work believe that this
compilation will be of considerable use to those conducting
such assessments. We conclude that there appears to be
sufficient data in the literature on the chemical and physical
parameters of the chemical agents phosgene, hydrogen
cyanide, cyanogen chloride, sulfur mustard, nitrogen mustard
(HN1), Lewisite, Tabun, Sarin, and VX for this purpose.
Although some data gaps have been identified, these data
gaps are not considered critical to such evaluations. The
primary source of uncertainty in the evaluation of the fate,
transport, and environmental impacts of these agents remains
the rate at which they are released into the environment,
which was not addressed in this review. The rate at which
sea disposed munitions will leak their contents has to date
been assumed in most assessments.**%3! Actual leakage
rates could be orders of magnitude smaller, which introduces
asignificant degree of uncertainty because the environmental
effects in general scale linearly with the source term. The
rate at which munitions will leak their contents is the subject
of ongoing research. The data gaps identified in this work
appear to cause a significantly smaller level of uncertainty.
Thus, dthough the authors identified several interesting areas
for potential research, such research is not required to support
risk assessments required for current government programs.

5. Acknowledgments

This review was supported by the Department of Defense
Strategic Environmenta Research and Development Program
and Environmental Security Technology Certification Pro-
gram (SERDP/ESTCP) through Noblis' contract with the Air
Force Center for Environmental Excellence, FA8903-04-D-
8715/42, under the guidance of Dr. Jeffrey Marqusee and
Ms. Erica Becvar, respectively. The authors thank the staff
of the Chemical, Biological, Radiological, and Nuclear
Defense Information Analysis Center for locating some of
the cited documents and Mr. William Ashman of the
Department of Homeland Security Chemical Security Analy-
sis Center for helpful discussions.

6. References

(1) Theobald, N.; Ruhl, N.-P. Deutsche Hydrogr. Z. 1994, 46, 121.

(2) Jorgensen, B. S,; Olesen, B.; Berntsen, O. Ugeskr. Laeger. 1985,
147, 2251.

(3) Assennato, G.; Ambrosi, F.; Sivo, D. Med. Lav. 1997, 88, 148.



Chemical Agents in Marine Environments

(4) Kurata, H. In Chemical Weapons: Destruction and Conversion;
Stockholm International Peace Research Institute, Ed.; Taylor and
Francis: London, 1980.

(5) Office of the Deputy Under Secretary of Defense (Installations and
Environment (ODUSDII&E])). Defense Environmental Programs
Fiscal Year 2006 Annua Report to Congress, March 2007. Appendix
R, Figure R-1.

(6) Schollmeyer, J. Bull. At. Sci. 2006, 62, 11.

(7) Brewer, P. G.; Nakayama, N. Environ. Sci. Technol. 2008, 42, 1394.

(8) US Army Research Development and Engineering Command. Off-
shore Disposal of Chemical Agents and Weapons Conducted by the
United States, Historical Research and Response Team, Aberdeen
Proving Ground, MD, March 29, 2001.

(9) Public Law 92-532, Title I, sec. 102.

(10) ArticlelV item (1) (a) prohibits the dumping of wastes or other matter
listed in Annex I; item 7 of Annex | includes materials produced for
biological and chemical warfare.

(11) Bull, J. M. R. The Deadliness Below. Newport News Daily Press;
Oct 30, 2005; http://www.dailypress.com/news/local/dp-02761sy-
00ct30,0,3545637.story.

(12) TenBruggencate, J. Dumped toxic weapons still lurk in sea off O’ ahu.
Honolulu Advertiser; Nov 3, 2005; http://the.honoluluadvertiser.com/
article/2005/Nov/03/In/FP511030313.html.

(13) Public Law 109-364.

(14) Tdmage, S. S.; Munro, N. B.; Watson, A. P.; King, J. F.; Hauschild,
V. In Chemical Warfare Agents: Toxicology and Treatment, 2nd ed.;
Marrs, T. C., Maynard, R. L., Sidell, F. R., Eds.; John Wiley & Sons,
Ltd.: Chichester, 2007.

(15) Tdmage, S. S.; Watson, A. P.; Hauschild, V.; Munro, N. B.; King,
J. Curr. Org. Chem. 2007, 11, 285.

(16) US Army Training and Doctrine Command. Potential Military
Chemical/Biological Agents and Compounds, FM 3-11.9: Fort
Monroe, VA, Jan 2005.

(17) Munro, N. B.; Tadmage, S. S; Griffin, G. D.; Waters, L. C.; Watson,
A. P,; King, J. F.; Hauschild, V. Environ. Health Perspect. 1999,
107.

(18) Kingery, A. F.; Allen, H. E. Toxicol. Environ. Chem. 1994, 47, 155.

(19) MacNaughton, M. G.; Brewer, J. H. Environmental Chemistry and
Fate of Chemical Warfare Agents; Southwest Research Institute: San
Antonio TX, 1994.

(20) Clark, D. N. Review of Reactions of Chemical Agents in Water.
DTIC acc. no. AD-A213287; Battelle: Columbus, OH, 1989; DTIC
accession no. AD-A213287.

(21) Small, M. J. Compounds Formed from the Chemical Decontamination
of HD, GB, and VX and their Environmental Fate. Tech. Rpt. 8304;
U.S. Army Medica Bioengineering Research and Development
Laboratory: Fort Detrick, MD, 1984; DTIC accession no. AD-
A149515.

(22) Franke, S. Textbook of Military Chemistry; USAMIIA-HT-039-82;
Defense Technical Information Center: Alexandria, VA, 1982; DTIC
accession no. AD-B062913 (distribution limited to U.S. Government);
Vol. 1.

(23) Demek, M. M.; Davis, G. T.; Dennis, W. H., Jr; Hill, A. L,;
Farrand, R. L. Behavior of chemical agents in seawater; Report
no. EATR 4417; Edgewood Arsenal: Edgewood, MD, 1970; DTIC
accession no. AD-0873242.

(24) Franke, S. Manual of Military Chemistry; Deutscher Militirverlag:
Berlin, translated from German by U.S Department of Commerce,
National Bureau of Standards, Institute of Applied Technology: 1967,
NTIS accession no. AD-849 866; Vol. 1 (Chemistry of Chemical
Warfare Agents).

(25) Gates, M.; Moore, S. In Chemical warfare agents and related
problems parts I-11, Summary technical report of Division 9, NRDC;
Renshaw, B., Ed.; Office of Scientific Research and Development:
Washington, D.C., 1946.

(26) Sartori, M. The War Gases; D. Van Nostrand Co., Inc.: New York,
1939; pp 181—182.

(27) In afew instances, distribution of the original data source is limited
to U.S. Government and its contractors. In such cases, we cite these
reports only to confirm data that is reported in later government
documents that were approved for public distribution.

(28) Marrs, T. C.; Maynard, R. L.; Sidell, F. R. Chemical Warfare Agents:
Toxicology and Treatment, 2nd ed.; John Wiley and Sons: Chichester,
2007.

(29) School of Ocean and Earth Science and Technology; University of
Hawaii, The Ocean Atlas of Hawaii, Jan 3, 2007; http://radlab.so-
est.hawaii.edu/atlas/.

(30) National Oceanic and Atmospheric Administration, NESDIC Sea
Surface Temperature (SST) 14 km Anal. Bering/Chukchi, Jan 3, 2007,
http://www.osdpd.noaa.gov/PSB/EPS/SST/datalberingst.c.gif.

(31) Brewer, P. G.; Glover, D. M.; Goyet, C.; Shafer, D. K. J. Geophys.
Res. 1995, 100, 8761.

(32) Davy, J. Philos. Trans. R. Soc. London 1812, 102, 144.

Chemical Reviews, 2009, Vol. 109, No. 1 253

(33) Prentiss, A. M. Chemicalsin War. A Treatise on Chemical Warfare;
McGraw Hill: New York, 1937.

(34) US Environmental Protection Agency Locating and estimating air
emissions from sources of phosgene; Office of Air Quality Planning
And Standards: Research Triangle Park, Sept 1985.

(35) International Programme on Chemical Safety; Geneva: World Health
Organization, Ed., 1997.

(36) Helas, G.; Wilson, S. R. Atmos. Environ. 1992, 26A, 2975.

(37) Haber, L. F. The Poisonous Cloud. Chemical Warfare in the First
World War; Clarendon Press: Oxford, 1986; p 170.

(38) Smart, J. K. In Textbook of Military Medicine: Medical Aspects of
Chemical and Biological Warfare; Office of the Surgeon General,
U.S. Department of the Army: Washington, D.C., 1989.

(39) US Army Program Manager for Chemical Demilitarization Old
Chemical Weapons Reference Guide; Office of the Project Manager
for Non-Stockpile Chemical Material:Aberdeen Proving Ground, MD,
1998.

(40) Leonardos, G.; Kendall, D.; Barnard, N. J. Air Pollut. Control Assoc.
1969, 19, 91.

(41) Giauque, W. F.; Jones, W. M. J. Am. Chem. Soc. 1948, 70, 120.

(42) Madlov, Y. P.; Maslov, P. G. J. Gen. Chem. USSR (Engl. Transl.)
1966, 36, 398.

(43) Stock, A.; Wustrow, W. Z. Anorg. Allg. Chem. 1925, 147, 245.

(44) Nikitin, N. I. Zh. Russ. Fiz-Khim. O-va 1920, 52.

(45) Emmerling, A.; Lengyel, B. Ann. Chem. Pharm. 1870, 7, 101.

(46) Herbst, H. Koll. Beih. 1926, 23, 313.

(47) Germann, A. F. O,; Taylor, Q. W. J. Am. Chem. Soc. 1926, 48, 1154.

(48) Junker, F.; Beckmann, E. Z. Anorg. Chem. (Leipzig, Germany) 1907,
55, 371.

(49) Giauque, W. F.; Ott, J. B. J. Am. Chem. Soc. 1960, 82, 2689.

(50) Atkinson, R. H.; Heycock, C. T.; Pope, W. J. J. Chem. Soc., Trans.
1920, 117, 1410.

(51) Erdmann, H. Justus Liebigs Ann. Chem. 1908, 362, 133.

(52) Paterno, E.; Mazzucchelli, A. Gazz. Chim. Ital 1920, 50 I, 30.

(53) Davies, C. N. J. Chem. Phys. 1946, 14, 48.

(54) Perkin, W. H. J. Chem. Soc., Trans. 1894, 65, 402.

(55) Bohme, H. Ber. Deutsch Chem. Ges. 1941, 74, 472.

(56) Manogue, W. H.; Pigford, R. L. A. I. Ch. E. J. 1960, 6, 494.

(57) Ugi, |.; Beck, F. Chem. Ber. 1961, 94, 1839.

(58) de Bruyn, W. J,; Shorter, J. A.; Davidovits, P.; Worsnop, D. R;;
Zahniser, M. S,; Kolb, C. E. Environ. Sci. Technol. 1995, 29, 1179.

(59) Kindler, T. P.; Chameides, W. L.; Wine, P. H.; Cunnold, D. M.;
Alyea, F. N.; Franklin, J. A. J. Geophys. Res. 1995, 100, 1235.

(60) Mertens, R.; von Sonntag, C.; Lind, J.; Merenyi, G. Angew. Chem.,,
Int. Ed. Engl. 1994, 33, 1259.

(61) Fuhr, I.; Bransford, A. V.; Silver, S. D. Science 1948, 107, 274.

(62) Berthollet, C. L. Ann. Chim. Phys. 1789, [1] (1), 30.

(63) Gay-Lussac, J. L. Ann. Chim. Phys. 1815, [1] (95), 136.

(64) US Department of Health and Human Services. Draft Toxicological
Profile for Cyanide; Agency for Toxic Substances and Disease
Registry: Atlanta, GA, Sept 2004.

(65) Ohya, T.; Kanno, S. J. Pharm. Sci. 1987, 76, S128.

(66) Jacangelo, J. G.; Patania, N. L.; Reagan, K. M.; Aieta, G. M.; Krasner,
S. W.; Mcguire, M. J. J. Am. Water Works Assoc. 1989, 81, 74.

(67) Mauguin, C.; Simon, L. J. Ann.Chim.(Paris) 1921, [9] (15), 18.

(68) Uznanski, B.; Stec, W. J. J. Gen. Chem. USSR (Engl. Transl.) 1990,
60, 1093.

(69) Salet, G. Ann. Chem. Pharm. 1865, 136, 144.

(70) Wurtz, A. Ann. Chem. Pharm. 1851, 79, 280.

(71) Regnault, H. V. Jahresber. Fortschr. Chem. Verw. Theile Anderer
Wiss. 1863, 69.

(72) Klemenc, A.; Wagner, G. Z. Anorg. Allg. Chem. 1938, 235, 427.

(73) Price, T. S; Green, S. J. J. Soc. Chem. Ind. 1920, 39, 98T.

(74) Lister, M. W. Can. J. Chem. Pays-Bas 1957, 35, 739.

(75) Enklaar, C. J. Rec. Trav. Chim. Pays-Bas 1923, 42, 1000.

(76) Foester, R.; Cohn, K. Inorg. Chem. 1970, 9, 1571.

(77) Douglas, D. E.; Winkler, C. A. Can. J. Res 1947, 25B, 381.

(78) Cook, R. P.; Robinson, P. L. J. Chem. Soc. 1935, 1001.

(79) Gordon, A. R.; Benson, G. C. Can. J. Res 1946, 24B, 285.

(80) Pedersen, E. JIII,; Marinas, B. J. Water Res. 2001, 35, 643.

(81) Bailey, P. L.; Bishop, E. J. Chem. Soc., Dalton Trans. 1973, 912.

(82) Price, C. C.; Larson, T. E.; Beck, K. M.; Harrington, F. C.; Smith,
L. C.; Stephanoff, 1. J. Am. Chem. Soc. 1947, 69, 1640.

(83) Edwards, J. O.; Erstfeld, T. E.; Ibne-Rasa, K. M.; Levey, G.; Moyer,
M. Int. J. Chem. Kinet. 1986, 18, 165.

(84) Eden, G. E.; Whesatland, A. B. J. Soc. Chem. Ind., London, Trans.
Commun. 1950, 69, 166.

(85) Macy, R. J. Indust. Hygiene Toxicol. 1948, 30, 140.

(86) Scheele, C. W. In Collected Papers of Carl Wilhelm Scheele; Dobbin,
L., Ed.; G. Bell & Sons: London, 1931.

(87) Gay-Lussac, J. L. Ann. Chim. Phys. 1811, [1] (77), 128.

(88) Ruth, J. Am. Ind. Hyg. Assoc. J. 1986, 47, A142.

(89) Perry, J. H.; Porter, F. J. Am. Chem. Soc. 1926, 48, 299.



254 Chemical Reviews, 2009, Vol. 109, No. 1

(90) Benson, S. W. J. Phys. Chem. 1948, 52, 1060.

(91) Giauque, W. F.; Ruehrwein, R. A. J. Am. Chem. Soc. 1939, 61, 2626.
(92) Coates, J. E.; Hinkel, L. E.; Angel, T. H. J. Chem. Soc. 1928, 540.
(93) Coates, J. E.; Taylor, E. G. J. Chem. Soc. 1936, 1245.

(94) Cole, R. H. J. Am. Chem. Soc. 1955, 77, 2012.

(95) Hara, R.; Sinozaki, H. Kogyo Kagaku Zasshi 1923, 26, 84.

(96) Rabinovitch, B. S.; Winkler, C. A. Can. J. Res 1942, 20B, 69.
(97) Shirado, M. Bull. Chem. Soc. Jpn. 1927, 2, 122.

(98) Smyth, C. P.; McAlpine, K. B. J. Am. Chem. Soc. 1934, 56, 1697.
(99) Harker, G. Soc. Chem. Ind., London. Trans. Commun. 1921, 40, 182.

(100) Enklaar, C. J. Recl. Trav. Chim. Pays-Bas 1927, 46, 709.

(101) Coates, G. E.; Coates, J. E. J. Chem. Soc. 1944, 77.

(102) Tammann, G. Ann. Physik 1899, 68, 553.

(103) Coates, J. E.; Davies, R. H. J. Chem. Soc. 1950, 1194.

(104) Coates, J. E.; Hartshorne, N. H. J. Chem. Soc. 1931, 657.

(105) Lowry, T. M.; Henderson, S. T. Proc. R. Soc London A 1932, 136,
471.

(106) Buchanan, G. H. Chim. Ind. (Paris) 1932, 28, 1024.

(107) Lespieau, C. R. Hebd. Seances Acad. Sci. 1905, 140, 855.

(108) Smyth, C. P.; McNeight, S. A. J. Am. Chem. Soc. 1936, 58, 1723.

(109) Cobb, A. W.; Walton, J. H. J. Phys. Chem. 1937, 41, 351.

(110) Lewis, G. N.; Schutz, P. W. J. Am. Chem. Soc. 1934, 56, 1002.

(111) Yoo, K. P;; Leg, S. Y.; Lee, W. H. Korean J. Chem. Eng. 1986, 3,
67.

(112) Edwards, T. J.; Maurer, G.; Newman, J.; Prausnitz, J. M. AIChE. J.
1978, 24, 966.

(113) Rumpf, B.; Maurer, G. Fluid Phase Equilib. 1992, 81, 241.

(114) Gaffney, J. S.; Streit, G. E.; Spall, W. D.; Hall, J. H. Environ. ci.
Technol. 1987, 21, 519.

(115) Hine, J.; Weimar, R. D., Jr. J. Am. Chem. Soc. 1965, 87, 3387.

(116) Beck, M. T. Pure Appl. Chem. 1987, 59, 1703.

(117) Verhoeven, P.; Hefter, G.; May, P. M. Miner. Metal. Process. 1990,
7, 185.

(118) Bagaran, B. Chim. Acta Turcica 1987, 15, 399.

(119) Gaspar, V.; Beck, M. Y. Acta Chim. Hungarica 1982, 110, 425.

(120) Walker, M.; Marvin, C. J. Ind. Eng. Chem. Res. 1926, 18, 139.

(121) US Environmental Protection Agency. Cyanides. EPA 440/4-79-029%;
Office of Water Planning and Standards, Office of Water and Waste
Management: Washington, DC, Dec 1979; pp 12-1—12-12; NTIS
accession no. PB80-204373.

(122) Ebbs, S. Curr. Opin. Biotechnol. 2004, 15, 231.

(123) Ludzack, F. J.; Moore, W. A.; Krieger, H. L.; Ruchhoft, C. C. Sewage
Ind. Wastes 1951, 23, 1298.

(124) Boening, D. W.; Chew, C. M. Water Air Soil Pollut. 1999, 109, 67.

(125) Akcil, A.; Mudder, T. Biotechnal. Lett. 2003, 25, 445.

(126) Dumestre, A.; Bousserrhine, N.; Berthelin, J. C. R. Acad. <ci. Paris,
ci. Terre Planétes 1997, 325, 133.

(127) Reef, S. F.; Characklis, W. G.; Kessick, M. A.; Ward, C. H. Water
Res. 1977, 11, 485.

(128) US Environmental Protection Agency. Ambient water quality for
cyanide 1984. EPA 440/5-84-028; Office of Water Regulations and
Standards, Criteria and Standards Division: Washington, D.C., Jan
1985; NTIS accession no. PB85-227460.

(129) Hansch, C.; Leo, A. J. Medchem Project.; Pomona College: Clar-
emont, CA, 1985; Issue 26.

(130) Despretz, C. Ann. Chim. Phys. 1822, [1] (21), 437.

(131) Riche, A. Ann. Chim. Phys. 1855, [3] (43), 283.

(132) Niemann, A. Ann. Chem. Pharm. 1860, 113, 288.

(133) Guthrie, F. Q. J. Chem. Soc. 1859, 12, 109.

(134) Meyer, V. Chem. Ber. 1886, 19, 3259.

(135) The Merck Index, 11th ed.; Merck & Co.: Rahway, 1989; p 995,
compound no. 6225.

(136) Gibson, C. S.; Pope, W. J. J. Chem. Soc. 1920, 117, 271.

(137) Mohler, H.; Sorge, J. Helv. Chim. Acta 1940, 23, 119.

(138) Clarke, H. T. J. Chem. Soc., Trans. 1912, 101, 1583.

(139) Davies, W. J. Chem. Soc., Trans. 1920, 117, 297.

(140) Mumford, S. A.; Phillips, J. W. C. J. Chem. Soc. 1928, 155.

(241) Fuson, R. C.; Lipscomb, R. D.; McKusick, B. C.; Reed, L. J. J. Org.
Chem. 1946, 11, 513.

(142) du Vigneaud, V.; Stevens, C. M. J. Am. Chem. Soc. 1947, 69, 1808.

(143) Redemann, C. E.; Chaikin, S. W.; Fearing, R. B. J. Am. Chem. Soc.
1948, 70, 631.

(144) Felsing, W. A.; Hunting, C. A.; Fell, S. D. J. Am. Chem. Soc. 1948,
70, 1966.

(145) Wilkinson., J. A.; Wernlund, C. J. Am. Chem. Soc. 1920, 42, 1382.

(146) Mann, F. G.; Pope, W. J.; Vernon, R. H. J. Chem. Soc., Trans. 1921,
119, 634.

(247) Adams, L. H.; Williamson, E. D. J. Washington Acad. Sci. 1919, 9,
30.

(148) Hérkins W. D.; Clark, G. L.; Roberts, L. E. J. Am. Chem. Soc. 1920,
42, 700.
(149) Bent, H. E.; Francell, R. J. J. Am. Chem. Soc. 1948, 70, 634.

Bizzigotti et al.

(150) Mumford, S. A.; Phillips, J. W. C.; Ball, W. C. J. Chem. Soc. 1932,
589.

(151) Balson, E. W.; Denbigh, K. G.; Adam, N. K. Trans. Faraday Soc.
1947, 43, 42.

(152) Lamb, A. B.; Carleton, P. W.; Hughes, W. S.; Nichals, L. W. J. Am.
Chem. Soc. 1920, 42, 78.

(153) Pecorella, S. S.; Macy, R. Vapor pressure of pure mustard;TDMR
738, Sept 13, 1943; DTIC accession no. AD-B963103 (distribution
limited to U.S. government).

(154) Wagner, G. W.; Bartram, P. W.; Koper, O.; Klabunde, K. J. J. Phys.
Chem. B 1999, 103, 3225.

(155) Fuson, R. C,; Price, C. C.; Bauman, R. A.; Bullitt, O. H.; Hatchard,
W. R,; Maynert, E. W. J. Org. Chem. 1946, 11, 469.

(156) Welti, D.; Whitteker, D. J. Chem. Soc. 1962, 3955.

(157) Lewin, L. N. J. Prakt. Chem. 1928, 118, 282.

(158) Penski, E. C. Properties of di-(2-chloroethyl) sulfide I. VVapor pressure
data review and analysis. ERDEC-TR-043; Edgewood Research,
Development and Engineering Center: Aberdeen Proving Ground,
MD, April 1993; DTIC accession no. AD-A267059.

(159) Buchanan, J. H.; Buettner, L. C.; Tevault, D. E. Vapor Pressure of
Solid HD. ECBC-TR-430; Edgewood Chemical Biologica Center:
Aberdeen Proving Ground, MD, 2005; DTIC accession no. AD-
A432504.

(160) Buchanan, J. H.; Buettner, L. C.; Tevault, D. E. J. Chem. Eng. Data
2006, 51, 1331.

(161) Stein, W. H.; Moore, S.; Bergmann, M. J. Org. Chem. 1946, 11,
664.

(162) Yang, Y.-C.; Szafraniec, L. L.; Beaudry, W. T.; Ward, J. R. J. Org.
Chem. 1987, 52, 1637.

(163) Yang, Y.-C.; Szfraniec, L. L.; Beaudry, W. T.; Ward, R. J. J. Org.
Chem. 1988, 53, 3293.

(164) Ogston, A. G.; Haliday, E. R.; Philpot, J. S. L.; Stocken, L. A. Trans.
Faraday Soc. 1948, 44, 45.

(165) Bartlett, P. D.; Swain, C. G. J. Am. Chem. Soc. 1949, 71, 1406.

(166) Brookfield, K. J.; Woodward, F. N.; Owens, R. The kinetics of
hydrolysis of vesicants. Part 1I. 2,2"-dichlorodiethylsulphide (H).
Sutton Oak Report 576; Military Intelligence Division: Sutton Oak,
UK., Mar 3, 1942.

(167) Doering, W. E.; Linstead, R. P. Reactions of the chlorine atoms of
mustard gas in aqueous media. OSRD Report 1094; Harvard
University: Cambridge, MA, Dec 9, 1942; index no. Div. 9-212.11-
M4.

(168) Hopkins, E. F. J. Pharmacol. Exp. Ther. 1919, 12, 393.

(169) Mohler, H.; Hartnagel, J. Helv. Chim. Acta 1941, 24, 564.

(170) Peters, R. A.; Walker, E. Biochem. J. 1923, 17, 260.

(171) Ward, J. R.; Seiders, R. P. Thermochim. Acta 1984, 81, 343.

(172) Yang, Y.-C.; Ward, J. R.; Wilson, R. B.; Burrows, W.; Winterle,
J. S. Thermochim. Acta 1987, 114, 313.

(173) Epstein, J.; Rosenblatt, D. H.; Gallacio, A.; McTeague, W. F.
Summary report on a data base for predicting consequences of
chemical disposal operations. Report no. EASP 1200-12; Edgewood
Arsenal: Edgewood, MD, 1973; DTIC accession no. AD-B955399
(distribution limited to U.S. Government).

(174) Assennato, G.; Sivo, D.; Lobuono, F. Health Effects of Sulfur Mustard
Exposure Among Apulian Trawlers; http://www.noblis.org/Continu-
ingExposureToMustardinTheAdriatic.htm.

(175) Herriott, R. M. J. Gen. Physiol. 1947, 30, 449.

(176) Wilson, R. E.; Fuller, E. W.; Schur, M. O. J. Am. Chem. Soc. 1922,
44, 2867.

(177) Boulin, C.; Simon, L.-J. C. R. Hebd. Seances Acad. ci. 1920, 170,
845,

(178) Hine, J.; Mookerjee, P. K. J. Org. Chem. 1975, 40, 292.

(179) Brookfield, K. J,; Moelwyn-Hughes, E. A.; Phillips, J. W. C. The
rate of dissolution of 2,2'-dichlorodiethylsulphide (H) in distilled and
natural waters. Sutton Oak Report 615; Military Intelligence Division:
Sutton Oak, U.K., Nov 26, 1942.

(180) Brumfield, J. L.; Epstein, J.; Warner, B.; Wilkniss, P. E. In
Environmental Condition Report for Deep Water Dump Area A, NRL
Report 7553; Wilkniss, P. E., Ed.; Naval Research Laboratory:
Washington, D.C., 1973.

(181) Meylan, W. M.; Howard, P. H.; Boethling, R. S. Environ. <.
Technol. 1992, 26, 1560.

(182) Lawson, W. E.; Reid, E. E. J. Am. Chem. Soc. 1925, 47, 2821.

(183) Lynch, V.; Smith, H. W.; Marshall, E. K. J. Pharmacol. Exp. Ther.
1918, 12, 265.

(184) Yang, Y.-C.; Szafraniec, L. L.; Beaudry, W. T.; Rohrbaugh, D. K.
Characterization of HD heels and the degradation of HD in ton
containers; Conference on Chemical and Biologica Defense Re-
search; Publication ERDEC-SP-048; Edgewood Research, Develop-
ment & Engineering Center: Aberdeen Proving Ground, MD, 1996;
pp 353—360.

(185) Rohrbaugh, D. K.; Yang, Y.-C. J. Mass Spectrom. 1997, 32, 1247.



Chemical Agents in Marine Environments

(186) Stahmann, M. A.; Fruton, J. S.; Bergmann, M. J. Org. Chem. 1946,
11, 704.

(187) Vilensky, J. A. Dew of death: the story of Lewisite, America’s World
War | weapon of mass destruction; Indiana University Press:
Bloomington, IN, 2005,

(188) Wieland, H.; Bloemer, H. Justus Liebigs Ann. Chem. 1923, 431, 34.

(189) Green, S. J; Price, T. S. J. Chem. Soc., Trans. 1921, 119, 448.

(190) Whiting, J. H. J. Chem. Soc. 1948, 1209.

(191) Gibson, C. S.; Johnson, J. D. A. J. Chem. Soc. 1931, 753.

(192) Lebedev, B. V.; Kulagina, T. G.; Cheremukhina, A. A.; Karataev,
E. N. Russ. J. Gen. Chem 1996, 66, 880.

(193) Lewis, W. L.; Perkins, G. A. Ind. Eng. Chem. Res. 1923, 15, 290.

(194) Redemann, C. E.; Chaikin, S. W.; Fearing, R. B.; Benedict, D. J. Am.
Chem. Soc. 1948, 70, 637.

(195) Mann, F. G.; Pope, W. J. J. Chem. Soc., Trans. 1922, 121, 1754.

(196) Mohler, H.; Polya, J. Helv. Chim. Acta 1936, 19, 1222.

(197) Banks, C. K.; Kahler, F. H.; Hamilton, C. S. J. Am. Chem. Soc. 1947,
69, 933.

(198) Waters, W. A.; Williams, J. H. J. Chem. Soc. 1950, 18.

(199) Rovida, G. Sperimentale 1926, 80, 5.

(200) Nametkin, S. S.; Nekrassow, W. Z. Anal. Chem. 1929, 77, 285.

(201) Meylan, W. M.; Howard, P. H. J. Pharm. Sci. 1995, 84, 83.

(202) Ward, K. Hercules Powder Co. U.S. Patent 2,072,348, Mar 2, 1937.

(203) Ward, K. J. Am. Chem. Soc. 1935, 57, 914.

(204) Fruton, J. S.; Bergmann, M. J. Org. Chem. 1946, 11, 543.

(205) Cope, A. C.; Gates, M.; Renshaw, B. In Chemical warfare agents
and related problems parts |-11, Summary technical report of Division
9, NRDC; Renshaw, B., Ed.; Office of Scientific Research and
Development: Washington, D.C., 1946.

(206) Dawson, T. F.; Witten, B. New Compounds. 2,2"-Dichlorotriethy-
lamine; TDMR 552; Feb 4, 1943; DTIC accession no. AD-B960467
(distribution limited to U.S. Government).

(207) Hanby, W. E.; Rydon, H. N. J. Chem. Soc. 1947, 513.

(208) Redemann, C. E.; Chaikin, S. W.; Fearing, R. B. J. Am. Chem. Soc.
1948, 70, 1648.

(209) Cohen, B.; Vanartsdalen, E. R.; Harris, J. J. Am. Chem. Soc. 1948,
70, 281.

(210) Hanby, W. E.; Hartley, G. S.; Powell, E. O.; Rydon, H. N. J. Chem.
Soc. 1947, 519.

(211) Bartlett, P. D.; Davis, J. W.; Ross, S. D.; Swain, C. G. J. Am. Chem.
Soc. 1947, 69, 2977.

(212) Price, C. C.; Pohland, A.; Velzen, B. H. J. Org. Chem. 1947, 12,
308.

(213) Hoenig, S. L. Compendium of Chemical Warfare Agents; Springer:
New Y ork, 2006.

(214) Syracuse Research Corp., Interactive PhysProp Database, http://
esc.syrres.com/interkow/webprop.exe.

(215) Harris, B. L.; Bull, W. C.; Macy, R. Thickened Vesicants: to rage
Stability of Unthickened and Thickened Nitrogen Mustards and Their
Mixtures with Levinstein Mustard. TDMR 706; USA Chemical
Research and Development Laboratories: Army Chemical Center,
MD, 1943; DTIC accession no. AD-B962153 (distribution limited
to U.S. Government).

(216) Schrader, G. Germany, Farbenfabriken Bayer, Leverkusen, DE
767,511, duly 22, 1937.

(217) Holmstedt, B. Acta Physiol. Scand., Suppl. 1951, 25, 12.

(218) US Strategic Bombing Survey Powder, Explosives, Special Rockets
and Jet Propellants, War Gases and Smoke Acids. Ministerial Report
no. 1; Oil Division, Jan 1947; Exhibit CD and Exhibit CH.

(219) Holmstedt, B.; Larsson, L. Acta Chem. Scand. 1951, 90, 1179.

(220) Harris, B. L. Physica Constants of MCE. TDMR 1094; USA
Chemical Research and Development Laboratories: Army Chemical
Center, MD, July 1945; DTIC accession no. AD-B964103 (distribu-
tion limited to U.S. Government).

(221) Larsson, L. Ark. Kemi 1958, 13, 259.

(222) Gonzaez, M. P.; Toropov, A. A.; Duchowicz, P. R.; Castro, E. A.
Molecules 2004, 9, 1019.

(223) Larsson, L. Acta Chem. Scand. 1958, 12, 783.

(224) Larsson, L. Acta Chem. Scand. 1953, 7, 306.

(225) Langheld, K. Chem. Ber. 1911, 44, 2076.

(226) Johnson, L. M. Memorandum to Commanding Officer, CmIC
Laboratories, subject: Addendum to Properties of War Gases.
Chemical Corps Board Study No. 35—48; Sep 2, 1953.

(227) Opresko, D. M.; Young, R. A.; Faust, R. A.; Tamage, S. S.; Watson,
A. P.; Ross, R. H.; Davidson, K. A.; King, J. Rev. Environ. Contam.
Toxicol. 1998, 156, 1.

(228) Czerwinski, S. E.; Maxwell, D. M.; Lenz, D. E. In USAMRICD
BioScience Review, 1998.

(229) Czerwinski, S. E.; Skvorak, J. P.; Maxwell, D. M.; Lenz, D. E,;
Baskin, S. I. J. Biochem. Mol. Toxicol. 2006, 20, 241.

(230) Eckhaus, S. R. Personal communication. Mr. Eckhaus holds the patent
for the method used by the United States to manufacture VX.

Chemical Reviews, 2009, Vol. 109, No. 1 255

(231) Zeffert, B. M.; Tannenbaum, H.; Coulter, P. B. Slow, Fractional
Crystalization of GB CRLR 2; U.S. Army Chemica and Radiological
Laboratories: Army Chemical Center, MD, Apr 30, 1951; DTIC
accession no. AD0498968.

(232) Redemann, C. E.; Chaikin, S. W.; Fearing, R. B.; Rotariu, G. J;
Savit, J.; van Hoesen, D. J. Am. Chem. Soc. 1948, 70, 3604.

(233) Bryant, P. J. R.; Ford-Moore, A. H.; Perry, B. J.; Wardrop, A. W. H.;
Watkins, T. F. J. Chem. Soc. 1960, 1553.

(234) Knunyants, I. L.,; Bykhovskaya, E. G. Bull. Acad. Sci USSR Div.
Chem. Sci.(Eng. Trangl.) 1966, 1514.

(235) Monard, C.; Quichon, J. Bull. Soc. Chim. Fr. 1961, 1084.

(236) Greenhalgh, R.; Blanchfield, J. R. Can. J. Chem. 1966, 44, 501.

(237) Makes, Z.; Cebotarev, O. V. Bull. Acad. Pol. Sci. Ser. Sci. 1976, 24,
603.

(238) Harris, B. L. Physica constants of MFI. TDMR 1163; USA Chemical
Research and Development Laboratories: Army Chemical Center,
MD, Nov 1945; DTIC accession no. AD-B964719 (distribution
limited to U.S. Government).

(239) Larsson, L. Acta Chem. Scand. 1957, 11, 1131.

(240) Preston, J. M.; Starrock, V. Partial vapor pressures and activity
coefficients of GB and GD in agueous solution. Report 893; Defense
Research Establishment: Ottawa, Canada, Sep 1983; DTIC accession
no. AD-A140644.

(241) Verweij, A.; Boter, H. L. Pest. <i. 1976, 7, 355.

(242) Hickey, M. E.; Waymack, P. P.; Van Etten, R. L. Arch. Biochem.
Biophys. 1976, 172, 439.

(243) DeFrank, J. J; Fry, I. J; Earley, J. P.; Irvine, R. L. Biodegradation
of VX/Water Hydrolysate; Report no. ERDEC-TR-429; Edgewood
Research, Development & Engineering Center: Aberdeen Proving
Ground, MD, 1997; DTIC accession no. AD-A329173.

(244) Fry, 1. J.; DeFrank, J. J; Earley, J. P. Proc. ERDEC <ci. Conf. Chem.
Biol. Def. Res. 1998, 629.

(245) Keay, L. Can. J. Chem. 1965, 43, 2637.

(246) Sega, G. A.; Tomkins, B. A.; Griest, W. H.; Bayne, C. K. J. Environ.
Sci. Health, Part A: Toxic/Hazard. Subst. Environ. Eng. 1998, A33,
213.

(247) Gustafson, R. L.; Martell, A. E. J. Am. Chem. Soc. 1962, 84, 2309.

(248) Desire, B.; Saint-Andre, S. Fundam. Appl. Toxicol. 1986, 7, 646.

(249) Ellin, R. I.; Groff, W. A.; Kaminskis, A. J. Environ. Sci. Health,
Part B 1981, B16, 713.

(250) van Hooidonk, C.; Breebaart-Hansen, J. C. A. E. Recl. Trav. Chim.
Pays Bas 1970, 89, 289.

(251) Epstein, J. Science 1970, 170, 1936.

(252) Rosentha, R. W.; Proper, R.; Epstein, J. J. Phys. Chem. 1956, 60,
1596.

(253) Ghosh, R.; Newman, J. F. Chem. Ind. 1955, 118.

(254) Tammelin, L.-E. Acta Chem. Scand. 1957, 11, 1340.

(255) Schrader, G. Unpublished results.

(256) Stockholm International Peace Research Institute. The Rise of CB
Weapons; Humanities Press: New York, 1971; Val. 1.

(257) Fielder, D.; Savage, J. J. The Vapor Pressure of Chemical Agents
GD, VX, EA 2223, EA 3547, EA 3580, EA 5365, and EA 5533.
Edgewood Arsenal Technical Report EC-TR-76058; Edgewood
Arsenal: Aberdeen Proving Ground, MD, Aug 1976; DTIC accession
no. AD-B013164 (distribution limited to U.S. Government).

(258) Buchanan, J. H.; Buettner, L. C.; Butrow, A. B.; Tevault, D. E. Vapor
Pressure of VX. ECBC-TR-068; USA Soldier and Biological
Chemical Command: Aberdeen Proving Ground, MD, Nov 1999;
DTIC accession no. AD-A371297.

(259) Caoulter, P. B.; Cdlahan, J. J; Link, R. S. Physical constants of thirteen
V agents. CWLR 2346; U.S. Army Chemical Warfare Laboratories:
Army Chemical Center, MD, Dec 1959; DTIC accession no. AD-
314520.

(260) Frostling, H. Acta Chem. Scand. A 1974, 28, 83.

(261) Rittfeldt, L. Anal. Chem. 2001, 73, 2405.

(262) Epstein, J.; Callahan, J. J.; Bauer, V. E. Phosphorus 1974, 4, 157.

(263) Britton, K. B. Low temperature effects on sorption, hydrolysis, and
photolysis of organophosphonates. A literature review. Specia Report
86-38; U.S. Army Corps of Engineers Cold Regions Research and
Engineering Laboratory: Hanover NH, Dec 1986.

(264) Yang, Y.-C.; Baker, J. A.; Ward, J. R. Chem. Rev. 1992, 92, 1729.

(265) Yang, Y.-C. Acc. Chem. Res. 1999, 32, 1009.

(266) Szafraniec L. J.; Szafraniec, L. L.; Beaudry, W. T.; Ward, J. R. On
the stoichiometry of phosphonothiolate ester hydrolysis. CRDEC-
TR-212; Chemical Research, Development, and Engineering Center:
Aberdeen Proving Ground, MD, July 1990; DTIC accession no. AD-
A250773.

(267) Ketelaar, J. A. A.; Gersmann, H. R.; Beck, M. M. Nature 1956, 177,
392.

(268) Albizo, J. M.; Ward, J. R. Army Science Conference (16th); Oct
25—27, 1988; pp 33—37; DTIC accession no. AD-A203101.

(269) Yang, Y.-C.; Szafraniec, L. L.; Beaudry, W. T.; Samuel, J. B.;
Rohrbaugh, D. K. Hydrolysis of VX: Activation Energies and



256 Chemical Reviews, 2009, Vol. 109, No. 1

Autocatalysis. ERDEC-SP-036; U.S. Army Edgewood Research,
Development and Engineering Center: Aberdeen Proving Ground,
MD, May 1996; pp 375—382.

(270) Leduc, G. In Aquatic Toxicology; Weber, L. J., Ed.; Raven Press:
New York, 1984; vol. 2.

(271) Eider, R. “Cyanide Hazards to Fish, Wildlife, and Invertebrates: A
Synoptic Review,”Biological Report 85(1.23), Patuxent Wildlife
Research Center, U.S. Fish and Wildlife Service: Laurel, MD,
December 1991.

(272) Moran, R. “Cyanide Uncertainties, Observations on the Chemistry,
Toxicity, and Analysis of Cyanide in Mining-Related Waters,” MPC
Issue Paper No. 1, Minera Policy Center: Washington, DC, 1998.

(273) Cyanide(s) in General; Irwin, R. J., Ed.; Water Resources Division,
U.S. National Park Service: Fort Collins, CO, July 1, 1997.

(274) Kononen, D. W. Bull. Environ. Contam. Toxicol. 1988, 41, 371.

(275) Sabourin, T. D.; Moore, E. L.; Durell, G. S. Acute Aquatic Toxicity
of Cyanogen Chloride to Daphnia magna and Fathead minnows
(Pimephales promelas). BA-870911 (USEPA: OTS 0538530); Bat-
telle: Columbus, OH, 1987.

(276) Broderius, S. J; Smith, L. L.; Lind, D. T. J. Fish. Res. Bd. Can.
1977, 34, 2323.

(277) Buswell, A. M.; Price, C. G.; Prosser, C. L.; Bennett, G. W.; von
Limbach, B.; James, M. The effects of certain chemical warfare
agents in water on aguatic organisms. OSRD No. 3589; Division 9,
National Defense Research Committee, Office of Scientific Research
and Development: Washington, DC, May 1944.

(278) Muribi, M. Toxicity of mustard gas and two arsenic based chemical
warfare agents on Daphnia magna. FOA-R-97-00430-22-SE; Defence
Research Establishment, Division of NBC Defence: Umea, Sweden,
Apr 1997.

(279) Miljostyrelsens Havforureningslaboratorium. Rapport om forsog
over optagelse af giftfas | fisk. MH 0052-28; Levnedsmiddelsty-
relsen and Civilforsvarets Analytisk-Kemiske Laboratorium:
Denmark, 1986.

(280) Purko, J. Abstract to Biological action of sulfur mustard in cultured
mammalian cells and in early teleost development; In Proceedings
of the XII International Congress of Genetics; Science Council of
Japan: Tokyo, 1968; Vol. 12, p 152.

(281) Inamori, Y.; Ohno, Y.; Nishihata, S.; Tsujibo, H.; Baba, K. Chem.
Pharm. Bull. 1990, 38, 243.

(282) Organization for Economic Cooperation and Development. Screening
information data set (SIDS) initial assessment report for thiodiglycol
for SIAM 19, Berlin, Germany, Oct 2004; UNEP Chemicas: Geneva,
Switzerland, 2004; http://mwww.inchem.org/documents/sids/111488.pdf.

(283) BASF AG. Acutetoxicity of Glyezin A to the Golden Orfe (Leuciscus
idusL.). Unpublished study, project no. 10F0411/875202, Department
of Toxicology, Dec 10, 1987.

(284) BASF AG. Acute toxicity of Glyezin A to the water flea Daphnia
magna Straus. Unpublished report 1/0106/2/88-0106/88, Department
of Ecology, Apr 6, 1988.

(285) BASF AG. Acute toxicity of Glyezin A to the algae Scenedesmus
subspicatus in the growth inhibition test. Unpublished report 2/1009/
88, Department of Ecology, Sep 15, 1989.

(286) BASF AG. Determination of the inhibition of oxygen consumption
by activated sludge by Glyezin A in the activated sludge respiration
inhibition test. Unpublished report, project no. 99/0200/08/1, Depart-
ment of Ecology and Environmental Analysis, July 1999.

(287) BASF AG. Toxicity of Glyezin A in the cell multiplication test
according to Brinkmann-Kuehn. Unpublished report 9/1009/88,
Department of Ecology, Sep 8, 1988.

(288) Sklyar, V. 1.; Mosolova, T. P.; Kucherenko, I. A.; Degtyarova, N. N.;
Varfolomeyev, S. D.; Kalyuzhnyi, S. V. Appl. Biochem. Biotechnol.
1999, 81, 107.

(289) Gali, R.; Rich, H. W.; Scholtz, R. Aquatic Toxicol. 1994, 30, 259.

(290) Armstrong, G. C.; Wells, H. B.; Wilkes, A. E.; Moulton, C. H.
Comparative Test with Mustard Gas (HS) Lewisite (M-1), Methyl-
dicloroarsine (MD) and Methyldifluorarsine (MD2) in 75 mm Shell
Fired Statically in Collaboration with Chemical Division. EAMRD
95; Edgewood Arsena: MD, 1928.

(291) Price, C. C.; von Limbach, B. Further Data on the Toxicity of Various
CW Agents to Fish. OSRD No. 5528; Nationa Defense Research
Committee, Office of Scientific Research and Development: Edge-
wood Arsenal, MD, 1945.

(292) Henriksson, J.; Johannisson, A.; Berggvist, P.-A.; Norrgren, L. Arch.
Environ. Contam. Toxicol. 1996, 30, 213.

Bizzigotti et al.

(293) Goldman, M.; Dacre, J. C. Rev. Environ. Contam. Toxicol. 1989,
110, 75.

(294) Chou, S.; Harper, C.; Osier, M.; Odin, M.; Chappell, L.; Sage, G.
Draft Toxicological Profile for Arsenic. Agency for Toxic Substances
and Disease Registry, U.S. Department of Health and Human
Services, Sep 2005.

(295) Edmonds, J. S.; Francesconi, K. A. Experientia 1987, 43, 553.

(296) Tamaki, S.; Frankenberger, W. T. Rev. Environ. Contam. Toxicol.
1992, 124, 79.

(297) Sanders, J. G. Mar. Environ. Res. 1980, 3, 257.

(298) Moore, J. S.; Ramamoorthy, S. Heavy Metals in Natural Waters,
Applied Monitoring and Impact Assessment;: New Y ork, 1984.

(299) Michel, P. Rev. Traw. Inst. Peches Marit. 1985, 49, 175.

(300) Eider, R. Arsenic Hazards to Fish, Wildlife, and Invertebrates: A
Synoptic Review. Biological Report 85(1.12); Patuxent Wildlife
Research Center, U.S. Fish and Wildlife Service: Laurel, MD, Jan
1988.

(301) United Nations Environmental Program. GESAMP: arsenic mercury
and selenium in the marine environment. UNEP Regional Seas
Reports and Studies No. 92; UNEP: Nairobi, 1988.

(302) Phillips, D. J. H. Aquatic Toxicol. 1990, 16, 151.

(303) Cuitter, G. A.; Cutter, L. S. Mar. Chem. 1995, 49, 295.

(304) Fancesconi, K. A.; Edmonds, J. S. Oceanogr. Mar. Biol. Ann. Rev.
1993, 31, 111.

(305) Neff, M. N. Environ. Toxicol. Chem. 1997, 16, 917.

(306) International Council for the Exploration of the Sea Report of the
Marine Chemistry Working Group (MCWG), Annex 4, Review of
Arsenic in the Marine Environment, Nantes, France, Mar 15—19,
2004.

(307) Gillette, L. A.; Miller, D. L.; Redman, H. E. Sewage Ind. Wastes
1952, 24, 1397.

(308) Andow, W. P.; Karnovsky, D. A.; Jager, B. V.; Smith, H. W.
J. Pharmacol. Exptl. Ther. 1947, 91, 224.

(309) Epstein, J. Public Health Rep. 1956, 71, 955.

(310) Verschueren, K. Handbook of Environmental Data on Organic
Chemicals, 3rd ed.; Van Nostrand Reinhold Co.: New Y ork, 1996.

(311) Green, C. C.; Lochmann, S. E.; Straus, D. L. J. Toxicol. Environ.
Health, Part A 2005, 68, 141.

(312) Williams, R. T.; Miller, W. R.; MacGillivray, A. R. Environmental
Fate and Effects of Tributyl Phosphate and Methyl Phosphonic Acid.
CRDEC-CR-87103; U.S. Army Armament Munitions Chemical
Command, Chemical Research, Development and Engineering
Center: Aberdeen Proving Ground, MD, 1987; NTIS accession no.
AD-A184 959/5.

(313) Aulerich, R. J.; Coleman, T. H.; Polin, D.; Ringer, R. K.,, ; Howell,
K. S.; Jones, R. E.; Kavanagh, T. J. Toxicology Study of Diisopropyl
Methylphosphonate and Dicyclopentadiene in Mallard Ducks, Bob-
white Quail and Mink; Michigan State University: East Lansing, Ml,
1979; NTIS accession no. AD-A087-257/2.

(314) Van Voris, P.; Catado, D. A.; Ligotke. M. W.; Fredrickson, J. K.;
Li, S-M. W.; Crecellus, E. A.; Hardy, J. T.; Fellows, R. J.; Wentsel,
R. S. Acute Environmental Toxicity and Persistence of Selected
Chemical Agent Simulants: Diisopropy! fluorophosphate (DFP) and
Diisopropyl Methylphosphonate (DIMP); Chemical Research De-
velopment & Engineering Center: Aberdeen Proving Ground, MD,
1987; NTIS accession no. AD-A181 309.

(315) Bentley, R. E.; LeBlanc, G. A.; Hallister, T. A.; Sleight, B. H. Acute
Toxicity of Diisopropylmethyl Phosphonate and Dicyclopentadiene
to Aquatic Organisms; EG& G Bionomics: Wareham, MA, 1976.

(316) O'Donovan, P. A.; Woodward, J. E. Investigation of the Soil
Translocation and Phytotoxicity of DIMP and DCPD; Aerojet
Ordnance Co.: Downey, CA, 1977; NTIS accession no. AD-A058790.

(317) Williams, M.; Wong, D.; Bittner, P.; Rhodes, S. Toxicological Profile
for Diisopropyl Methylphosphonate; U.S. Department of Health and
Human Services, Agency for Toxic Substances and Disease Registry:
Atlanta, GA, Aug 1998.

(318) Weimer, J. T.; Owens, E. J.; Samuel, J. B.; Olsson, J. S;; Merkey,
R. P. Toxicity of VX and GD in aquatic animals indigenous to the
Carroll 1sland test area water. Tech Rpt No 4441; U.S. Department
of Army: Edgewood Arsenal, MD, 1970.

(319) Asano, T.; LeNoble, W. J. Chem. Rev. 1978, 78, 407.

(320) Korotenko, K. A. Oceanology 2003, 43, 16.

(321) MEDEA Ocean Dumping of Chemical Munitions: Environmental
Effects in Arctic Seas, McLean, VA, May 1997.

CRO780098





