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PREFACE

In this third edition of the book all the
chapters of the last edition were fully re-
viewed. Some new chapters have been added
into this edition. In the Part A of this
book two new chapters have been incorpo-
rated. These topics are “Chemical Warfare
Agents” and “Biological Warfare Agents and
Bioterrorism”. In these two chapters vari-
ous chemical and biological agents including
incendiaries, obscurants, sulfur and nitrogen
mustards, lacrimators, bacteria, viruses and
toxins that are known or potential weapons
of warfare or terrorism are highlighted. These
chapters are included in this book because
of the public interest on these topics at the
moment and as per suggestions I received
from many readers.

In the Appendices section, the lists of
carcinogenic agents, classified by the Inter-
national Agency on Research on Cancer is
updated to 2006. Also the US National Tox-
icological Program’s list of cancer-causing
agents as per their 11" edition (2004) is pre-
sented in a separate Appendix. Under the
appendix titled Federal Regulations, a sub-
section has been added listing the “priority
pollutants” as classified by the US Environ-
mental Protection Agency for the benefits of
those readers in environmental toxicology.

In the Part B of this text several new
entries have been inducted. Many com-
pounds are entered in the tables under mis-
cellaneous substances in several chapters.
Molybdenum has been added as a subchap-
ter into Metals, Toxic. A number of chapters
of the last edition have been fully revised in
this edition. Notable among them are, Nerve
Gases; Dioxin and Related Compounds;
Metals, Toxic; Pesticides, Organochlorine-,
Organophosphorus-, Carbamates-, and Chlo-
rophenoxy Acids-; Amines, Aromatic; Iso-
cyanates, Organic; Halogenated Hydrocar-
bons; Hydrocarbons, Aromatics; Asbestos;
Nitriles; and Nitrosoamines and a number of
individual compounds such as Napalm. Prac-
tically all the entries of the previous edition
have been retained in this edition. All revi-
sions have been updated wherever possible
to the year 2006.

I will greatly appreciate it and gracefully
acknowledge for any thoughtful suggestions
and comments from the readers for any
further improvement of this book.

Pradyot Patnaik
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PREFACE TO THE FIRST EDITION

The subject of hazardous properties of chem-
ical compounds constitutes a very wide area
which includes topics of wide diversity rang-
ing from toxicology and explosivity of a
compound to its disposal or exposure limits
in air. In fact, each of these topics can form
a subject for a book on its own merits. There
are several well-documented books on these
topics. However, most of these works show
important limitations. The objectives of this
book, therefore, are (1) to present informa-
tion on many aspects of hazardous properties
of chemical substances, covering the research
literature up to 1991, and (2) to correlate the
hazardous properties of compounds to the
functional groups, reactive sites, and other
structural features in the molecules; and thus
to predict or assess the hazards of a com-
pound from its structure when there is lack
of experimental data.

The hazardous properties are classified
under two broad headings: health hazard
and fire and explosion hazard. The for-
mer includes toxicity, corrosivity, carcino-
genicity, mutagenicity, reproductive toxicity,
and exposure limits. Flammability, violent
and explosive reactions, incompatibility, and
fire-extinguishing agents are discussed at
length under fire and explosion hazard.
In addition, information is provided on
physical properties, uses, storage, handling,
disposal/destruction, and chemical analyses.
These are presented in 46 Chapters cover-
ing organics, metals and inorganics, indus-
trial solvents, common gases, particulates,
explosives, and radioactive substances. All

the Chapters except those on azo dyes, indus-
trial solvents, common toxic and flammable
gases, particulates, and RCRA and priority
pollutant metals are arranged in accordance
with their structures and reactive functional
groups. In other words, substances of same
families are grouped together. A general dis-
cussion on the chemistry, toxicity, flamma-
bility, and chemical analysis is presented
for each class of substances. Individual
compounds of moderate to severe hazard
and/or commercial importance are discussed
in detail. Relationship of structures with haz-
ardous properties are highlighted.

Individual compounds in each class of sub-
stance are discussed in most Chapters under
the following features: formula; molecular
weight; CAS registry number; EPA (RCRA)
and DOT status; structure; synonyms; uses
and exposure risk; physical properties, includ-
ing color, odor, melting and boiling points,
density (mg/L), solubility, and pH (if acidic
or alkaline); health hazard, which includes
toxic, corrosive, carcinogenic, and teratogenic
properties; exposure limits set by ACGIH,
OSHA, MSHA, and NIOSH; fire and explo-
sion hazard, which includes flammability
data, fire-extinguishing agents, and explo-
sive reactions; storage and shipping; dis-
posal/destruction, including laboratory meth-
ods for destruction and biodegradation; and
chemical analyses, which include general
instrumental techniques as well as specific
analysis of compounds in water, soils, sedi-
ments, solid wastes, and air, and biological
monitoring. Deviations from the foregoing
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format are noted in many Chapters for less
hazardous substances or for lack of infor-
mation. Also if the methods or procedures
are similar, a detailed discussion is presented
only for a few of the prototype compounds.
The topics that are reviewed in greater detail
are toxicological properties, violent reactions
and explosive products, biodegradation, and
chemical analysis of more hazardous sub-
stances.

This book is divided into two major parts.
Part B presents a comprehensive discussion

of individual substances and classes of sub-
stances, Part A highlights the four primary
hazardous properties: toxicity, carcinogenic-
ity, flammability, and explosive character-
istics of chemical substances. The salient
features of various federal regulations for the
protection of human health and the environ-
ment are discussed in brief in Part A.

It is hoped that this book serves its pur-
pose. Any comments, criticism, or sugges-
tions from readers for further improvement
of the book will be greatly appreciated.
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INTRODUCTION

The term hazardous properties may be
broadly classified into two principal cate-
gories: namely (1) toxicity, and (2) flamma-
bility and explosivity. Practically, all chemical
substances manifest hazardous properties in
one way or another, depending on the quan-
tities involved, system conditions, and the
nature of the surrounding. The term foxicity
refers to substances that produce poisoning or
adverse health effects upon acute or chronic
exposure. The term may be expanded to
include mutagenicity and carcinogenic poten-
tial; teratogenicity, including reproductivity
and developmental toxicity; and corrosivity
or irritant actions. The toxic properties of
compounds may be correlated with the struc-
tures and reactive sites in the molecules,
although such a classification has obvious
limitations. The presence of certain func-
tional group(s) or the possession of certain
types of structural features tends to make the
molecules highly toxic. Thus, both a cyanide
ion (CN7) or phosphate ester linkage (as in
many organophosphorus insecticides) impart
a high degree of toxicity, but of different
types. The toxicity of chemical substances

depend on a variety of factors, including
the electrophilic nature of the substances,
steric hindrance in the molecules, adduct
formations, and metabolic activations—a
host of chemical and biochemical reactions
ranging from simple oxidation or hydrol-
ysis to highly complex enzyme inhibition
reactions. Certain physical properties of sub-
stances also have a significant effect on the
toxic actions. These include water and lipid
solubility, boiling point, and vapor pressure.
Substances of low molecular weights have
vapor pressures and water solubilities greater
than those of high-molecular-weight com-
pounds in the same family. Such substances
would therefore present a greater risk of
pollution of air and inhalation hazard con-
tamination of water, respectively. Many lipid-
soluble substances, such as dichlorodiphenyl
trichloroethane (DDT) and polychlorinated
biphenyl (PCBs), are stored in the body tissues
and are not excreted readily.

Animal data on the median lethal dose
(LDsp) by various routes of administration,
as well as the median lethal concentration
(LCsp) by the inhalation route, are good
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4 INTRODUCTION

indicators of the degree of toxicity of a sub-
stance. Such terms as extremely toxic, highly
toxic, moderately toxic, and low or very low
toxicity are often used for comparative pur-
poses. These terms are also used to refer to
the degree of toxicity of a compound. In this
book, substances that exhibit acute oral LDs5
values of <100 mg/kg in rats or mice are
termed highly toxic compounds. Those that
have LDsy values of 100-500 mg/kg and
>500 mg/kg are termed moderate and low
toxicants, respectively. For inhalation toxic-
ity, LCsq values of <100 ppm, 100—500 ppm,
and >500 ppm for a 4-hour exposure period
in rats or mice refer roughly to high, mod-
erate, and low toxicities, respectively. Sub-
stances having LDsy values of <10 mg/kg
or LCsy values of <10 ppm may be consid-
ered extremely toxic. The use of such terms
is very qualitative and often does not reflect
human toxicity. This is because the (LDsg)
of a substance in one species may be quite
different in another species, and entirely dif-
ferent in humans. Also, chronic toxicity is
not taken into consideration.

In recent years there has been a notable
increase in research on structure—activity
relationships (SARs), also called quantitative
structure—activity relationships (QSARs),
used to assess the toxicity of substances
for which there are few experimental data.
This approach involves establishing mathe-
matical relationships derived from computer
modeling, based on known toxicity data of
similar (or dissimilar) types of compounds,
octanol—water partition coefficients, molar
connectivity index values, and other para-
meters. A detailed discussion on this subject
is beyond the scope of this book.

The flammable properties of substances in
air include their flash point, vapor pressure,
autoignition temperatures, and flammability
range (i.e., their lower and upper explo-
sive limits). Liquids that have a flash point
of <100°F (37.8°C) are termed flammable,
whereas liquids that have a flash point of
100-200°F (37.8-93.3°C) are termed com-
bustible. These terms are explained in detail

in Section IX of Part A. Many substances in
their solid state at the ambient temperature
are flammable too. They ignite sponta-
neously in air. Flammability and explosiv-
ity are very closely related terms. A violent
reaction that produces flame or becomes
incandescent can cause an explosion under
more severe conditions. Similarly, many
chemical explosions are accompanied by
flame. Thus, the fire and explosion haz-
ards of chemical compounds are closely
linked. A violent reaction between two
compounds depends on the energetics of
the reaction and the thermodynamic prop-
erties of the reactants. Many classes of
chemicals, including peroxides, ozonides,
azides, acetylides, nitrides, and fulminates,
undergo violent explosive reactions. By con-
trast, polynitroorganics detonate on heating,
impact, or percussion. Another type of vio-
lent reaction involves the combining of fairly
stable molecules, producing highly unsta-
ble or shock-sensitive products. Common
examples include the reaction between nitric
acid and glycerol and that between ethy-
lene and ozone. It may be noted that
strong oxidizers react violently with organ-
ics and other oxidizable substances. This
subject is discussed further throughout the
book.

Hazardous substances can be disposed of
in an approved landfill disposal site, although
such disposal of highly toxic compounds
can lead to groundwater contamination.
Incineration in a chemical incinerator
equipped with an afterburner and scrubber
is a widely used practice for the destruction
of toxic wastes. Biodegradation of toxic
compounds to nontoxic products in soils,
waters, treatment plants, and bioreactors has
become the subject of in-depth investigation
in recent years. Other processes that are used
include treatment with molten metals, wet
oxidation, ultraviolet (UV) light-catalyzed
oxidation using hydrogen peroxide or ozone,
wet oxidation of carcinogenic amines with
potassium permanganate, photodegradation,
catalytic oxidation, and dechlorination or



desulfurization. Many hazardous substances
in small quantities can be destroyed in the
laboratory by carefully treating them with
various types of substances to produce stable
and nontoxic end products.

Chemical analysis of hazardous sub-
stances in air, water, soil, sediment, or solid
waste can best be performed by instrumen-
tal techniques involving gas chromatography
(GC), high-performance liquid chromatogra-
phy (HPLC), GC/mass spectrometry (MS),
Fourier transform infrared spectroscopy
(FTIR), and atomic absorption spectropho-
tometry (AA) (for the metals). GC tech-
niques using a flame ionization detector
(FID) or electron-capture detector (ECD)
are widely used. Other detectors can be
used for specific analyses. However, for
unknown substances, identification by GC is
extremely difficult. The number of pollutants
listed by the U.S. Environmental Protection
Agency (EPA) are only in the hundreds —in
comparison with the thousands of harmful
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pollutants that may be present in the
environment. GC/MS is the best instrumen-
tal technique for compound identification.
FTIR and GC-FTIR techniques are equally
effective and have been described for the
analysis of many pollutants. HPLC analy-
ses are very common for biological moni-
toring, as well as for several types of air
and water analysis. Colorimetric, polaro-
graphic, and ion-selective electrode meth-
ods have been described for many individual
compounds or types of compounds. X-ray
diffraction and electron microscopy tech-
niques may be applied for the determina-
tion of silica, asbestos, and other particu-
lates. Metals analysis is best performed by
AA. Aqueous samples are extracted using
a suitable solvent. In the case of air anal-
ysis, the pollutants are adsorbed over char-
coal, Tenax, or silica gel (depending on the
nature of the substance) before analysis. Par-
ticulate material is collected using suitable
membrane filters.



GLOSSARY

GENERAL ABBREVIATIONS

ACGIH American Conference of Govern-
mental Industrial Hygienists

ACS American Chemical Society
At. no.
At. wt.
bp Boiling point

CAS Chemical Abstracts Service

EPA Environmental Protection Agency

Atomic number

Atomic weight

IARC International Agency for Research
on Cancer

MCA Manufacturing Chemists’ Associa-
tion

mp Melting point

MSHA Marine Safety and Health Admin-
istration

MW  Molecular weight

NFPA National Fire Protection Associa-
tion

NIOSH National Institute for Occupational
Safety and Health

NRC National Research Council

OSHA Occupational Safety and Health
Administration

RCRA Resource Conservation and Recov-
ery Act

RTECS Registry of Toxic Effects of Chemi-
cal Substances (five-volume NIOSH com-
pilation listing the toxicity data of more
than 80,000 compounds; no longer pub-
lished in book format, only available in
CD-ROM)

STP Standard Temperature and Pressure

GLOSSARY OF TERMS IN TOXICITY
AND FLAMMABILITY

IDLH Immediately dangerous to life or
health (term used for the purpose of respi-
ratory selection; maximum concentration
from which in the event of respirator fail-
ure one could escape within 30 minutes
without experiencing irreversible health
effects)

LCs9 Median lethal concentration 50 (cal-
culated concentration of a chemical in air,
exposure to which can cause the death of
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50% of experimental animals in a specified
period of time)

LDsy Median lethal dose 50 (calculated
dose of a chemical that is expected to
cause the death of 50% of experimental
animals when administered by any route
other than inhalation)

LEL Lower explosive limit (in air) (also
known as lower flammable limit; see
Section IX of Part A)

SADT Self-accelerating
temperature

decomposition

STEL Short-term exposure limit (maxi-
mum concentration of a substance in air
to which workers can be exposed for
15 minutes for four exposure periods per
day with at least 60 minutes between
exposure periods)

TLV Threshold limit values (concentration
of a substance in air to which workers can
be exposed without adverse effect)

TWA Time-weighted average (8-hour work
period per day or 40-hour work period per
week)

UEL Upper explosive limit (in air) (also
known as upper flammable limit; see
Section IX of Part A)

UNITS AND CONVERSION

°C centigrade or Celsius (unit of tempera-
ture)

density defined as mass per unit volume;
the values given for liquids in this book
are g/mL (unit omitted)

°F Fahrenheit (unit of temperature)

kg 1 kilogram (1000 g or 1,000,000 mg)

3 cubic meter [1000 (L) or

1,000,000 milliliters (mL)]

mg milligram [0.001 gram (g) or 1000
micrograms (ug)]

m liters

millimole 0.001 mole

mL milliliter [0.001 liter or 1000 micro-
liters (uL)]

mol molecular weight expressed in grams
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mppcf millions of particles per cubic foot
(of air) (mppcf x 35.3 = million particles
per cubic meter = particles per cubic
centimeter)

ng nanogram [0.001 pg or 1000 picograms
(pg)]

nm nanometer (common unit for absor-
bance used in spectroscopy)

pH term used to refer to acidity or alka-
linity of a solution; pH value less than 7
is acidic, above 7 is alkaline, and at 7
is neutral; = —log[H30™] or [H307] =
antilog(—pH) [where [H30"] is the con-
centration of hydrogen ion (or hydronium
ion) in the solution]

ppb parts per billion (1 ppb = 0.001 ppm)

ppm parts per million (1 ppm = 0.0001%
or 1000 ppb)

torr unit of pressure (1 torr =1 mm of
mercury; 1 atm = 760 torr)

pg microgram [0.001 mg or 1000 nano-
grams (ng)]

pum  micrometer (0.001 meter)
Conversion of degrees Fahrenheit (F) to

degrees Celsius (C), and vice versa:

S5F — 160

C=——
9

9C + 160

F:%

Conversion of ppm concentration of gas
or vapor in air to mg/m?, and vice versa:

MW 3 .
Ippm = —— mg/m” at 25°C and 1 atm
24.46

5 2446 .
Img/m°® = MW ppm at 25°C and 1 atm

where MW represents molecular weight.
For example, a concentration of 200 ppm
methanol in air at 25°C is equal to

200 x 32

= 261.6 mg/m* methanol
24.46

[The molecular weight of methanol (CH3OH)
is 32.]
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The ppm concentration in air to mg/m?,
and vice versa, at any temperature x(°C)
may be calculated from the following
relationship:

MW x 298 3
= ———————— mg/m

24.46(273 + x)

24.46(273 + x)
Ilmg= ——7—-—-

MW x 298

1 ppm

For example, a concentration of 200 ppm of
methanol in air at 10°C is equal to

200 x 32 x 298

T — 2755 mg/m’
24.46(273 + 10)

GLOSSARY OF TERMS IN
INSTRUMENTATION AND ANALYSIS

AA Atomic absorption spectrophotometry
(technique commonly used for metals
analysis)

ECD Electron-capture detector [used in
GC primarily to analyze halogenated
organics such as chlorinated pesticides and
polychlorinated biphenyls (PCBs)]

FID Flame ionization detector (used in
GC for general organics analysis; aqueous
samples may be analyzed directly)

FPD Flame photometric detector (used
in GC primarily to analyze the sulfur-
containing organics)

FTIR Fourier transform infrared spec-
troscopy (technique useful in identifying
and analyzing various unknown com-
pounds, such as environmental pollutants)

GC Gas chromatography (most commonly
used analytical technique for organics)

GC/MS Gas chromatography/mass spec-
trometry (technique based on chromato-
graphic separation, followed by chemical
or electron-impact ionization and identifi-
cation of the mass spectra of the ionized
fragments)

HECD Hall electrolytic conductivity detec-
tor (used in GC to analyze halogenated
organics: generally, volatile organics)

HPLC High-performance liquid chromato-
graphy (used in a wide variety of
applications in pharmaceutical and toxico-
logical analysis)

ICP Inductively coupled plasma emission
spectrophotometry (technique applied for
simultaneous determination of several
metals)

IR Infrared (spectroscopy)
MSD
NMR Nuclear magnetic resonance

Mass selective detector

NPD Nitrogen—phosphorus detector (used
in GC to analyze nitrogen- and phos-
phorus-containing organics)

ODS Octadecylsilane (silica-based C;g col-
umn used in HPLC analysis)

PID Photoionization detector (used in GC
to analyze many common organics: gener-
ally, mononuclear aromatics)

SEM Scanning electron microscopy (used
in the determination of asbestos, silica,
and other particulates, and as a tool in
toxicological studies)

SIM Selective ion monitoring [technique
used to look for specific ion(s) so as to
identify compounds of interest]

TCD Thermal conductivity detector (used
in GC primarily to analyze common gases
such as methane and CO,)

TEM Transmittance electron microscopy
(used in the determination of asbestos,
silica, and other particulates, and as a tool
in toxicological studies)

TLC Thin-layer chromatography
UV Ultraviolet (spectroscopy)

XRD X-ray diffraction spectroscopy (used
in the determination of asbestos, silica, and
other particulates, and to analyze metals
and study structures of crystals)

XRF X-ray fluorescence spectroscopy
(used in the determination of asbestos,
silica, and other particulates, and to ana-
lyze metals and study structures of
crystals)



PHYSICAL PROPERTIES OF
COMPOUNDS AND HAZARDOUS
CHARACTERISTICS

Certain physical properties of a substance
determine its hazard and the risk of
human exposure. For example, solubility
of a substance in water or lipid can
indicate whether the water-soluble toxic
metabolite is susceptible to excrete out
from the body or a high lipid soluble
substance would be retained in the body fat.
Similarly, water solubility of a compound
should be a decisive factor in extinguishing
a fire, or diluting or cleaning up a spill.
Also, the fate of a pollutant in the
biosphere or troposphere greatly depends
on certain physical properties. The risk of
exposure also significantly depends on the
volatility (vapor pressure) of the compound
and its vapor density. Odor is another
physical property of great significance. Many
hazardous substances such as hydrogen
sulfide or ammonia can be readily identified
from their odor. Some of the physical
properties that may be applied to evaluate
the risk of hazard are discussed below. Also,
some calculations and solved problems are
illustrated in the following discussion to
show their applications and conversions.

llLA VAPOR PRESSURE

Many hazardous substances, whether toxic or
flammable, or both, are liquids under ambient
conditions. Inhalation toxicity and the level
of exposure to such liquid substances may
depend on their volatility. The more volatile
a substance, the greater the risk of exposure
of inhaling its vapors. Similarly, the vapors of
many flammable substances form explosive
mixtures with air. Therefore, knowledge on
volatility of a substance is essential to assess
its fire, explosion, and toxic hazard and the risk
of exposures, especially in confined places.

The volatility of a substance can be
assessed from its vapor pressure and boiling
point. The latter is defined as the tempera-
ture at which the vapor pressure of a liquid is
equal to the atmospheric pressure. At any tem-
perature, including ambient conditions, any
liquid will have some kind of vapor pressure.
Such vapor pressure is related to the tempera-
ture and the intermolecular forces. The higher
the temperature, the higher the vapor pres-
sure. Similarly, the weaker the intermolecular
forces, the higher the vapor pressure.

A Comprehensive Guide to the Hazardous Properties of Chemical Substances, by Pradyot Patnaik
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Often, the experimental data in the liter-
ature on the vapor pressure of a liquid may
be found at a temperature higher than that at
ambient condition. Or, we may need to know
the vapor pressure of a liquid at an elevated
temperature, say, that of a closed confined
space. The relationship between the vapor
pressure and temperature can be mathemati-
cally expressed in the following equation:

np o~ (1)
nP=—|[—
R T

where InP is the natural logarithm of the
vapor pressure P; AH,,, is the heat of
vaporization of the liquid (heat required to
vaporize a mole of molecules in the liquid
state); 7 is the temperature in K; R is
the universal gas constant (8.31 J/mol-K);
and C is a constant. This is known as the
Clausius—Clapeyron equation.

A two-point version of the above equation
may be written as follows to determine the
vapor pressure, boiling point, or heat of
vaporization nongraphically:

WFr_ AHw (11
n—=———_———
P R T, T,

where P; and P, are the vapor pressures of
a liquid at temperatures 7 and T, respec-
tively. AH,, values may be found in most
chemical data handbooks. If AH ., is known
and the vapor pressure of a substance is
known at one temperature, we can calcu-
late the vapor pressure at any other tempera-
ture. Similarly, from the vapor pressure and
AH y, we can calculate the boiling point
of the substance. Two solved problems are
illustrated below:

Problem 1. The vapor pressure of 2-bromo-
propane is 400 torr at 41.5°C (106°F).
What would be its vapor pressure at 15°C
(59°F)? The heat of vaporization, AH y,, is
31.76 kJ/mol.

o P2 _ —AHy < 11 )

n—=———|-———
P R T, T,
T, =273+41.5=3145K

T,=273+15=285K
AH p = 31.76 kJ/mol

P; =400 torr

P> =7 (to be determined)

R =8.31 J/mol-K

| P, 31.76 x 10° J/mol
n = (-
400 torr 8.31 J/mol-K

1 1
x (285 K~ 3145 K)
= —3.824x10°x0.33x1073

P
In—2 = —1.262
400 torr

In P, —1n400 = —1.262
InP, =599 —1.262 = 4.729
P, =113.2 torr

(Use a calculator to determine the ¢* of the
given natural logarithm, to obtain the num-
ber. Here, ¢* of 4.729 is 113.2.) Therefore,
the vapor pressure of 2-bromopropane at
15°C (59°F) is 113.2 torr.

Problem 2. Determine the boiling point of
2-bromopropane from the above data. We
know that the boiling point of a substance is
the temperature at which its vapor pressure
is 760 torr (i.e., the vapor pressure is
equal to the atmospheric pressure). We
can now use the same Clausius—Clapeyron
equation, where P, is 760 torr and T, the
boiling point. Thus,

. 760 torr 31.78 x 10% J/mol
n = (-
400 torr 8.31 J/mol - K

1 1
N
T, 3145K
0.642 = (—3.824 x 10%)

! (3.18 x 107%)

X |— — . X -

T,

3.824 x 10
2

—11.518 T, = —3.824 x 10° K
T, =332K

0.642 = — +12.16



or
T, =332 K—273 =59°C (138°F)

Thus, the boiling point of 2-bromopropane
should theoretically be equal to 59°C (138°F).
The actual boiling point determined exper-
imentally is 60°C (140°F), which agrees
very closely with the above calculation.

lll.B VAPOR DENSITY

It is often necessary to know whether the
vapors of a hazardous substance is heavier
than air. For example, vapors of a flammable
liquid, such as, diethyl ether are heavier than
air and can present a “flashback” fire hazard.
Being heavier than air, they remain longer
near their sources and do not dissipate up or
vent out readily into the air. Also, this may
present a relatively high-level exposure and
occupational health problem.

It may be noted that the vapor density is
different from the gas density. While the lat-
ter is defined as the mass of a gas per unit
volume, usually expressed as grams per liter
(g/L) at a specific temperature, the vapor den-
sity simply indicates how many times the
vapor of a substance is heavier than air. It
does not have a unit and is written as a num-
ber followed by “air = 1” in parentheses.

It is calculated by dividing the molar
mass of the substance with that of air. Since
air is a homogeneous mixture of 78% N,
and 20% O, its theoretical molar mass is
equivalent to:

28 g N, 0.78 mol N,
X
1 mol N, 1 mol air

(32 g0, 0.20 mol O,

X . ) =29 g/mol
1 mol O, 1 mol air

Thus, to determine the vapor density of a
compound, we divide its formula weight by
29, as in the following example:

Problem 1. Determine the vapor density of
(i) diethyl ether and (ii) hydrogen cyanide.

(i) The molecular formula of diethyl
ether is (C,Hs),0, and its formula
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weight is 74. Thus, the vapor
density = (74/29) = 2.55. That is,
the vapor density 2.55 (air = 1)
(ii) The formula weight for hydrogen
cyanide, HCN is 27. Thus, the vapor
density = (27/29) = 0.93. That is,
the vapor density is 0.93 (air = 1).

ll.C SOLUBILITY

Solubility of a substance in water and
other solvents is a very important physi-
cal property in toxicity studies. The fate
of a pollutant, its oxidation, hydrolysis,
biodegradation, groundwater contamination,
and overall persistence in the environment
depend on the water solubility. Similarly,
water solubility is a major criterion for the
use of water to extinguish fire from a sub-
stance or dilute its spill.

In general, polar substances are soluble in
water, while the nonpolar compounds are sol-
uble in nonpolar solvents. Among the inor-
ganic substances, the solubility depends on
the degree of ionic bonding. All chlorides,
nitrates, alkali metals, and ammonium salts
are completely soluble in water. Most alka-
line metal salts are also water soluble. Every
substance is soluble to some extent. Even
the so-called insoluble salt may exhibit slight
solubility at the ppm level. The solubility of a
salt in water may be readily calculated from
its solubility product constant (Kgp) value.
The higher the Kgp, the greater the solubil-
ity. The Kgsp for salts may be found in any
standard handbook of chemistry.

The following solved problems show how
to calculate solubility of any inorganic salt in
water:

Problem 1. The Kgp for silver chromate
is 2.6 x 1072 at 25°C (77°F). Calculate
its solubility in water. First, we write the
dissociation equation:

Ag,CrO4(S) = 2Ag" (aq) + CrO; ™ (aq)

Setting up the reaction table with § =
molar solubility:
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Concn (M)  Ag,CrO4u(s) — 2Agt(aq) + CrOﬁf (aq)
Initial — 0 0
Change — +2S +S
Equilibrium — 2S S

Substituting into Kgp and solving for S:

Ksp = [AgTP[CrO3 ] = (25)* x § = 4S°
=2.6x 107"

1[2.6 x 10712 »
§=\| =5 =866 x 10

Thus, the molar solubility of silver chro-
mate in water at 25°C (77°F) is 8.66 x
10~ mol/L.

Problem 2. Express the above solubility as
g/L, mg/L, % and ppm.

8.66 x 10> mol
Ag, CrO, 331.8 g Ag, CrO4

L 1 mol Ag, CrO,

=2.87 x 1072 or 0.0287 g Ag, CrO,/L
_ 0.0287 g Ag,CrOq4 y 1000 mg

L lg
= 28.7 mg Ag,CrO,/L

As we know, 1L solution is equal to
1000 g (since the density of the aqueous
solution is almost 1.00 g/mL). Therefore,
on a (W/W) percentage scale, we should
know how many grams of the salt will
dissolve in 100 g (or 100 mL) solution.
Thus, 0.0287 g Ag,CrO4 per 100-g solu-
tion. Therefore, the solubility = 0.00287%.
Since mg/L is the same as ppm, there-
fore, the solubility of Ag,CrOy4 in water is
28.7 ppm.

The solubility of an organic compound
in water depends on the polarity and the
size (diameter) of the molecule. Lower-
molecular-weight alcohols, aldehydes, keto-
nes, carboxylic acids, aliphatic amines,
amides, nitriles, and many other functional
groups dissolve in water. The solubility,

however, decreases with an increase in
the carbon chain length. The addition of
double and triple bonds to the molecule
increases the water solubility. Also, ring
formation for a given carbon number
increases the solubility. For alkanes, alkenes,
and alkynes, types of hydrocarbons (all of
which have very low solubility in water)
branching increases the solubility; while
for aromatics and cycloalkanes, there is no
effect from branching. All hydrocarbons are
almost insoluble in water. These substances,
however, are soluble in nonpolar solvents,
such as carbon tetrachloride or hexane.

ll.LD OCTANOL/WATER PARTITION
COEFFICIENT

Toxicity of many substances, their biologi-
cal uptake and lipophilic storage in the body,
their bioconcentrations (movements through
the food chain resulting in higher concentra-
tions), and so forth, as well as their fate in
the environment can be predicted from their
octanol/water partition coefficients, Poc;.

The partition or distribution coefficient of
a substance is the ratio of its solubility in two
immiscible solvents. It is a constant without
dimensions, and depends on the temperature
and pressure. Thus,

Cocta.nol

Poet = C
water

where Coctanol and Ciyaeer are the equilibrium
concentrations of the dissolved substance in
octanol and water, respectively. The loga-
rithm of the partition coefficient to the base
10 (log Poet) is generally used in all calcula-
tions.



Many studies have shown that the biocon-
centrations or bioaccumulations of several
substances in marine species follow linear
relationships with their partition coefficients.
The term bioconcentration refers to the ratio
of the concentration of the substance between
the muscle of the species and the surround-
ing water. Equations have been proposed to
predict such bioconcentrations of many toxi-
cants in fishes and other marine species. Such
equations relate to log P, and are in good
agreement with experimental measurements.
One such equation to predict the bioconcen-
tration of a chemical in trout muscle is

log By = 0.5421og Py + 0.124

where By is the bioconcentration factor.

The partition coefficient P, for any sub-
stance can be either experimentally measured
or theoretically calculated, using the follow-
ing equation:

log Py = alog Pyt + b

where a and b are constants that have specific
values for a specific compound. The P-values
for many compounds have been experimen-
tally determined and can be found in the
literature. Further discussion on the subject
is beyond the scope of this text.

lILE ODOR

Odor is probably the most sensitive of the
human perceptory organs. Many chemicals
can be identified at trace levels from their
odor. Odor may serve as an indicator to warn
of the presence of highly odorous hazardous
substances. However, not all hazardous sub-
stances have strong, distinct odors. Also, not
all chemicals that have strong odors are haz-
ardous. Nevertheless, it is an immediate first-
hand indicator to identify the presence of
certain hazardous substances in many dan-
gerous situations, such as spillage, gas
cylinder leak, or fire.

Odors have been quantified in several
different ways. The major definitions are
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(1) threshold odor concentration (TOC),
(2) odor recognition threshold, (3) threshold
odor number (TON) and (4) odor index (OI).
These terms are briefly explained below.

The TOC may be defined as the abso-
lute perception threshold (at which the odor
is barely identifiable, but too faint); while
the recognition threshold (100%) means the
threshold concentration of the odorant whose
odor may be defined (or accepted) by 100%
odor panel as being representative odor of the
substance being studied. By contrast, when
50% odor panel define the odor that is rep-
resentative of the substance, then the above
term becomes “50% recognition threshold”.

The TON is the number of times a given
volume of the gaseous sample is to be diluted
in clean air to bring it to the threshold
odor level determined by 50% of a panel of
observers. Its intensity is expressed in odor
units.

The OI, is the ratio of vapor pressure to
100% odor recognition threshold. Both the
terms, that is, the vapor pressure and the odor
recognition threshold, are expressed in ppm.
Therefore, the OI becomes a dimensionless
term.

vapor pressure (ppm)

100% odor recognition
threshold (ppm)

Ol =

where 1 atm = 1,000,000 ppm or 1 torr (or
I mm Hg) = 1316 ppm.

Calculation of OI is shown in the follow-
ing solved example.

Example. The vapor pressure of a volatile
liquid at ambient temperature is 38 torr. Its
odor recognition threshold as determined
by 100% panel of observers is 200 ppb.
Determine the OI of this substance.

atm
760 torr

Vapor pressure = 38 torr x

y 1,000,000 ppm
1 atm

Odor recognition threshold (100%)
1 ppm

—200 ppb x PP _
PPY 1000 ppb ppm

= 50,000 ppm
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TABLE lll.1 Odor Recognition Concentration and Odor Index of Selected

Compounds
Odor Recognition
Compound/Class Concentration (100%)»® Odor Index©
Amines
Methylamine 3 ppm 940,000
Ethylamine 0.8 ppm 1,450,000
Isopropylamine 1 ppm 640,000
n-Butylamine 0.3 ppm 400,000
Dimethylamine 6 ppm 280,000
Diethylamine 0.3 ppm 880,000
Diisopropylamine 0.8 ppm 110,000
Dibutylamine 0.5 ppm 5,500
Trimethylamine 4 ppm 490,000
Triethylamine 0.3 ppm 235,000
Ethanolamine 5 ppm 130
Ammonia 55 ppm 167,000
Acids, Carboxylic
Formic acid 20 ppm 2,200
Acetic acid 2 ppm 15,000
Propionic acid 40 ppb 110,000
Butyric acid 20 ppb 50,000
Valeric acid 0.8 ppb 260,000
Alcohols
Methanol 6000 ppm 22
Ethanol 6000 ppm 11
1-Propanol 45 ppm 480
2-Propanol 45 ppm 480
1-Butanol 5000 ppm 120
Pentanol 10 ppm 370
Octanol 2 ppb 33,000
Aldehydes
Formaldehyde 1 ppm 5,000,000
Acetaldehyde 0.3 ppm 4,300,000
Propionaldehyde 0.08 ppm 3,900,000
Acrolein 20 ppm 19,000
Butyraldehyde 40 ppb 2,400,000
Isobutyraldehyde 300 ppb 950,000
Crotonaldehyde 200 ppb 125,000
Furfuraldehyde 200 ppb 5,300
Benzaldehyde 5 ppb 22,000
Esters
Methylformate 2000 ppm 300
Methylacetate 200 ppm 1,100
Ethylacetate 50 ppm 1,900
n-Propylacetate 20 ppm 1,600
Isopropylacetate 30 ppm 2,100
n-Butylacetate 15 ppm 1,200
Ethylacrylate 1 ppb 38,000,000

Methylbutyrate 3 ppb 11,000,000




TABLE lll.1 (Continued)
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Odor Recognition

Compound/Class Concentration (100%)»® Odor Index©
Ethers
Diethylether 300 ppb 1,900,000
Diisopropylether 60 ppb 3,200,000
Di-n-butylether 500 ppb 13,500
Diphenylether 100 ppb 130
Hydrocarbons, Alkanes
Ethane 1500 ppm 25,000
Propane 11,000 ppm 425
Butane 5,000 ppm 480
Pentane 900 ppm 570
Octane 200 ppm 100
Hydrocarbons, Alkenes
Ethene 800 ppm 57,000
Propene 80 ppm 14,700
1-Butene 70 ppb 43,500,000
2-Butene 600 ppb 3,300,000
Isobutene 600 ppb 4,600,000
1-Pentene 2 ppb 376,000,000
Hydrocarbons, Aromatic
Benzene 300 ppm 300
Toluene 40 ppm 720
Xylenes 0.4-20 ppm 360-18,000
Cumene 40 ppb 90,000
Ketones
Acetone 300 ppm 720
Methylethylketone 30 ppm 3,800
Diethylketone 9 ppm 1,900
Methylisobutylketone 8 ppm 1,000
2-Pentanone 8 ppm 2,000
2-Heptanone 20 ppb 171,000
Mercaptans
Methylmercaptan 35 ppb 53,000,000
Ethylmercaptan 2 ppb 290,000,000
Propylmercaptan 0.7 ppb 263,000,000
Butylmercaptan 0.8 ppb 49,000,000
Phenylmercaptan 0.2 ppb 940,000
Sulfides
Hydrogen sulfide 1 ppm 17,000,000
Methylsulfide 100 ppb 2,760,000
Ethylsulfide 4 ppb 14,400,000
Butylsulfide 2 ppb 660,000
Phenylsulfide 4 ppb 14,000

Source: Verschueren, K., 1983. Handbook of Environmental Data on Organic Chemi-
cals, 2nd ed. New York: Van Nostrand Reinhold.

4Defined by 100% odor panel.

PNumbers are rounded up.

“Measure of the detectability of an odorant in the air under evaporative conditions,
such as spills, leaks, or solvent evaporation. The numbers above are calculated and

rounded up.
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50,000
or = 22 PP 550 000
0.2 ppm

Table III.1 presents the 100% odor recog-
nition concentrations and the odor index for
some selected classes of compounds that are
hazardous (toxic and/or flammable). It may

be noted that the OI does not distinguish
between a pleasant or disagreeable odor.
Also, while the OI takes into account the
vapor pressure of the substance and, there-
fore, the degree of air pollution and expo-
sure, the recognition threshold measures the
detectability of the odorant in the air.



IV

TOXIC PROPERTIES OF
CHEMICAL SUBSTANCES

The toxicity of a substance and its intensity
can differ widely with the nature of the
compound, primarily, the nature of the
functional group (also the cation or anion).
In addition, it would depend on the dosage
amount and the time of exposure. There are
also other factors, namely, the host factors,
which include the species and the strain of
the subject (animal), as well as sex and age.

IV.A PATHWAY OF ENTRY:
ABSORPTION AND EXCRETION

A toxicant can cause injury at the site
of contact (local effects) such as skin, by
damaging or destroying the tissues, or man-
ifests its effect after it is absorbed by the
specific organism of the body. The absorp-
tion of a chemical can occur through the
lungs, skin, gastrointestinal tract, and several
minor routes. The nature and the intensity of
the toxicity of a substance would depend on
its concentration in the target organs. Most
toxicants are absorbed in the gastrointesti-
nal tract upon ingestion. For example, the
weak acids that are soluble in lipids and that
are nonionized are susceptible to be absorbed

in the stomach. On the other hand, these
substances tend to exist in ionized form in
the plasma and become mobile. Similarly,
the weak bases will be highly ionized in the
acidic gastric juice in the stomach and there-
fore would not be absorbed readily in the
stomach.

The route of entry of many toxicants is
inhalation. Such substances include gases,
vapors of volatile liquids, and particulate
matter. The main site of absorption is the
alveoli in the lungs. This site has a large
alveolar area and high blood flow, favor-
ing absorption. The rate of absorption of
such gaseous substances, however, depends
on their solubility in the blood. The more sol-
uble the substance, the greater its absorption.
The particulate matter, especially the smaller
particles within the range 0.01-10 pum and
the liquid aerosols, are also susceptible to
absorption in the lung. While the smaller par-
ticles are likely to be deposited in the trachea,
bronchi, and bronchioli, the very small parti-
cles that have a diameter of <0.01 um can be
exhaled out. By contrast, particles >10 um
are deposited in the nose and do not enter
into the respiratory tract. They may enter
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the gastrointestinal tract with mucus and by
other means. It has been estimated that about
50% of inhaled particles are deposited in the
upper respiratory tract, while about 25% are
deposited in the lower respiratory tract, and
25% are exhaled.

Many chemicals can be absorbed through
the skin to produce a systemic effect.
Although skin is relatively impermeable and
acts as a barrier, certain chemicals can dif-
fuse through the epidermis. Such substances
include both polar and nonpolar compounds.
While the former may diffuse through the
outer surface of the protein filaments of the
hydrated stratum corneum, nonpolar solvents
may find passage by dissolving and diffusing
through the lipid between the protein fila-
ments. Certain corrosive substances, such as
acids and alkalis, may injure the dermis bar-
rier and increase dermal permeability.

A chemical is distributed rapidly through-
out the body, after it enters the bloodstream.
The extent to which it enters into an organ
depends on the blood flow, the ease of its dif-
fusion through the local capillary wall and
the cell membrane, and the affinity for the
chemical.

A chemical can bind in a tissue or organ.
Such binding can result in its accumulation
or higher concentration in the tissue. If it is
bound strongly, by irreversible covalent bond-
ing, the effect can be significantly toxic. How-
ever, a number of substances, as well as a
major portion of the dose, undergo weak non-
covalent binding that is reversible. Even in
such reversible binding, the bound chemical
can dissociate gradually and retain the level of
unbound chemical in the tissue. Many chem-
icals can bind to plasma protein. The liver,
kidney, adipose tissue, and bone are gener-
ally the major sites of binding and storage of
chemicals. While the liver and kidney man-
ifest high capacity for binding, because of
their metabolic and excretory functions, adi-
pose tissue can store lipid-soluble compounds
by dissolution in the neutral fats.

Many chlorinated pesticides and polychlo-
rinated biphenyl (PCBs) are soluble in lipid

and remain stored in the adipose tissue. Metal
ions, such as lead, cadmium, and strontium,
exchange with calcium in the bone and
deposit. Similarly, fluoride and other anions
undergo ion exchange with hydroxide and
accumulate in the bone. Such ion exchange
takes place between ions of similar charges
and radii.

After being absorbed and distributed in
the organism, chemicals may be excreted,
either as the parent compounds or as their
metabolites and/or their conjugate adducts.
The principal excretory organs are the kid-
ney, liver, and lungs. There are also a number
of minor routes of excretion.

IV.B DETOXICATION AND
BIOACTIVATION

Many chemicals absorbed into various parts
of the body may undergo metabolic trans-
formation. This process, also known as bio-
transformation, occurs in the organs and
tissues. The most important site is the liver.
Other sites of such reactions are the lungs,
stomach, intestine, kidneys, and skin. The
detoxication process involves the conversion
of the toxicants to their metabolites, which
in many cases are less toxic than the parent
compounds.

Detoxication or biotransformation of tox-
icants involves two types of reactions:
(1) degradation, and (2) addition or conju-
gation reactions. Either or both types of
reactions can take place. The degradation
reactions are more common and include
oxidation, reduction, and hydrolysis. Such
reactions result in the breakdown of the tox-
icants. On the other hand, the conjugation
process produces adducts of the toxicants or
their metabolites with endogenous metabo-
lites. All these reactions are heavily biocat-
alyzed by various enzyme systems in the
body. The rate and nature of the reactions can
vary from one species of animal to another.
Also, the biotransformation can differ with
the age and the sex of the animal.

Some biotransformation processes pro-
duce metabolites that are more toxic than



the parent chemicals. Such reactions are also
catalyzed by enzymes in a process as bioac-
tivation. Thus, bioactivation increases the
toxicity of a compound. Some examples of
degradative and conjugation reactions of tox-
icants are presented below:

1. Oxidation:

Alkyl side chains of aromatics to alco-
hols; for example, n-propylbenzene
to 3-phenylpropan-1-ol, 3-phenylpro-
pan-2-ol, 3-phenylpropan-3-ol and
hexane; trimethylamine to trimethy-
lamine oxide

2. Epoxidation:
for example, Aldrin — dieldrin
Heptachlor — heptachlor epoxide
3. Hydroxylation:
for example,
Aniline — phenylhydroxylamine
Naphthalene — 1-, and 2-naphthol
4. Sulfoxidation:
for example,
Methiocarb — Methiocarb sulfone
5. Desulfuration:

for example, Parathion — paraoxon

6. Dealkylation:
for example,
p-Nitroanisole — p-nitrophenol
7. Dehydrogenation:

for example, Ethanol —
acetaldehyde — acetic acid

8. Reduction:

for example,
Azobenzene — aniline
Nitrobenzene — aniline
Prontosil — sulfanilamide

9.

10.

11.

12.

13.
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Hydrolysis:

for example, Esters — acids + alcohols

Also, phosphates and amides undergo
hydrolysis.

Glucuronic acid conjugation:

Aliphatic
alcohols
Aromatic
alcohols
Amines
Carboxylic
acids
Sulthydryl
compounds |
(The enzyme and coenzyme for
the above conjugation reactions are
uridine diphosphate glucuronyl trans-
ferase and uridine-5'-diphospho-o-D-
glucuronic acid, respectively.)

glucuronic acid glucu_
_— .
ronide

Acetyl conjugation:

Primary aliphatic
amine

Primary aromatic | acetylation ace.tyl
. —— deriva-
amine tives
Hydrazines
Sulfonamides

(The enzyme and coenzyme cat-
alyzing above reactions are N-acetyl
transferase and acetyl coenzyme A.)

Amino acid conjugation:

o-amino

Aromatic :
. acids, for
carboxylic | example,
acids ghyeine, 91339 acid
. glutamine .
Arylacrylic | —— conjugates
acids
Arylacetic
acids J

Sulfate conjugation:

Aliphatic
alcohols sulfate  qulfate
Phenols T conjueates
Aromatic e
amines
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[The enzymes involved in the above
conjugation reactions are sulfotrans-
ferases, found in the cytosolic frac-
tion of kidney, liver and intestine; the
coenzyme is 3’-phosphoadenosine 5'-
phosphosulfate (PAPS).]

IV.C TOXIC PROPERTIES OF
CHEMICALS — OVERVIEW

Of more than 10 million compounds that
have been isolated or synthesized, toxicity
data have been documented for a little more
than 100,000 substances — only a small frac-
tion. Most of the information that is available
is based on animal studies. Human toxicity
data are known for a relatively small number
of substances.

The toxic properties of chemicals may
be assessed in a very general way from
two relationships: the dose-response rela-
tionship and the structure—activity relation-
ship (SAR). The toxicity depends greatly
on the dose —the amount of substance per
unit of body weight to which an organism
is exposed. The effect on the organism is
known as response. Thus, at a very low level,
a highly toxic compound can be harmless. On
the other hand, a substance with relatively
very low toxicity can cause severe adverse
effects when taken in large doses. The dose-
response relationship is usually illustrated
graphically. The cumulative percentage of
death is plotted (on the Y-axis) against the
log of the dose (on the X-axis). Normally,
an S-shaped curve is obtained, the midpoint
(inflection point) of which is a statistical esti-
mate of LDsq (also expressed as 5 probit, or
probability units).

Iv.DO COMMON TERMS

Some of the most common terms used in

toxicity studies are defined below:

Acidosis Condition in which the pH of the
blood is acidic, below the normal range.
The toxicity of certain chemicals is caused

by generation of an acidic metabolite or by
retention of carbon dioxide.

Albinuria Presence of serum albumin in
the urine.

Alkalosis Condition in which the pH of
the blood is alkaline, >7.8 caused by a
disturbance in the acid—base balance.

Anemia Condition in which the hemoglo-
bin level in the blood is below normal.

Anesthetic Substance that causes dizzi-
ness, drowsiness, and headache leading to
loss of consciousness and loss of response
to pain.

Anorexia Lack or loss of appetite for food.

Anoxia Reduction of oxygen in the body
tissues below physiologic levels.

Anticoagulant An agent
blood clotting.

that prevents

Antidote Substance that is administered to
reverse the poisoning effects of a toxicant.

Aplasia Lack of development of an organ
or tissue.

Arrhythmia Variation from the normal
rhythm of the heartbeat.

Asphyxiant Substance that displaces oxy-
gen or reduces the amount of oxygen in
the air or limits the blood from transport-
ing adequate oxygen to the vital organs of
the body.

Axon Responsible for transmitting impul-
ses in the form of sodium and potassium
ion shifts from one neuron to another.

Bradycardia Slowness of the heart beat
(slowing of pulse rate to <60).

Bronchoconstriction Narrowing of the air
passages of the lungs.

Chloracne Acne-like eruption caused by
exposure to chlorine compounds.

Cirrhosis Chronic liver disease caused by
chronic ethanol poisoning. Other hepatox-
icants may also cause cirrhosis.

Conjunctivitis
of the eyelids.

Inflammation of the lining

Corrosive Substance that causes local
chemical burn and destruction of tissues on



contact. The substance reacts chemically
with the tissues at the point of contact.

Cyanosis Occurs owing to reduced oxy-
genation of the blood with symptoms of
discoloration of the skin (slightly blue
or purple). Toxicological causes include,
carbon monoxide poisoning, pulmonary
edema, and asphyxiant gases.

Dermatitis Symptoms of scaly and dry
rashes on the skin with a chemical.

Diuretic A substance that increases urine
production.

Diuresis Increased secretion of urine.

DNA Deoxyribonucleic acid; carries the
genetic information of the cell.

Dose Quantity of a substance that is taken
by, or administered to, an organism.

Dyspnea Shortness of breath, labored
breathing, or distress in respiration that
sometimes results from the toxic effects
of certain chemicals.

Edema Excessive amount of interstitial
fluid accumulated in subcutaneous or other
body tissue.

Emesis Vomiting

Encephalopathy Clinical condition of dis-
organized brain functions; the signs may
vary from drowsiness or confusion to
seizures or coma.

Epithelium Cells covering the internal and
external surfaces of the body.

Erythema Redness of the skin produced
by congestion of the capillaries.

Fetotoxicity Harmful effects exhibited by
a fetus, due to exposure to a toxic sub-
stance, that may result in death, reduced
birthweight, or impairment of growth and
physiological dysfunction.

Gastrointestinal Pertaining to the stomach
or intestine.

Glomerular Pertaining to a cluster or tuft,
as of blood vessels or nerve fibers.

Hallucinogen Psychedelic agent: A com-
pound that produces changes in percep-
tion, thought, or mood without causing

COMMON TERMS 21

major disturbances in the nervous systems
(autonomic). An example is lysergic acid
diethylamide (LSD).

Hematuria Appearance of blood in the
urine.

Hemoglobinuria Excretion of hemoglobin
in the urine.

Hemolysis Breakdown of red blood cells
or erythrocytes with the release of
hemoglobin into the blood plasma. This
results in hemoglobinuria.

Hepatitis Inflammation of the liver, often
accompanied by jaundice and liver
enlargement.

Hepatotoxicity Toxic effect on the liver.
Chemicals that cause such adverse effects
on the liver are known as hepatotoxicants.

Hypotensive Condition in which the blood
pressure is lower than normal, caused by
certain chemicals affecting cholinergic or
adrenergic function.

Hypoxia Condition in which there is a lack
of oxygen supply to the tissues.

Irritant Substance that induces local in-
flammation of normal tissues on immedi-
ate, prolonged, or repeated contact.

Lachrymator (or Lacrimator) A sub-
stance that increases the flow of tears.

Lacrimation Secretion and discharge of
tears.

Methemoglobinemia Condition or symp-
toms resulting from the presence of methe-
moglobin (an oxidized form of containing
iron in the ferric state). Methemoglobin
cannot bind reversibly with oxygen, caus-
ing hypoxia.

Miosis (or Myosis) Contraction of the
pupil.

Mitochondria Cell organelle involved in
energy production in the cell utilizing
oxygen.

Mutagen Substance capable of causing a
heritable change in the genetic informa-
tion stored in the DNA. Many chemi-
cals, including imines, epoxides, acrolein,
benzene, sulfur, and methylsulfonates, are
mutagens. Mutagens can cause fertility
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disorders, prenatal death, hereditary dis-
eases, and cancers.

Mydriasis

Narcotic Compound that produces stupor.
Many opium derivatives are examples of
strong narcotics. Narcotics can affect the
central nervous system (CNS) and the
gastrointestinal tract. The CNS effects
include analgesia, euphoria, sedation, res-
piratory depression, and antitussive action.
Chronic use of narcotics develops tol-
erance to the compounds and physical
dependence.

Necrosis Death of tissue, as individual or
group of cells or in localized areas.

Nephritis

Neuron Cell in the nervous system for
receiving, storing, and transmitting infor-
mation.

Neuropathy Functional disturbances and/or
pathological changes in the peripheral ner-
vous system.

Nephrotoxicity Toxic effects induced by a
variety of chemicals, causing disruption of
the functioning of the kidney, necrosis of
the proximal tubule, and renal failure.

Neurotoxicity Toxic effects on the cen-
tral or peripheral nervous system causing
behavioral or neurological abnormalities.

Oliguria Secretion of a diminished amount
of urine in relation to fluid intake.

Ophthalmic Pertaining to the eye.

Parenteral By injection through routes
other than alimentary canal, such as, sub-
cutaneous, intramuscular, or intravenous.

Paresthesia An abnormal
burning or prickling.

Photophobia Abnormal visual intolerance
to light.

Phytotoxic Poisonous to plants, inhibiting
plant growth.

Pulmonary Pertaining to the lungs.

Pulmonary edema Excess fluid in the
lungs, caused by irritants that injure the
pulmonary epithelium. Such conditions
can affect oxygen uptake, causing death.

Extreme dilation of the pupil.

Inflammation of the kidney.

sensation, as

Receptor Binding site that has a high affin-
ity for a particular ligand. Receptors inter-
act with biologically endogenous ligands,
facilitating intracellular communication.
Many chemicals interact with receptors,
producing a variety of toxic effects.

Renal Pertaining to the kidney.

Routes of entry There are several routes
by which a chemical can enter the
body. The three primary routes are
inhalation or breathing; ingestion through
eating, drinking, or smoking; and absorp-
tion through the skin. In addition, a
chemical may be administered into the
body via other routes— intraperitoneal,
intravenous, intramuscular, gastric lavage,
renal, and ocular, as is done in animal
studies.

Tachycardia Excessively rapid heart beat.

Target organ Part of the body: A specific
organ, such as the eyes, lung, CNS, liver,
or kidney, entered by a chemical, affecting
the organ or causing injury. For example,
ethanol, when ingested, affects the brain
and liver.

Teratogens Compounds that cause embry-
onic mortality or birth of offspring
with physical, mental, or developmental
defects.

Tinnitus Ringing, buzzing, clicking, or
roaring noise in the ears.

Toxic effects The effects of toxic sub-
stances may be acute, chronic, systemic,
or local. Acute toxicity is manifested from
a single dose or one-time exposure within
a short period of time, usually from a few
minutes to several days. Chronic toxicity
results from several exposures of small
concentrations for a long period of time,
usually over an 8-hour work shift. Cer-
tain substances cause illness after several
years. Systemic effect is the toxic effect
of a chemical at one area in the body,
the chemical having entered the body at
another point. When a substance affects
the tissues at the point of contact or where
it enters, it is termed as a local effect.



Urticaria A vascular skin reaction causing
elevated patches (wheals) and itching.

Vertigo Dizziness; an illusion of revolving
around.

Vesiccant Chemical that produces blisters
on contact with the skin.

The toxicity of a substance is related to
its chemical properties. Thus, the biological
activity of a compound may be assessed or
predicted from its molecular structure. This is
known as the structure—activity relationship
(SAR). There are many in-depth studies on
this subject in the technical literature. Com-
puters are used to perform complex SAR
calculations.

The toxicity of many common substances
or classes of compounds is as follows. Com-
mon gases such as hydrogen, nitrogen, helium,
neon, argon nitrous oxide, methane, ethane,
propane, butane, ethylene, and acetylene are
nontoxic but simple asphyxiants. These gases
can dilute the oxygen in the oxygen in the
inhaled air and reduce its partial pressure in
the alveoli. The results in reduction of the
transfer of oxygen into venous blood. Lack
of oxygen can cause death. On the other
hand, carbon monoxide, hydrogen sulfide,
sulfur dioxide, sulfur trioxide, nitric oxide,
nitrogen dioxide, ozone, arsine, stibine, phos-
phine, cyanogen, ammonia, fluorine, chlorine,
bromine vapor, hydrogen fluoride, hydrogen
chloride, and hydrogen bromide are examples
of highly toxic inorganic gaseous substances.
The symptoms, severity, and toxic actions of
these substances, however, are quite different.
Carbon monoxide, for example, is an odor-
less gas that combines with hemoglobin to
form carboxyhemoglobin. It is an example of a
chemical asphyxiant that blocks oxygen trans-
port and causes death even at a very low con-
centration. Chlorine and hydrogen halides are
pungent suffocating gases, highly irritating to
mucous membranes, that can cause pulmonary
edema, lung injury, and respiratory arrest.

Hydrogen cyanide and metal cyanides,
especially those of alkali metals, are extre-
mely acute poisons. The cyanide ion is an
inhibitor of cytochrome oxidase, blocking
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cellular respiration. Many metal ions, includ-
ing arsenic, cadmium, lead, mercury, man-
ganese, barium, and selenium, are highly
toxic to humans. Metals such as antimony,
cobalt, nickel, zinc, molybdenum, silver,
copper (dust), and aluminum exhibit either
low acute poisoning or chronic toxicity. The
toxicity of metals also varies widely. Within
the same group in the Periodic Table, for
compounds with similar electronic configu-
ration and chemical properties, the toxicity
may differ significantly. For example, mer-
cury and lead are much more severe toxi-
cants than are zinc or tin. Although heavy
metals, in general, are more toxic than the
lighter ones in the same group, a reverse pat-
tern is observed among the group VA metals.
Arsenic is a severe poison; antimony and bis-
muth exhibit much less toxicity.

The toxicity of many organics may be
correlated with the functional groups on the
molecules. Organophosphorus compounds,
which include several insecticides as well as
fatal nerve agents, are inhibitors of acetyl-
cholinesterase, an enzyme found extensively
throughout the nervous system and in many
non-nervous tissues as well. The enzyme
removes the neurotransmitter acetylcholine by
hydrolyzing the latter to chlorine and acetate.
However, its action is inhibited by phosphate
esters that bind to its esteratic site. Carba-
mates act similarly; unlike phosphorylation
of the enzyme, however, carbamylation is
reversible, leading to rapid recovery of enzy-
matic activity. The toxic effects from carba-
mate poisoning thus persist for a few hours.
The phosphorylated enzyme is hydrolyzed
much more slowly, with inhibition lasting sev-
eral days.

Most nitriles are moderate to highly toxic
substances. The toxic action is attributed
to the presence of the cyanide (—CN)
group. Acrylonitrile and acetone cyanohydrin
are extremely toxic, as they decompose to
hydrogen cyanide in the body. The cyanide
released inhibits enzymes that cause respira-
tion in tissue. This prevents tissue cells from
using oxygen.
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Lower aliphatic amines are severe irri-
tants to the skin, eyes, and mucous mem-
branes. As basic compounds, they hydrolyze
with water in body tissue and raise the pH
value of exposed tissue. Contact with the
eyes can result in corneal injury and loss
of sight. Systemic effects on many organs
in the body are manifested. This includes
necrosis of the liver and kidney and hemor-
rhage and edema of lungs. Aromatic amines
can cause anemia, cyanosis, and reticulo-
cytosis and can be carcinogenic. Aniline is
a highly toxic substance, causing methe-
moglobinemia in humans. Its metabolites,
p-aminophenol and phenyl N-hydroxylamine,
oxidize iron(II) in hemoglobin to iron(II).
As a result, hemoglobin loses its ability to
transport oxygen in the body. This results in
cyanosis. The systemic effects from benzi-
dine include blood hemolysis, bone marrow
depression, and liver damage.

Organic compounds containing a carbonyl
functional group, ~C=Q, such as aldehydes,
ketones, esters, and carboxylic acids, exhibit
a low order of toxicity. The lower aldehy-
des, such as formaldehyde, acetaldehyde, and
acrolein, are severe irritants to the eyes and
respiratory tract. Acrolein is a severe lachry-
mator. Lower carboxylic acids are corrosive
substances. Formic acid is a poison, but the
toxic effects arise as a result of lowering of
the blood pH below normal levels and have
little to do with the carbonyl group in the
molecule.

Among the other oxygen-containing orga-
nic compounds, epoxides are moderately
toxic; however, ethylene oxide is a severe
health hazard. Lower alcohols vary in their
toxicity. Ethanol is both a depressant to the
CNS as well as an anesthetic. Methanol is
highly poisonous, causing acidosis and blind-
ness. Lower aliphatic ethers are anesthetics.

Aliphatic hydrocarbons exhibit mild tox-
icity but primarily an anesthetic effect.
Higher fatty alcohols are nontoxic. Aro-
matic hydrocarbons are narcotics. Benzene
exhibits both acute and chronic toxicity. The
chronic effects — anemia, abnormal increase

in blood lymphocytes, and decrease in the
number of blood platelets—are more seri-
ous. Some of the polynuclear aromatics are
carcinogens.

Substitution of hydrogen atoms in the
organic structures with halogen atoms—
chlorine or bromine — imparts very different
toxic properties to the molecules. Organo-
halide compounds show toxicity that varies
in symptoms and severity from one class
of compounds to others. The degree of tox-
icity of alkyl halides is very low; rather,
they exhibit anesthetic properties. Some of
these compounds are human carcinogens.
Chlorohydrins (which are chloroalcohols),
chlorophenols, or chlorobiphenyls, are much
greater health hazards than is the parent
alcohol, phenol, or biphenyl. Another class
of chlorinated organics, which are environ-
mental pollutants, are the organochlorine
pesticides: dichlorodiphenyl trichloroethane
(DDT), heptachlor, dieldrin, chlordane,
lindane. The structure of these compounds
differs from each other, as do their toxic
properties. Some chlorinated organic com-
pounds, including phosgene (carbonyl chlo-
ride), mustard gas [bis(2-chloroethyl)sulfide],
dioxins (2,3,7,8-tetrachloro isomer), and
chlorinated dibenzofurans, are known to be
dangerously toxic. The former three have
been used as military poisons.

Organosulfur compounds are of many
types. They include compounds that con-
tain only carbon, hydrogen, and sulfur atoms,
such as mercaptans, sulfides, and disul-
fides; compounds containing nitrogen, such
as thiourea, thiocyanates, thiazole deriva-
tives, and dithiocarbamates; compounds con-
taining oxygen, such as sulfoxides, sulfones,
sulfonic acids and their esters, and alkyl sul-
fates; and chloro compounds of sulfur, the
sulfur mustards. Sulfur mustards are noto-
riously dangerous compounds, often used
as military poisons. They are blistering and
severely penetrating, destroying tissues at
the point of contact. Thiols or the mercap-
tans are nauseating, causing cyanosis at high
doses. Sulfides and disulfides are allergens



that also cause anemia. Thiocyanates are
highly toxic, liberating hydrogen cyanide
during metabolic processes. Many alkyl sul-
fates are also highly toxic, causing damage
to the lungs, liver, and kidney. Sulfones and
sulfoxides are of very low toxicity. Sulfonic
acids are strong irritants.

Many inorganic and organic chemicals are
irritants to the eyes, skin, and respiratory
tract. Concentrated acids and bases are highly
corrosive. Highly water-reactive substances
such as bromine pentafluoride or other inter-
halogen compounds can burn the skin.

Among the organic compounds, toxicity
shows a general pattern of decrease with an
increase in the carbon chain length. How-
ever, such a pattern is manifested above car-
bon 6 or 7 (C-6 or C-7) for many classes
of compounds. Below carbon 6 (C-6), cer-
tain substances, such as aliphatic esters, show
enhanced toxicity with an increase in the car-
bon chain length. Thus n-amyl or n-butyl
acetates are more toxic than ethyl or n-propyl
acetates. The first members of certain classes

COMMON TERMS 25

of compounds show the highest toxicity.
Ethylene oxide formaldehyde, or formic acid
are more toxic than are other members of
their families. In a few instances, certain
toxic properties exhibited by the first member
of a group are not displayed by other mem-
bers in the same group. For example, certain
toxic effects shown by methanol or benzene
are not manifested by other lower aliphatic
alcohols or alkyl benzenes. The presence of
unsaturation in the molecule enhances the
toxicity. Acrolein, acrylonitrile, and vinyl
chloride, for example, are more toxic than
are their saturated counterparts, which con-
tain the same number of carbon atoms. Sub-
stitution in the molecule can alter the toxic
properties significantly.

Chemicals classified according to their
structure and functional group, general toxi-
city, and individual toxic properties are dis-
cussed at length in Part B of this book.
The target organs, the nature of the toxic
effects, and some specific toxicants are
briefly described in Section V of Part A.



TARGET ORGANS AND

TOXICOLOGY

Toxicants can injure one or more specific
organs in the body, which include the liver,
kidney, respiratory tract, immune system,
skin, nervous system, eye, reproductive, and
cardiovascular systems. The nature of such
toxicants and their effects are briefly dis-
cussed in the following sections:

V.A LIVER INJURY AND
HEPATOTOXICANTS

The liver is the largest organ in the body
in which the metabolism of foods, nutri-
ents, and drugs occurs. Poisoning can com-
monly occur through ingestion. Most toxic
substances can readily enter the body through
the gastrointestinal tract. Although many tox-
icants undergo biotransformation or detoxifi-
cation in the liver, some may be bioactivated
to more toxic metabolites. Hepatocyte cells
play a major role in such metabolic processes.
The detoxification of toxicants is attributed to
the cytochrome P-450 and other xenobiotic-
metabolizing enzymes, present in the liver at
high concentrations. Such enzymes can con-
vert the toxicants into more water-soluble and
less toxic metabolites, which can be readily

excreted. However, such detoxification does
not always occur. The liver has many bind-
ing sites where toxicants can be activated to
induce lesions and a variety of toxic effects
on different organelles in the cells.

Many types of liver injury are caused
by a number of biochemical reactions of
toxicants or their active metabolites. Such
reactions include covalent binding, lipid per-
oxidation, inhibition of protein synthesis,
perturbation of calcium homeostasis, dis-
turbance of biliary production, and a vari-
ety of immunologic reactions. The types of
liver injury from such biochemical reactions
include steatosis (fatty liver), liver necro-
sis, cirrhosis, cholestasis, hepatitis, and car-
cinogenesis. The toxicants that cause these
injuries are discussed in brief.

Steatosis, also known as fatty liver, results
from the accumulation of excess lipid (more
than 5% lipid by weight) in the liver. Many
chemicals can cause this, and the lesions can
be either acute or chronic. Ethanol is a clas-
sic example, causing both acute and chronic
lesions. It induces large droplets of fat in the
cell. On the other hand, substances such as
tetracycline and phosphorus produce many
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small fat droplets in the cells, causing acute
lesions. Among the two common mechanisms
of steatosis, one involves an increased for-
mation of triglyceride and other lipid moi-
eties, while the other mechanism manifests an
impairment in the release of hepatic triglyc-
eride to the plasma. The latter can occur from
the inhibition of protein synthesis (protein
moiety of lipoprotein) or suppression of con-
jugation of triglyceride with lipoproteins.

Many chemicals are known to cause liver
necrosis, an acute injury that involves the rup-
ture of the plasma membrane and cell death
(death of hepatocytes). Among the com-
mon toxicants that manifest such effects are
the halogenated hydrocarbons, such as car-
bon tetrachloride, chloroform, trichloroethy-
lene, carbon tetrabromide and bromobenzene.
Other hepatotoxicants include acetamino-
phen, phosphorus, beryllium, tannic acid, and
allyl alcohol. Most of these substances pro-
duce reactive metabolites that covalently bind
with unsaturated lipids and proteins present
at high concentrations in subcellular mem-
branes, inducing lipid peroxidation. Other
mechanisms and biochemical changes that
may be manifested in liver necrosis include
disturbance of Ca2t homeostatis, depletion of
glutathion, mitochondrial damage, inhibition
of protein synthesis, and binding to macro-
molecules.

Cirrhosis is a chronic liver disease, char-
acterized by the presence of septae of
collagen distributed throughout the liver,
degenerative changes in parenchyma cells
and single-cell necrosis. In humans, chronic
ethanol ingestion can cause cirrhosis. Dietary
deficiency of protein, methionine, or choline
can aggravate the conditions. The mechanism
of cirrhosis is not well understood. Sub-
stances such as ethanol can impair mitochon-
dria and increase the production of reactive
oxygen species. Among other toxicants, car-
bon tetrachloride and aflatoxins may induce
cirrhosis. Many chemical carcinogens, such
as dioxins, can induce cirrhosis. This chronic
liver disease is often induced by the chemi-
cals that also cause necrosis and steatosis.
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Hepatitis is a disease caused by viruses
and chemicals producing injury to the liver
cells. Such cellular damage can be initiated
by a number of mechanisms, such as inhi-
bition of enzymes by reactive metabolites,
depletion of cofactors, interaction with recep-
tors, and alternation of cell membranes. The
symptoms of the disease are inflammation
of the liver, jaundice, and in some cases,
enlargement of the liver.

Cholestasis is another type of liver
damage. It is less common than necrosis
and steatosis. Certain drugs and anabolic and
contraceptive steroids can induce cholestatis.
These include promazine, sulfanilamide,
mestranol, and estradiol.

A large number of chemicals are known
to induce liver cancer in animals. These car-
cinogens include acetylaminofluorene, nitros-
amines, polychlorinated biphenyls (PCBs),
vinyl chloride, and many alkaloids.

Some common hepatotoxicants and the
associated liver injury are presented in
Table V.1.

V.B KIDNEY INJURY:
NEPHROTOXICANTS

Urine is the primary route of excretion of
most toxicants. In humans, about 150-200 L
filtrate is formed per day. Only a small
amount of this filtrate is excreted as urine,
while about 99% of the filtered water is
reabsorbed. Also, the kidney has a high
volume of blood flow. As a result, many
chemicals that enter the body pass into
the filtrate; thus, their concentration in the
kidney becomes higher than in other organs
in the body. Such substances may transport
across the tubular cells and are susceptible
to bioactivation, forming toxic metabolites.
Because of this, the kidney is another major
target organ.

Many substances are known to exhibit
nephrotoxicity affecting specific parts of the
kidney. The mode of action of nephro-
toxicants includes inhibition of oxidative
phosphorylation, interaction with receptors,
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TABLE V.1 Common Hepatotoxicants and Liver Diseases?

Compounds/Compound Type

Resulting Liver Disease®

Acetaminophen
Acetylaminofluorene
Aflatoxin

Aflatoxin B,
4-Aminosalicylic acid
Allyl alcohol
Beryllium
Bromobenzene
Carbamazepine (drug)
Carbon tetrabromide
Carbon tetrachloride
Chloroform
Chlorpromazine (drug)
Colchicine (alkaloid)
Cycasin
Cycloheximide
Diazepam (drug)
Dimethylbenzanthracene
Estradiol

Ethanol

Ethionine

Halothane (anesthesia)
Imipramine (drug)
Isoniazid (drug)
Mepazine

Mestranol
Nitrosamines, alkyl derivatives
Papaverine (alkaloid)
Phosphorus
Polychlorinated biphenyls (PCBs)
Promazine (drug)
Pyrrolizidine alkaloids
Puromycin

Safrole

Sulfanilamide

Tannic acid
Tetrachloroethylene
Tetracycline
Thioacetamide
Trichloroethylene
Urethane

Valproic acid

Vinyl chloride

Necrosis

Carcinogenesis

Steatosis, necrosis
Carcinogenesis

Cholestasis, viral-like hepatitis
Necrosis

Necrosis

Necrosis

Cholestasis, viral-like hepatitis
Necrosis

Steatosis, necrosis, cirrhosis
Steatosis, necrosis

Cholestatis, viral-like hepatitis
Viral-like hepatitis
Carcinogenesis

Steatosis

Cholestasis

Carcinogenesis

Cholestasis

Cirrhosis, steatosis

Steatosis

Viral-like hepatitis

Viral-like hepatitis, cholestasis
Viral-like hepatitis

Cholestasis

Cholestasis

Steatosis, necrosis, carcinogenesis
Viral-like hepatitis

Steatosis, necrosis
Carcinogenesis

Cholestasis

Necrosis, steatosis, carcinogenesis
Steatosis

Carcinogenesis

Cholestasis

Necrosis

Steatosis, necrosis

Steatosis

Necrosis

Steatosis, necrosis
Carcinogenesis

Steatosis

Carcinogenesis

aThis is a partial listing of some common hepatotoxicants.
bCarcinogenesis was observed in experimental animals.



and disturbance of Ca?t homeostasis. There
are also other mechanisms. The sites of
action of nephrotoxicants include proximal
tubules, glomeruli, distal tubules, blood ves-
sels, interstitial tissues, and various parts
of nephrons. The major nephrotoxicants are
heavy metals, such as lead, mercury, cad-
mium, chromium and gold; certain halo-
genated hydrocarbons, such as chloroform,
carbon tetrachloride, bromobenzene, and
hexachlorobutadiene; anesthetics, such as
acetaminophen and methoxyflurane; antibi-
otics, such as tetracycline and puromycin,
and many organic compounds. The toxic
actions of these and others are discussed in
Part B of this text.

V.C IMMUNE SYSTEM:
IMMUNOTOXICANTS

The immune system protects the host against
viruses, bacteria, fungus, other foreign organ-
isms and cells, as well as neoplasm. Many
toxicants are known to suppress the func-
tion of the immune system. Such substances
can lower the body’s resistance to bacterial
and viral infection. The mode of actions of
immunotoxicants are wide, showing a variety
of effects. These include immunosuppression,
immunodysfunction, and autoimmunity.
Some immunotoxicants suppress all the
specific immune functions by binding to the
Ah receptors on lymphoid cells. Highly toxic
dioxin (2,3,7,8-tetrachlorodibenzo- p-dioxin)
is an example of such toxicants. How-
ever, most immunotoxicants exhibit more
restricted activities. For example, some heavy
metals, such as lead and mercury, suppress
humoral and cell-mediated host resistance.
Similarly, some carbamate pesticides depress
antibody response and phagocytosis, while
cyclosporine primarily impairs the B cells.
Toxicants affect the immune system in
different ways. The effects are complex.
Some substances suppress humoral immu-
nity, others cell-mediated immunity, and
certain toxicants stimulate specific immune
functions. These effects may be classified
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under three major categories: immunosup-
pression, immunodysfunction, and auto-
immunity. Immunosuppression involves all
or some specific immune functions by tox-
icants, as discussed earlier.

Immunodysfunction manifests allergies or
hypersensitivity reactions. There are four
types of allergic reactions, designated as type I
to type IV. The type I hypersensitivity reac-
tions are immediate, occurring within a few
minutes of second or subsequent exposure.
In such type allergy, the first exposure to an
antigen produces immunoglobulin E IgE anti-
bodies, while the second or subsequent expo-
sure to the same antigen triggers the release
of certain substances, such as histamine, hep-
arin, and serotonin. Newly formed substances,
such as prostaglandins, are released as well.
These substances, released during the sec-
ond or subsequent exposure to the antigen,
may induce a variety of allergic responses,
such as asthma, rhinitis, and uriticaria. Such
type I (immediate hypersensitivity) reactions
are caused by certain metals, food additives,
pesticides, and therapeutic agents. Some of
the common toxicants are listed in Table V.2.
The type II and III allergic reactions are less
common. The former may cause hemolytic
anemia, leukopenia, or thrombocytopenia.
The toxicants inducing such hypersensitiv-
ity reactions include many gold salts, iso-
cyanates, sulfonamides, and phenytoin. Type
IIT hypersensitivity reactions or Arthus reac-
tions are also less common. These reactions
involve the formation of antigen—antibody
complexes. These complexes deposit in the
vascular endothelium, causing damage to the
blood vessels, inducing lupus erythematosus
and glomerular nephritis. Certai therapeutic
agents may also induce such toxic actions.
The type IV reactions manifest delayed hyper-
sensitivity, the latent period varying from
12 to 48 hours. Many toxicants, such as
nickel and beryllium, causing this type of
allergy to induce immediate hypersensitiv-
ity reactions. Others include formaldehyde,
chromium, and certain antimicrobial agents
that contain mercury.
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TABLE V.2 Common Immunotoxicants and Their Toxic Effects

Toxicants Toxic Effects
Metals
Beryllium Allergy (type I and IV)
Chromium Allergy (type 1V)
Gold (and salts) Glomerular nephritis
Nickel Allergy (type I and IV)
Mercury Autoimmune disease (a type of glomerular nephritis),
impairs humoral and cell-mediated host resistance
Lead Impairs humoral and cell-mediated host resistance

Arsenic salts (As,O3, NazAsOs;, NazAsOy)
Platinum compounds
Pesticides
Dieldrin
Chlordane, DDT, hexachlorobenzene, and
other organochlorine pesticides
Pyrethrum
Carbaryl
Isocyanates
Toluenediisocyanate
Halogenated hydrocarbons
(Dioxins, PCBs, Pentachlorophenol,
chloroform, etc.)
Therapeutic agents
Penicillin
Miscellaneous drugs
Procainamide
Sulfonamides, phenytoin, chloropromaxine,
and others

Variety of immunodysfunction
Allergy (type 1)

Hemolytic anemia
Immunosuppression (impair immune functions)

Allergy (type 1)
Depresses antibody response and phagocytosis

Allergy (type 1), hypersensitivity reactions (type II)

Dioxin (2,3,7,8-TCDD) suppresses all specific immune
functions; others have more restricted activities

Allergy (type I)

Lupus erythematosus
Hypersensitivity reactions (type II)

Many autoimmune diseases, such as
hemolytic anemia, glomerular nephritis, and
neutropenia, are induced by certain metals,
pesticides, and a number of drugs. In such
automimmune disorders, the immune system
produces autoantibodies to endogenous
antigens, causing damage to normal tissues.

V.D RESPIRATORY TRACT

Many substances in the form of gases,
vapors, solid particulate matter, or liquid
droplets can adversely affect the respira-
tory tract in humans and animals. Such sub-
stances may either exert systemic effects or
induce local effects on the respiratory tract,
both. Many toxic gases are severe respiratory
tract irritants and have strong pungent odors.
Exposure can cause bronchial constriction

and edema and may result in dyspnea
and death. Such toxicants as ammonia and
chlorine primarily produce local effects. By
contrast, other toxic gases, such as oxides of
nitrogen and ozone, can damage the cellu-
lar membranes. The toxic effects of gases,
vapors, and solid particulates on the lungs
and upper respiratory tract may vary widely.
Such effects include local irritation, cellular
damage, allergy, fibrosis, and lung cancer.
Oxidizing substances, such as ozone, can
cause peroxidation of cellular membranes,
leading to membrane damage and increased
permeability. The edematous fluid perme-
ates through such membranes, accumulat-
ing and blocking the airway. This results
in edema. Many other toxicants may pro-
duce cellular damage and edema, however,



by different mechanisms. For example, the
vapors of many organic solvents distributed
to various parts of the body after inhalation
may recirculate back to the lung and form
reactive metabolites, which may bind cova-
lently to the macromolecules, causing cellular
necrosis. This can result in edema, hemor-
rhage of the lungs, and death. Many toxins
behave in this way.

Another type of toxic effect on the lung
involves the allergic or hypersensitivity reac-
tions. Inhalation of particulates, such as
cotton dust, pollens, molds, and bacterial
contaminants, could induce such allergy. The
clinical symptoms are asthma, bronchocon-
striction, and chronic bronchitis.

Perhaps the most serious type of lung dis-
ease is pulmonary fibrosis or pneumoconio-
sis. Different types of fibrosis, such as silico-
sis, asbestosis, and emphysema, are known.
For example, silicosis, produces fibrosis and
nodules in the lung, lowering lung capacity.
This makes the victim more susceptible to
pneumonia and other pulmonary diseases.

Chronic exposure to various types of par-
ticulates can induce these diseases. The long
list of offending pollutants includes crys-
talline silica, asbestos, mineral fibers, dusts
of aluminum, beryllium, titanium and other
metals, coal dusts, kaolin, and oxides of met-
als. Certain gases, such as nitrogen dioxide
and ozone, can also induce fibrosis (emphy-
sema). Among the mechanisms proposed for
silicosis, once the fibrogenic silica dusts are
inhaled, they rupture the lysosomal mem-
brane in the macrophages. These ruptures
release the lysosomal enzymes that digest the
macrophage. Silica is released back from the
lysed macrophage. This process is repeated.
The damaged macrophage releases factors
that stimulate fibroblast and collagen forma-
tion. This process leads to the deterioration of
pulmonary function. In emphysema, the elas-
tic fibers supporting the alveoli and bronchi
are damaged by the enzyme, elastase. This
enzyme is released by the polymorphonu-
clear granulocytes during the interaction with
the toxicants.
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Lung cancer is probably the most lethal
manifestation of toxic effect from chronic
exposure to certain chemicals. Asbestos
fibers, coke oven emissions, arsenic, chro-
mates, nickel and the radioactive gas, radon,
are some of the substances known to cause
lung cancer. For a detailed discussion of car-
cinogenesis, see Part A, Section VI, while
specific compounds are discussed in Part B
of this text. Acute and chronic effects of
some common pulmonary toxicants are pre-
sented in Table V.3.

V.E SKIN INJURY:
DERMATOTOXICANTS

Since the body is almost entirely covered
by skin, the latter is a major route of
entry of toxicants. Skin consists of two
layers —epidermis and dermis— separated
by a basement membrane. The epidermis is
a relatively thin layer with a thickness of
0.1-0.2 mm. Below this lies the dermis, a
thicker layer, about 2 mm thick. The dermis
rests over the subcutaneous tissues.

The epidermis consists of a basal cell
layer, which provides new cells to other
layers. It also contains melanocytes, Langer-
hans cells, and lymphocytes. While the for-
mer produces pigments, the latter two types
of cell are involved in immune responses.
Thus, the epidermis is a protective cover of
the body. The dermis is primarily composed
of collagen and elastin. It has several types
of cells, including fibroblasts, which synthe-
size fibrous proteins. In addition to epider-
mis, dermis, and the subcutaneous tissues,
the skin has a number of other structures.
These include hair follicles, sweat glands,
sebaceous glands, and small blood vessels.

Dermal exposure to toxicants can produce
a variety of effects, such as primary irritation,
sensitization reactions, phototoxic skin reac-
tions, photoallergy, urticarial reactions, hair
loss, chloracne, and cutaneous cancer. These
toxic effects and the nature of the reactions
are discussed in this section.

Certain corrosive chemicals, such as strong
acids, alkalies, and some organic solvents, can
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TABLE V.3 Common Pulmonary Toxicants and Their Toxic Effects?

Toxic Substances

Acute Effects

Chronic Effects

Aluminum dust
Ammonia

Arsenic
Asbestos
Beryllium

Bromine

Chlorine

Chromium(VI)

Coal dust

Coke oven emissions
Cotton dust

Fluorine

Hydrogen fluoride

Hydrogen chloride

Isocyanates

Kaolin

Metal carbides of W, Ti, Ta

Metal oxides

Cdo

CrO3

RCO, F€203
Nickel
Nickel tetracarbonyl
Nitrogen oxides

Ozone
Phosgene

Phosphine
Phosphorus trifluoride

Cough, shortness of breath

Severe respiratory tract irritation,
edema, bronchitis

Bronchitis

Pulmonary edema, pneumonia

Severe respiratory tract irritant,
pulmonary edema

Cough, severe lung irritation,
edema, dyspnea,
tracheobronchitis,
bronchopneumonia

Nasal irritation, bronchitis

Tightness in chest, wheezing,
dyspnea

Dangerously attacks mucous
membranes

Severe respiratory tract irritant,
hemorrhagic pulmonary edema

Severe respiratory tract irritant,
spasms of the larynx,
pulmonary edema

Cough, dyspnea

Hyperplasia and metaplasia of
bronchial epithelium

Cough, pneumonia

Nasal irritation

Cough

Pulmonary edema

Cellular damage, edema

Severe lung irritants, pulmonary
Congestion, edema

Severe lung irritant, pulmonary
Edema

Edema

Severe lung irritant

Strong mucous membrane irritant

Aluminosis (interstitial fibrosis)
Chronic bronchitis

Lung cancer, bronchitis asbestosis
(pulmonary fibrosis
mesothelioma), lung cancer

Berylliosis (pulmonary fibrosis,
progressive dyspnea, interstitial
granulomatosis)

Lung cancer pneumonconiosis
(pulmonary fibrosis)

Tracheobronchial cancer
Byssinosis (reduced pulmonary
function and chronic bronchitis)

Asthma, reduced pulmonary
function

Kaolinosis (pulmonary fibrosis)

Peribronchial and perivascular
fibrosis

Emphysema

Bronchitis, lung tumor

A type of pnuemoconiosis
Lung cancer

Emphysema

Emphysema

Bronchitis




TABLE V.3 (Continued)
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Toxic Substances Acute Effects

Chronic Effects

Silica —

Sulfur dioxide
tightness in chest,

bronchoconstriction
Talc
Tetrachloroethylene Pulmonary edema
Vanadium

produces mucus

Silicosis, pneumoconiosis
(pulmonary fibrosis)

Respiratory tract irritant, cough,

Talcosis (pulmonary fibrosis)

Upper respiratory tract irritant,

2All the lung irritant gases can readily cause death. Only a partial list of a few selected pulmonary toxicants is

presented.

produce skin burn or irritation at the site of
contact. Such irritations occur upon first con-
tact and, therefore, differ from the sensitiza-
tion reactions. The toxic symptoms can range
from hyperemia, edema, and vesiculation to
ulceration. In sensitization reactions, how-
ever, the first contact shows little or no effect,
while subsequent exposure to the chemical
produces a more severe reaction. The induc-
tion period can vary from a few days to years.
The reaction can occur after a delay of 12—48
hours from the time of second exposure. Such
sensitization reactions involve the immune
system. The toxicant binds to the surface of
certain cells upon entering the skin. It reacts
with and sensitizes T lymphocytes, which
release certain compounds upon reexposure
to the same toxicant. The released substances
produce edema, hyperemia, and other effects.

Certain chemicals can produce skin reac-
tions, induced by light, after their topical
application to the skin or systemic admin-
istration into the body. There are two dis-
tinct types of photoreaction: phototoxicity
and photoallergy. Phototoxicity is the more
common photoreaction, with the appearance
of sunburn and hyperpigmentation. The reac-
tion can occur from the first exposure to
the toxicant and usually requires a high
dose of the substance. Photoallergy is a
light-induced immune reaction that occurs
from reexposure to the toxicant following an
incubation period after the first exposure. The

clinical manifestations of photoallergy are
delayed papules and eczema. Both the shorter
and longer wavelength ultraviolet UV rays
can induce phototoxicity and photoallergy.
Certain toxicants can produce both types of
reactions.

Another type of skin reaction can occur
within a short period of time, usually within
1 hour after the contact with the chemical.
These are different from the sensitization
reactions. Skin contact can produce urticaria
or eczema in a short time. Some of these
toxicants are listed in Table V.4.

Certain chemicals are known to cause
skin cancer. Animal studies show that topical
applications of substances, such as polynu-
clear aromatic hydrocarbons, can induce skin
cancer. Coal tar, soots, shale oils, and many
arsenical compounds can induce skin tumor.

Some chemicals manifest harmful effects
on hair, sweat glands, and sebaceous glands.
Many oral contraceptives and anticoagulants
can cause hair loss. Topical applications of
phenol solution (95%) and chloroform can
block the sweat ducts, causing a disorder
known as milimaria. Skin contact with many
chlorinated aromatic hydrocarbons can affect
the sebaceous glands, forming various skin
lesions, such as chloracne. Repeated con-
tact with oil and grease and fatty matters
can increase the formation of acne. Some
bromides and iodides may induce acne on
the skin when administered systemically.
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TABLE V.4 Toxic Effects on Skin and Dermatotoxicants

Skin Reaction

Dermatotoxicants

Primary irritation®

Sensitization reaction

Phototoxicity

Photoallergy
Urticarial reactions

Cutaneous cancer

Effect on hair follicles (hair loss)

Effect on sebaceous glands (e.g.,
acne, chloracne)
Effect on sweat glands

Strong acids; strong alkalies; many organic solvents; most
detergents; all dehydrating agents, such as P,Os and CaCl,;
most halides of phosphorus and sulfur, such as PCls and
SOCl,; oxidizing substances, such as hypochlorites

Certain metals, such as nickel and beryllium; salts of nickel and
chromium; organomercuric compounds; many diamines, such
as ethylenediamine and p-phenylenediamine; some pesticides
such as captan; local anesthetics, such as benzocaine; many
antibiotics; certain poisonous plants, such as poison ivy,
poison oak, poison sumac

Coal tar derivatives, such as anthracene, phenanthrene; pyridine;
anthraquinone dyes; sulfanilamide; aminobenzoic acid
derivatives; tetracyclines; chloropromazine; many nonsteroidal
anti-inflammatory drugs (NSAIDs) sulfonamides

Aminobenzoic acid derivatives; chloropromazine; sulfonamides;
sulfanilamide; halogenated salicylanilides

Certain metals, such as copper and platinum; many antibiotics
and local anesthetics; biogenic polymers

Coal tars; soots; mineral oils; shale oils; cresote oils; arsenic
compounds; certain polynuclear aromatics, such as
benzo[a]pyrene and heterocyclic compounds like
benz[c]acridine induce skin cancer on animals

Several types of medications (e.g., antimiotic agents in
chemotherapy), oral contraceptives and anticoagulants

Chlorinated pesticides, such as chlordane; PCBs; dioxins; many
chlorinated aromatics; certain bromides and iodides

Phenol; chloroform

#Many corrosive acids and alkalies can cause severe skin burn and damage the tissues.

The toxic effects of chemicals on the skin

well. All skin irritants are also eye irritants.

and examples of some common dermatotox-
icants are summarized in Table V.4.

Certain vesicants, such as sulfur mustards,
nitrogen mustards, and dimethyl sulfate, can
produce severe inflammation and blistering
after a latent period that depends on the
nature of the substance and the of exposure.
Healing is slow. Some of these vesicants are
discussed in Part B of this text.

V.F EYE INJURY

The eye is a delicate organ. Many gases,
vapors, liquids, and solid particles can cause
irritation or injury to the eye upon contact.
Some toxicants exhibit a systemic effect as

Corrosive substances such as strong acids
and alkalies can damage the cornea. In addi-
tion, many common organic solvents, such
as hexane, benzene, toluene, acetone, and
methyl ethyl ketone, can dissolve fat and
damage the epithelial cells in the cornea.
The extent of corneal injury may range from
minor destruction of tissues to opacity or per-
foration of the cornea and depends on such
factors as the nature of the chemical, its con-
centration, duration of contact, the level of
exposure, and the pH value.

Like the cornea, other parts of the eye,
such as the iris, lens, retina, ciliary mus-
cle, and optic nerve, can be affected by
chemical agents. Many chemicals alter the
transparency of the lens, producing cataracts.



Systemic exposure to substances such as 2,4-
dinitrophenol, thallium, and bisulfan or to
topical applications of corticosteroids can
produce cataracts. Certain chemicals, such as
dimethyl sulfoxide (DMSO), can alter both
transparency and refraction of the lens.

The iris is susceptible to irritation, result-
ing in leakage of serum proteins and leuko-
cytes from the blood vessels. Chemicals that
are sympathomimetic or parasympatholytic
can dilate the pupil, while parasympatho-
mimetic and sympatholytic chemicals can
constrict the pupil. Certain mydriatics, such
as atropine, can cause glaucoma by dilating
the pupil, blocking drainage of the aqueous
humor.

Certain chemicals can induce changes
or injury to the retina. The effect may
vary widely, ranging from adaptation to the
dark and visual adjustment to the rupture
of blood vessels to hemorrhage and partial

TABLE V.5 Effect of Chemicals on the Eye
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detachment of the retina. Such retinopathic
chemicals may act differently, and to vary-
ing degrees, and include many iodates, 4,4-
methylenedianiline, thioridazine, chloroqu-
ine, and hydroxychloroquine. Toxicants can
damage specific structures of the retina, such
as ganglion cells and the optic nerve, affect-
ing central vision or peripheral vision, or both.
Many organic solvents can damage the optic
nerve affecting the central vision. Such sub-
stances include methanol, carbon disulfide,
and nitrobenzene. Chemicals that may pro-
duce constriction of the visual field and affect
the peripheral vision include carbon monox-
ide, pentavalent arsenic (As°t) and also
nitrobenzene. Certain chemicals, such as hex-
ane, acrylamide, and methyl n-butylketone,
can induce peripheral neuropathy. The effects
of some common chemicals on the eye and
severe injurious substances are briefly sum-
marized in Table V.5.

Injury/Effect Chemicals

Destruction of corneal tissues, corneal
opacification, and perforation

Concentrated mineral acids, such as H,SOy; strong alkalies,
i.e., KOH; HF: strong dehydrating substances, i.e., P,Os;

ammonium and phosphonium ions; many interhalogen
compounds; sulfur mustards, i.e., mustard gas (extremely
dangerous to eyes; can cause blindness)

Damage to corneal epithelial cells

Organic solvents, i.e., acetone, hexane, or toluene; cationic and

anionic detergents

Glaucoma
Cataract

Anesthetics; morphine; atroprine, and other mydriatrics
Many alkylating agents; naphthalene; pesticides; i.e.,

heptachlor, diquat; thioacetamide; iodoacetic acid; thallium;
galactose and other sugars (produced galactosemia in rats
when fed large amounts); 2,4-dinitrophenol;
2,4,6-trinitrotoluene; 2,6,-dichloro-4-nitroaniline; dimethyl
sulfoxide; chlorpromazine; corticosterois; many types of oral
contraceptives; anticholinesterases

Retinopathy (affecting adaptation to
the dark and visual acuity)
Damage to optic nerve/ganglion cells
Affecting central vision
Affecting peripheral vision
Peripheral neuropathy

Many iodates; 4,4-methylenedianiline; certain polycyclic
compounds, i.e., chloroquine, hydroxychloroquine

Methanol; carbon disulfide; thallium; disulfuram; nitrobenzene
Nitrobenzene; carbon monoxide; compounds of Ast; quinine
Certain organic solvents, i.e., hexane, acrylamide;

methyl-n-butyl ketone

Primary irritation

A large number of chemicals are eye irritants, even at trace

quantities (discussed under the hazardous properties of title
compounds in Part B of this text)
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V.G NERVOUS SYSTEM:
NEUROTOXICANTS

The nervous system is a vital part of
the body. Certain protective mechanisms,
primarily the blood—brain barrier (BBB)
and, to a lesser extent, the blood—nerve
barrier (BNB) shield the nervous system
from the toxic chemicals in the blood. For
example, the BBB is effective against many
toxins, such as those of tetanus and diph-
theria. Despite such protective barriers, cer-
tain chemicals may penetrate the brain and
exhibit adverse effects to different degrees.
This may be partly due to the absence of
the BBB in certain sites, where the cells pro-
duce hormones or act as hormonal receptors.
Substances that are highly lipophilic may
readily cross the BBB and affect the brain.

Such substances include many organics and
organometallics that are lipid soluble. On
the other hand, many ionizable inorganic
salts that are hydrophilic (with no affin-
ity toward lipids) cannot penetrate the BBB
and show no effect on the central nervous
system (CNS). The permeability of a com-
pound through the BBB also depends on the
molecular diameter. Larger molecules hav-
ing a diameter approximately over 5 nm are
impermeable into the endothelium in the
brain. The neurotoxic effect of chemicals
may be attributed to their damaging effects
on the neurons, axons, glial cells, and vas-
cular system. A toxicant may have a specific
effect on a specific site or may affect more
than one site. A few select neurotoxicants
and their effects are highlighted below in
Table V.6.

TABLE V.6 Toxicity of Some Selected Neurotoxicants

Neurotoxicants Effects

Aluminum Induces encephalopathy with neurofibrillar degeneration (a probable
cause of Alzheimer’s disease)

Azide Inhibits cytochrome oxidase, producing cytotoxic anoxia

Barbiturates Induces anoxia in the brain

Botulinum toxin

Impairs the release of acetylcholine from motor nerve endings, can

cause paralysis of muscles and death

Carbon monoxide
Cyanide

cellular edema
Lead

Leukoencephalopathy (sclerosis of the white matter)
Inhibits cytochrome oxidase, producing cytotoxic anoxia; induces

Highly neurotoxic; affects peripheral nervous system PNS, CNS, and

motor and sensory nerves; can damage endothelial cells and cause
accumulation of fluids in extracellular space

Mercury compounds
Organoarsenic compounds
Organotin compounds
Organophosphorus compounds
(only certain type of
compounds, such as EPN
and leptophos)
Saxitoxin
failure

Can damage endothelial cells and cause extracellular edema
Edema and focal hemorrhage

Swelling and necrosis of cells; edema of myelin sheaths in CNS
Delayed neuropathy, causing paralysis of muscles

Acts by blocking the sodium channels, can cause death by respiratory

Tellurium
Tetrodotoxin

Causes edema in endoneurium

Acts by blocking the sodium channels, can cause death by respiratory

failure
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V.H CARDIOVASCULAR SYSTEM:
CARDIOTOXIC CHEMICALS

The cardiovascular system consists of the
heart and blood vessels. The heart is primarily
composed of myocardial cells made up of
mitrochondria. The blood vessels consist
of arteries, arterioles, capillaries, and veins.
Although the heart is not a common target
organ, many chemicals can affect it, either by
damaging the myocardium or by acting indi-
rectly through the blood vessels or nervous
system. Some of the general toxic effect of
chemicals on the cardiovascular system are
briefly discussed in this section.

Certain chemicals can depress oxygen
uptake and interfere with cardiac energy
metabolism. The toxicity of such substances
is greatly enhanced by the deficiency of
certain amino acids in the food. Cobalt is
a notable example of such types of toxi-
cant. Furthermore, certain metals, such as
cobalt, can act as an antagonist to endoge-
nous Ca’>*. Many metals can also reduce the
available myocardial Ca’>t by complexing
with macromolecules. Certain substances,
especially some vasodilating antihyperten-
sive drugs, such as hydralizine and diazox-
ide, can induce myocardial necrosis. Also,
a number of adrenergic p-receptor ago-
nists, such as isoproterenol, manifest a sim-
ilar effect through a different mechanism.
Such effects produce an increased transmem-
brane calcium influx, resulting in cardiac
hypoxia.

Certain respiratory tract irritants, includ-
ing a number of fluorocarbons, can pro-
duce cardiac arrhythmias. Such effects may
be attributed to the reduction of coronary
blood flow, depression, or contractility and
sensitization of the heart to epinephrine
and several other factors. Many lipid-soluble
substances can depress cardiac contractility.
These include organic solvents, many general
anesthetics, and aminoglycoside antibiotics.

Toxic effects may also arise when chem-
icals interfere with nucleic acid synthe-
sis. Such substances bind covalently to

mitochondria and to nuclear DNA. Such
binding interferes with the synthesis of
ribonucleic acid (RNA) and protein. The
effects are hypotension, tachycardia, and
arrhythmias. If these chemicals are admin-
istered into the body for a greater length of
time, they can induce degeneration and atro-
phy of the cardiac muscle cells. They can
also produce interstitial edema and fibrosis.
Among such chemicals are the antineoplas-
tic drugs, the anthracycline-type antibiotics
(e.g., doxorubicin and daunorubicin). Cer-
tain chemicals can interfere with nucleic
acid synthesis by inhibiting Q enzymes or
by causing peroxidation of membrane lipids.
Certain vegetable oils and coloring materials
can produce morphologic changes in cardiac
myofibrils and heart muscles.

A number of substances are known to
exhibit toxic effects on blood vessels. Their
modes of actions, however, may be differ-
ent. Some of these toxic mechanisms are
discussed below. Certain substances or their
active metabolites are susceptible to cause
cross-linking of DNA in the endothelial cells,
damaging the capability of these cells to
repair. Such endothelial damage can lead
to thrombosis, progressive hypertension, and
peripheral endarteritis. The latter can produce
a gangrene-type disease, known as black-
foot disease. Arsenic and its compounds
are known to cause this disease. Toxicants
are known to damage endothelial cells of
capillaries in the brain, increasing capillary
permeability and resulting in brain edema.
Pulmonary edema can result.

Many toxicants promote the permeabil-
ity of capillaries surrounding blood vessels
such as the coronary and carotid arteries.
This can lead to degenerative changes in the
blood vessels. Such changes can result in
degenerative diseases, such as atherosclero-
sis. The mechanism of action of toxicants is
complex and may differ among the various
compounds. Certain substances may promote
narrowing of arteries, leading to heart attack
and stroke. Some cardiovascular toxicants
and their effects are presented in Table V.7.
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TABLE V.7 Toxic Effects on the Cardiovascular System and Selected Toxicants

Toxic Effects

Examples of Toxicants

Cardiac arrhythmias

Cardiomyopathy

Depression of cardiac
contractility

Damage to endothelial cells

Vasoconstriction

Degenerative changes (and
degenerative diseases, e.g.,

Fluorocarbons; propylene glycol; and certain tricyclic
antidepressants

Cobalt; ethanol; allylamine; certain antihypertensive drugs,
such as hydralazine; and many adrenergic B-receptors
agonists, such as isoproterenol

General anesthetics; antibiotics of aminoglycoside types, such
as streptomycin

Arsenic; many plant toxins, such as monocrotaline

Arsenic; nitroglycerin; ergot alkaloids

Allylamines; aromatic hydrocarbons; carbon disulfide; carbon
monoxide

atherosclerosis)
Pulmonary edema

Nitrogen dioxide; ozone; hydrogen chloride; ammonia; and

many other irritant gases

Tumors of blood vessels

Vinyl chloride; thorium dioxide

TABLE V.8 Reproductive Toxicity and Selected Toxicants?

Toxic Effects

Examples

Adverse effects on spermatogenesis (reduced
sperm count); and testicular atrophy (in male
reproductive system)

Causing defect or death to spermatozoa (in male
reproductive system)

Miscellaneous adverse effects on the testis (in
male reproductive system)

Tumors (in male reproductive system) such as
testicular tumors and prostate cancer

Damage to oocytes (in female reproductive
system)

Adversely affect the growth and development of
conceptus (lower fetal weight) (in female
reproductive system)

Increase the weight of uterus (in female
reproductive system)

Metals, such as lead and cadmium; chlorinated
pesticides such as dibromochloropropane; food
colors, such as Oil Yellow AB; organic solvents

Alkylating agents (attack the DNA of the cells),
such as methylmethane sulfonate

Many chlorinated organics, such as
hexachlorophene; steroid hormones; and
alkylating agents

Certain urea pesticides, such as linuron; cadmium

Polycyclic aromatic hydrocarbons, such as
benzo[a]pyrene; nitrogen mustards; and certain
aspirin-like drugs

Certain chlorinated pesticides, such as DDT;
nicotine; certain lactones

Ceratin chlorinated pesticides, such as
methoxychlor; estradiol

2A partial list of a few selected toxicants.

V.I REPRODUCTIVE SYSTEM

Many chemicals can affect the reproduc-
tive system in a variety of ways. They
may act directly on the reproductive system
upon reaching the target organs in sufficient

amounts. Many substances, such as dibro-
mochloropropane, a fumigant, may act indi-
rectly via certain endocrine organs.

In the male reproductive system, toxi-
cants can adversely affect the formation,
development, and delivery of spermatozoa.



Such substances can affect spermatogenesis
and cause testicular atrophy. Among these
chemicals are certain metals, solvents, pes-
ticides, and food colors. Some chemicals
manifest their toxicity on the testis. These
include alkylating agents, naphthenic amines,
and steroid hormones. Substances such as
methylmethane sulfonate can cause the sper-
matozoa to become defective or less mobile.
Studies on experimental animals indicate
that certain compounds can induce tumors
in testis. A notable example is linuron, a
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herbicide. In the female reproduction system,
toxicants can damage oocytes and block the
release of ovulation; may increase the weight
of the uterus; affect the development and
growth of the conceptus (causing lower fetal
weight); and affect the onset of menopause.
Some of these toxic effects discussed and
some selected chemicals manifesting these
actions are highlighted in Table V.8. Specific
toxicants are discussed in Part B of this text.
Section VII, in Part A of this book, high-
lights certain mechanisms.



Vi

CANCER-CAUSING CHEMICALS

VI.LA CONCEPT OF
CARCINOGENESIS

A carcinogen is a substance capable of caus-
ing cancer in mammals. Chemicals, radia-
tion, and certain viruses are cancer-causing
agents. Most cancers are induced by many
synthetic or naturally occurring chemicals,
which include inorganic substances, organ-
ics, hormones, and solid-state materials. A
human carcinogen is a substance that induces

cancer in humans.
Any possible carcinogenic properties of

chemicals are identified from (1) human
epidemiological studies establishing rela-
tionships between exposure to any given
chemical and cancer, and (2) laboratory stud-
ies in experimental animals. Chemical car-
cinogens exert their effects after prolonged
exposure for years, often with a latent period
of several years. For example, asbestos fibers
have demonstrated long latent periods, with
the first signs of cancers appearing 20-30
years after exposure. Also, most carcino-
gens manifest a dose-response relationships.
In animal studies large doses of suspected
carcinogens are administered to two or more
species of test animals over a range of time.
Maximum doses are administered that would

possibly produce cancer. It is generally
assumed that chemicals that produce can-
cers in animals would do so in humans.
Such assumptions cannot always be con-
firmed. Therefore, any extrapolation of ani-
mal experiments data to humans should be
established on the basis of human epidemio-
logical studies.

Tumor or neoplasm is heritable altered
autonomous growth of tissue, composed of
abnormal cells that grow more rapidly than
the surrounding normal cells. Neoplasm may
be of two types, benign and malignant. While
the former grows much more slowly than
the latter, and does not metastasize (spread)
throughout the body, malignant tumor or can-
cer grows rapidly and spreads throughout the
body. Neoplasms use the blood, oxygen, and
nutrient supplies of other tissues and organs
affecting the normal function of body’s
organs and tissues. Neoplasms that continue
to grow unabated and spread, as happens in
malignancies, ultimately lead to death.

The biochemical processes involved in car-
cinogenesis are not well understood. It is
known that many mutagens are also chemical
carcinogens. Therefore, the mutation of nor-
mal cells exposed to chemical carcinogens
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can lead to the development of cancerous
cells. Mutation is a permanent change in the
base sequence of the deoxyribonucleic acid
(DNA) involving alterations of a single gene,
a block of gene, or a whole chromosome.
Carcinogenic chemicals may alter DNA to
form a type of cell that replicates itself, form-
ing cancerous tissue. DNA a long macro-
molecule that carries a genetic code through
which genotypic characteristics are inherited.
A chemical may interact with DNA through
genetic mechanism, altering the structure or
number in the chromosome, causing gene
mutation or duplication. Such substances are
known as genotoxic carcinogens. They initi-
ate carcinogenesis, affecting the organism at
an early stage. They are also carcinogenic at
subtoxic doses and are often effective after
a single exposure, exhibiting a short latent
period. A large number of chemical carcino-
gens metabolize to reactive electrophilic inter-
mediates that interact with DNA. Thus, the
substance must undergo metabolism to pro-
duce the actual cancer-causing intermediate.
Such compounds, called proximate carcino-
gens, include aromatic amines, polynuclear
aromatic hydrocarbons (PAHs), nitrosamines,
nitrosoureas, azo dyes, and chlorinated hydro-
carbons.

Many chemicals in their unmetabolized
form react directly with DNA or other
cell constituents, causing cancer. These sub-
stances are classed as primary carcinogens.
Alkylating agents, ethylene oxide, peroxides,
dimethyl sulfate, sulfones, sulfur mustards,
and bis(chloromethyl)ether are examples of
primary carcinogens.

Another class of carcinogens are the
epigenetic carcinogens. These substances,
which are nongenotoxic in nature, cause
changes in the structure of DNA without
binding to DNA and without causing cell
transformation or chromosomal aberrations.
Solid-state carcinogens, hormones, and cyto-
toxic agents are examples of this class.

Many alkylating agents — chemicals that
can add alkyl groups to DNA — are carcino-
gens and/or mutagens. They form reactive
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carbonium ions, which react with electron-
rich bases in DNA, such as adenine, guanine,
cytosine, and thymine. This leads to either
mispairing of bases or chromosome breaks,
causing growth and replication of neoplastic
(cancerous) cells. The mechanism of chemi-
cal carcinogenesis is discussed in the subse-
quent text in brief.

VI.B MECHANISM OF CHEMICAL
CARCINOGENESIS

The mechanism of chemical carcinogene-
sis involves a complex multistage process
that occurs in certain distinct phases. While
genotoxic carcinogens manifest their actions
in three phases: (1) initiation, (2) promotion,
and (3) progression, the mechanisms for
nongenotoxic carcinogen can vary and are
more complex. The routes of exposure, dose
amount, absorption, and distribution of the
chemical within the body as well as the
nature of the metabolic products, play impor-
tant roles in the process.

The process of initiation by genotoxic car-
cinogens occurs when the chemical reacts
with the DNA molecule. An electrophilic
(electron-seeking) compound can bind cova-
lently to certain nucleophilic sites in DNA,
forming a carcinogen—DNA adduct. Some
binding sites in DNA are shown below:

0 NH,
HN1 6 5 l;% N|/6 5 l7\1\
<3 4‘ 9> 234 98>
\ N N N
HoN H H
(guanine) (adenine)

Binding sites for reactive carcinogens in purine base

NH, (0]

2 6 2 6
A A
H H

(cytosine) (thymine)

Binding sites of reactive carcinogens in pyrimidine base
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In these purine and pyrimidine bases,
the covalent binding sites for the alkylat-
ing agents are N-7, O-6, and N-3 in gua-
nine; N-1, N-3, and N-7 in adenine; N-1
and N-3 in cytosine; and N-3 and O-4
positions in thymine structures, respectively.
Among these, N7-alkylguanine accounts for
about two-thirds of all alkyl bound adducts.
On the other hand, polycyclic aromatic
hydrocarbons bind to the terminal —NH;
group in the guanine, adenine, and cytosine
rings. Experimental data also suggest that 2-
acetylaminofluorene, and probably many car-
cinogenic azo dyes, bind to the carbon atom
at the C-8 position in the guanine ring. The
binding sites for many cancer-causing chem-
icals remain unknown. Initiation leads to one
or more mutations in the target cell genome.
Such mutations are irreversible and dose-
related and theoretically show no threshold.

Initiation is succeeded by a long phase
of promotion. Gross tumors form during
this long phase. The formation of such
tumors results from the progressive clonal
expansion of initiated cells. The mecha-
nisms involve cell proliferation, tissue dam-
age, cell death, regeneration, and immune
suppression. Promotion is dose-related and
partly reversible and often has a thresh-
old. The same chemical or its metabolic
products may act as both initiator or pro-
moter, or the promoter may be an entirely
different substance. Several promoters have
been identified. One such promoter is 12-O-
tetradecanoylphorbol-13-acetate, also known
as TPA. Many other phorbol esters, similar
to TPA and derived from croton oil, show
similar actions. Such promoters can activate
the enzyme protein kinase C, a calcium-
dependent protein kinase, causing alterations
in membrane function, alterations in intercel-
lular communication, inhibition of terminal
differentiation in a number of cell types, and
other biochemical effects. Certain promot-
ers may act genotoxic as well, in indirect
ways. For example, TPA is not directly geno-
toxic and does not undergo metabolic activa-
tion, but it can release oxygen free radicals

and can cause genotoxic damage in tar-
get tissues. Many other chemicals or groups
have shown promoting actions in experimen-
tal animals. They include benzo(a)pyrene,
anthralin, retinoic acid, and indole alkaloids,
promoting skin tumor in mice; saccharin and
cyclamates, promoting bladder tumor; and
goitrogens, causing thyroid tumor in rats.

Progression is the final phase of tumor
growth after various substances of neoplastic
cells have emerged. During this stage, benign
neoplasms are transformed into malign ones
and the malignant cells disseminate from
the primary tumors, invading and spread-
ing to distant sites. At this stage, sec-
ondary metastatic deposits keep on forming
at increasing numbers of sites, with addi-
tional mutational changes occurring.

The formation of an electrophile that
would bind covalently to certain sites in the
DNA is often the starting point in chemi-
cal carcinogenesis. The terms electrophile or
nucleophile refer to compounds, ions, rad-
icals, or functional groups that require or
donate electrons, respectively, in chemical
reactions. However, many “innocuous” sub-
stances that are not electrophiles may metab-
olize to form reactive electrophile species
that may act as ultimate carcinogens. For
example, N-hydroxylation and esterification
can generate reactive carbocations and nitro-
nium ions. Aromatic amines, azo dyes,
urethane, and similar substances undergo
enzyme catalytic reactions forming reactive
electrophiles. Similarly polynuclear aromatic
hydrocarbons, aflatoxins, and vinyl chlo-
ride metabolize to reactive epoxides. Such
metabolic activation occurs primarily in the
liver and to a lesser extent in the kidneys,
gastrointestinal tract, and lungs. Many alky-
lating substances, such as mustard gas or
chloroethers, do not require metabolic acti-
vation and can bind directly to nucleophilic
sites in the DNA.

When a carcinogen covalently binds to
DNA, itmay resultin depurination, single-base
substitution or single- or double-stranded
breaks. Binding to alkylating agents may cause
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inter- or intrastrand cross-linkages. In other
words, DNA is altered or damaged. A cross-
linking adduct (as in the case of an alkylating
agent binding to DNA) can prevent the repli-
cation of DNA or block the transcription of
its own RNA and prevent the synthesis of an
essential protein. In such a scenario the dam-
age can kill the cell. In some cases, the damage
may be repaired but imperfectly where the
cell survives, but the genome is altered per-
manently. The damage may be fully repaired,
with the cell recovering and restored back to
its original intact state. These cases explain
the origin of tumor formation and genotoxic
carcinogenesis.

Not all chemical carcinogens act through
genotoxic effects. Nongenotoxic carcino-
gens include various halogenated hydro-
carbons, polychlorinated biphenyls (PCBs),
dioxin, barbitals, synthetic and endogenous
hormones, and many substances that are
enzyme inducers. Their chemical structures
are diverse, as are their biological effects
and the mode of action. Studies on rats
and mice indicate these substances act in
the liver and induce the cytochrome P-
450 mono-oxygenase system. Many hor-
mones induce tumors in the liver and
endocrine glands. Many nongenotoxic car-
cinogens interact with RNA and regula-
tory proteins and prevent the synthesis of
normal proteins. They may bind to pro-
teins that regulate cell-surface receptors
for growth factors or control cell pro-
liferation. The mechanisms and mode of
actions of chemical carcinogens are not well
understood.

VI.C CANCER REVIEW PANELS AND
CLASSIFICATIONS OF CARCINOGENS

Several research and review panels are work-
ing on carcinogens. These groups periodi-
cally review and classify the cancer-causing
potency of chemical, microbial, and physical
carcinogenic agents. Unfortunately, many of
their terms differ, although the meanings often

overlap. Among the leading agencies are the
International Agency for Research on Can-
cer (IARC), the National Toxicology Program
(NTP) of the U.S. Department of Health and
Human Services, and the Maximum Allow-
able Concentration Review Panel of German
Research Society (DFK MAK). The classifi-
cation of carcinogens and terminology used
by these agencies are presented in the subse-
quent text. The known human carcinogens are
listed in Table VI.1. This is not a complete
list. A complete updated list of IARC and
NTP carcinogenic agents, including chemi-
cals, viruses, bacteria, physical agents, mix-
ture, and occupational exposure conditions, is
presented in Appendixes B and C.

VI.D CHEMICALS AND MIXTURES
CONFIRMED AS HUMAN
CARCINOGENS

Aflatoxins [1402-68-2]

Alcoholic beverages
4-Aminobiphenyl [92-67-1]
Analgesic mixture containing phenacetin
Arsenic [7440-38-2]

Arsenic compounds

Asbestos [1332-21-4]
Azathioprine [446-86-6]

Benzene [71-43-2]

Benzidine [92-87-5]

Beryllium [7440-41-7]

Beryllium compounds

Cadmium [7440-43-9]

Cadmium compounds
Chlorambucil [305-03-3]
Bis(chloromethyl)ether [542-88-1]
Chlornaphazine [494-03-1]
Chloromethyl methyl ether [107-30-2]
Chromium [7440-47-3]
Chromium(VI) compounds
Cyclosporine [79217-60-0]
Cyclophosphamide [50-18-0]
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TABLE VI.1 Classification of Carcinogenic Agents

Agencies

Classification and Meaning

IARC

Group 1

Group 2A

The agent is carcinogenic to humans — sufficient
evidence established between exposure to the agent and human cancer
The agent is probably carcinogenic

to humans — limited evidence of carcinogenicity in humans

and sufficient evidence of carcinogenicity in experimental animals
Group 2B The agent is possibly carcinogenic to humans — limited

evidence in humans but absence of sufficient evidence in

experimental animals or inadequate evidence in humans (when human

data not available) but sufficient evidence in experimental animals

Group 3

The agent is not classifiable as to its carcinogenicity

to humans — when agents do not fall into any other group

Group 4

The agent is probably not carcinogenic to

humans — evidence suggesting lack of carcinogenicity
in humans and experimental animals

NTP Known to be carcinogen — sufficient evidence of carcinogenicity between the

agent and human cancer

Reasonably anticipated to be carcinogens — limited evidence of carcinogenicity
from human studies, the interpretation may be credible, but alternative
explanations, such as chance, bias or confounding could not adequately be
excluded; or (2) sufficient evidence of incidence of malignant tumors from
studies in experimental animals in multiple species or strains; or in multiple
experiments with different routes of administration or using different dose
levels; or to an unusual degree with regard to incidence, site or type of tumor,

or age at onset
DFK MAK

Group Al Capable of inducing malignant tumors, with human evidence

Group A2 Carcinogenic in experimental animals only
Group B Suspected of having carcinogenic potential

Diethylstilbesterol [56-53-1]
Erionite [66733-21-9]
Ethylene oxide [75-21-8]
Melphalan [148-82-3]
Mineral oils [8007-45-2]
Mustard gas [505-60-2]
Myleran [55-98-1]
B-Naphthylamine [91-59-8]
2-Naphthylamine [91-59-8]
Nickel compounds
4-Nitrobiphenyl [92-93-3]
Radon [10043-92-2]

Shale oils [68308-34-9]
Silica [14808-60-7], crystalline (inhaled as

quartz as cristobalite from occupational
sources)

Soots [8001-58-9]

Talc-containing asbestiform fibers

Tamoxifen [10540-29-1]

Tar [8021-39-4]

2,3,7,8-tetrachlorodibenzo- p-dioxin
[1746-01-6]

Thiotepa [52-24-4]

Tobacco products, smokeless

Tobacco smoke

Treosulfan [299-75-2]

Vinyl chloride [75-01-4]

Wood dust
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TERATOGENIC SUBSTANCES

Teratogens are chemical and physical agents
that can cause birth defects and mortal-
ity among newborns, malformations, growth
retardation, and functional disorders. The
nature and severity of such effects may
widely vary, ranging from fetal deaths and
major malformation affecting the survival,
growth, and fertility to delayed develop-
mental toxicity and minor anomalies. Prob-
ably, the most dangerous teratogenic effects
have been shown by thalidomide, a sedative
hypnotic drug. This drug, used in the past
for the relief of morning sickness, caused
phocomelia, a very rare type of congen-
ital malformation among newborn babies.
Ingestion of thalidomide by pregnant moth-
ers resulted in the births of thousands of
deformed babies with shortening or absence
of limbs. Although thalidomide may be
the most widely known teratogen, many
other substances tend to produce such severe
chemical teratogenesis.

Although most teratogens are chemical in
nature, ionizing radiation, nutritional imbal-
ance, and certain infections are also known
to be teratogenic to humans. A number of
chemicals have been found to be teratogenic to
humans. These include many common organic

solvents, alcohols, pesticides, herbicides, azo
dyes, heavy metals, sulfonamides, antibiotics,
and certain alkaloids. Table VII.1 presents a
partial list of common chemicals of indus-
trial or pharmaceutical applications that are
known human/animal teratogens. The terato-
genicity of these and other substances is dis-
cussed under their titled headings in Part B of
this text.

VI.LA MECHANISM AND MODE OF
ACTION OF TERATOGENS

After fertilization, the ovum passes through
a sequence of events, characterized by cell
proliferation, differentiation, migration, and
organogenesis. The embryo formed under-
goes a state of metamorphoses, followed by
a period of fetal development before birth,
passing through three distinct stages: predif-
ferentiation, embryonic, and fetal. Of these
three stages, the embryonic is the most crit-
ical, as this is when the embryo is most sus-
ceptible to the effects of teratogenic agents.

During the predifferentiation stage, which
may vary from 5-9 days depending on the
species, teratogens can either show no appar-
ent effect on the embryo or kill the cells,
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TABLE VIl.1

Partial List of Known Teratogens to Humans and Animals

Classes of Substances Examples

Lithium, selenium, strontium, lead, thallium
Benzene, xylenes, carbon tetrachloride, 1,1-dichloroethane, dimethyl

N-Nitrosodimethylamine, N-nitrosodi-r-butylamine

Quinine, pilocarpine, caffeine, nicotine, Rauwolfia, Veratrum, and

Metals
Organic solvents

sulfoxide
Alcohols Ethanol, diethylstilbestrol
Nitrosamines
Azo dyes Niagara blue, Evans blue, trypan blue
Pesticides Dinocap, phenytoin
Alkaloids

Vinca alkaloids
Antibiotics Streptomycin, penicillin, tetracyclines
Sulfonamides Sulfanilamide

Miscellaneous drugs

Antifolic drugs, antithyroid drugs, meclizine, chlorpromazine,

chlorcyclizine, carbutamide

Natural toxins
Anesthetics
Miscellaneous substances

Halothane

Aflatoxin B, ergotamine, ochratoxin A

Thalidomide, polychlorinated biphenyls, organomercuric compounds,

methimazole, bisulfan, cyclophosphamide, procymidone,
trimethadione, abamectin, aminopterin, isotretinoin, valproic acid

causing the death of the embryo. During this
period, cells that survive from any mildly
harmful effects of the teratogenic agents
compensate and form a normal embryo.

Most of the organogenesis occurs during
the embryonic stage, with the cells under-
going intensive differentiation, mobilization,
and organization. Studies on rodents have
shown that brief exposure to a teratogen on
the 10th day of gestation induced a variety
of malformations in rats. These malforma-
tions included brain, eyes, and heart defects
with an incidence of more than 25%, and
skeletal and urological defects to a minor
extent. Such incidences of malformations of
different organs and their susceptibilities to
teratogens can vary according to the day of
gestation. For example, the incidence of eye
defects and urogenital defects was maximum
in rats from brief pulse treatment of terato-
gen on the 9th and 15th days of gestation,
respectively. Rat embryos show maximum
susceptibility to teratogens between days 8
and 12. The embryonic stage generally ends
in the 10th to the 14th day in rodents. In
humans it is generally in the 14th week of
the gestation period.

Teratogens may not cause morphologic
defects in the fetal stage, during which
growth and functional maturation occur.
However, they may induce functional abnor-
malities, such as central nervous system defi-
ciencies, which may not be detected at birth
or shortly thereafter.

How teratogens act depends on their cer-
tain chemical properties. Thus, their mode of
action in humans and animals may involve
many different mechanisms. Many terato-
gens can interfere with replication or tran-
scription of nucleic acid or RNA transla-
tion. Such effects can cause cell death or
somatic mutation in the embryo. These may
result in structural and functional defects.
Therefore, the toxicants that produce reac-
tive metabolites that react with nucleic acids
can be potential teratogens. Thus, the mode
of action of such teratogens is similar to
that of genotoxic carcinogens. Such reactive
metabolites must be able to reach the embryo
for teratogenesis to occur. If such metabolites
are too unstable, they may be carcinogens,
but not teratogens.

Interference  with nucleic acids is
not the only cause of teratogenesis.



TESTING AND EVALUATIONOF TERATOGENIC EFFECTS 47

Other mechanisms are involved in terato-
genesis as well. These include inhibition
of enzymes, deficiency of energy supply
and osmolarity, lipid peroxidation, and oxi-
dation and degradation of proteins both
in maternal and in embryonic tissues. For
example, 6-aminonicotinamide is a potent
teratogen because it inhibits the enzymatic
action of glucose-6-phosphate dehydroge-
nase (G6PD). Similarly, 5-fluorouracil can
inhibit thymidylate synthetase and induce
malformation. Certain substances can affect
metabolic processes by depriving oxygen
supply or restricting energy supply. Thus,
gases causing hypoxia and substances that
are antagonists of essential amino acids, and
vitamins can be teratogenic agents.

Thus, the mode of action of many terato-
gens is different and is not fully understood.
The mechanism depends on several factors,
such as bioactivation of toxicants, the stabil-
ity of toxicants or their reactive metabolites
to reach the embryo, and biotransformation
or the detoxifying capability of the embry-
onic tissues.

VIl.B TESTING AND EVALUATION
OF TERATOGENIC EFFECTS

Teratogenic studies have generally been per-
formed on experimental animals, primar-
ily, rats, mice, rabbits, and hamsters. These
species have a short gestation period. The
chemical is administered at least at three
dosage levels: one level, at which no observ-
able ill effect should be induced, while the
higher dosages should produce some mater-
nal and/or fetal toxicity. Several animals are
placed in each dose group, as well as in
two control groups. Subjects of both con-
trol groups receive a chemical compound of
known teratogenic activity and physiologic
saline, respectively.

The chemical in the study is either incor-
porated into the animal feed or adminis-
tered by gastric gavage. The period of test-
ing may differ from one species to another.
For rats and mice, the dosing period is

6—15 days. In general, the chemical should
be administered when the embryo is most
susceptible, especially throughout organo-
genesis.

The dosed animals are examined daily
for any signs of toxic effects. The fetuses
are surgically removed 1 day before the
expected delivery and observed whether they
are live or dead. Their number, sex, and
weight are observed. Also, the number of
corpora lutea, implantations, and resorp-
tions is determined. Detailed examinations
involve determination of abnormalities and
external defects, such as skeletal abnormal-
ities and visceral defects. For large ani-
mals, such as dogs or pigs, the skeletal
structure of fetuses is examined by radio-
graphy. For small animals, skeletal abnor-
malities are determined after staining with
a coloring substance, such as alizarin red.
Delayed effects of teratogens may be stud-
ied by neuromotor and behavioral tests. Such
tests may be used to detect the teratogenic
effects on the fetal central nervous sys-
tem. This includes measuring motor activ-
ity, acoustic startle, brain weight, T-maze
delayed alteration, and glial fibrillary acidic
protein (GFAP). Delayed effects in male ani-
mals may be manifested by altered andro-
genic status, such as reduced sperm count
and testosterone levels.

Teratogenic effects of substances on test
animals are evaluated from resorption (death
of the conceptus), fetal toxicity (reduced
body weight), aberrations (malformations),
and minor anomalies. Statistical analysis is
performed by surveying the four most impor-
tant parameters; namely, the number of lit-
ters with malformed fetuses, increase in the
average number of fetuses with defects per
litter, the number of resorptions, and dead
fetuses. Finally, the incidence of malfor-
mation (response) is plotted against doses
administered. Any dose-response relation-
ship should indicate the teratogenicity of the
chemical under experimental conditions.

Teratogenic effects may be determined
from a variety of in vitro tests, using either
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mammalian whole embryo, cells,
tissues, or embryonic organs in culture or
nonmammalian model systems. The results
of teratogenic studies in animals do not
always apply to humans. For example,
thalidomide, the most potent human terato-
gen, has been found to be innocuous to rats
and mice. Similarly, many animal teratogens

are potentially harmless to humans. With
the knowledge acquired so far from abun-
dant experimental data and epidemiological
studies, the teratogenic potential of chemi-
cal substances may be determined from their
molecular structures and certain physico-
chemical properties. This should eliminate
unnecessary animal experiments.



VIII

HABIT-FORMING ADDICTIVE

SUBSTANCES

A number of substances of widely varying
chemical structures and physical and chemi-
cal properties are known to produce compul-
sive physical and psychological dependence.
The user feels an urge to use more of the
substance to preserve the original effect.
Also, when a dependent user stops taking
a drug, a ‘withdrawal reaction’ can set in,
implying a biochemical change in the body
that can manifest physical and psychologi-
cal symptoms. Such habit-forming chemicals
may have the following common features:

1. Euphoric effect and/or respite from pain
2. Taking an amount more than intended

3. Enhanced substance dependence caused
by repeat use

4. Tolerance
5. Withdrawal reaction

Chemical dependence may arise from
repeat use of the substance. Not all psy-
chological effects, are similar. Such effects
may widely differ, depending on the sub-
stance. A large number of compounds may

be included under the category of such habit-
forming substances that have the potential to
cause dependence upon excess and/or repeat
intakes. Such substances include an array of
chemicals that vary widely in chemical struc-
ture and properties, ranging from ethanol and
caffeine to amphetamines and opiates. They
include hallucinogens, narcotics, stimulants,
sedatives, and hypnotics.

Such compounds may be broadly classi-
fied as

. LSD-type hallucinogens

. Phencyclidine hallucinogens
. Amphetamine stimulants

. Cocaine-type stimulants

. Opiate narcotics

. Cannabis

. Barbiturate sedatives

. Alcohols

. Organic vapors and inhalants

e <IN e N N S
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Some of these compounds are discussed at
length in Part B, Chapter 7 . Some of the
common drugs of abuse and their structural
features are briefly discussed below.

A Comprehensive Guide to the Hazardous Properties of Chemical Substances, by Pradyot Patnaik
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VIIlLA HALLUCINOGENS

Hallucinogens are psychedelic substances
that produce a wide range of illusory effect,
altering mood, thinking, and perception. The
effect can be intense, kaleidoscopic, and
brilliant in colors and textures, as well as
sweet, sharp, and profound in sound, taste,
and smell. The effects often produce flash-
backs and visual distortion, varying from
pleasant to traumatic. The quality and dura-
tion of psychedelic reaction depend on the
nature of the substance and amount of intake.
The duration can last several hours. Com-
mon adverse effects from some psychedelic
drugs involve acute panic reaction, psychotic
symptoms, mental instability, and emotional
crisis, which may vary with the person. Many
hallucinogens do not cause physical addic-
tion or psychological dependence. Some pro-
duce milder effect than others.

Hallucinogens may be naturally occur-
ring or synthetic. The best known synthetic
drug is lysergic acid diethylamide (LSD).
The monamide of lysergic acid, however, is
naturally occurring and is found in morn-
ing glory seed. The latter is a psychedelic
alkaloid. LSD is probably one of the most
potent hallucinogens, producing the widest
range of effect, as well as profound alter-
ations in mood and perception. The effec-
tive dose for this substance is 0.075-0.10
mg/kg, almost 10 times more potent than
the corresponding monoamide. Its mode of
action is not certain but probably involves
the inhibition of the release of serotonin,
by acting on a presynaptic serotonin recep-
tor. Among other synthetic psychedelic drugs
are diethyltryptamine (DET), dipropyltrypta-
mine (DPT), 3,4-methylenedioxyampheta-
mine (MDA), 3,4-methylenedioxymetham
phetamine (MDMA), and 2,5-dimethoxy-4-
methylamphetamine (DOM or STP). These
compounds have a tryptamine or methoxy-
lated amphetamine structure.

MDMA, structurally related to ampheta-
mine and mescaline, is a mild psychedelic
drug. Its effects last for a shorter duration,
2—4 hours. Unlike LSD or mescaline, it does

not usually evoke the psychotic reaction of

flashback, the so-called “bad trip”.
Another common hallucinogen of street

use is phencyclidine, also known by several
other names, such as, PCP, “angel dust”, or
“hog”. This drug was originally introduced
as an anesthetic and is now used in vet-
erinary practice. The drug was withdrawn
from human use because of its hallucino-
genic effect. This substance is taken orally or
intravenously or more commonly by mixing
with tobacco, to be smoked. It produces less
schizophrenia than occurs with the LSD class
of hallucinogens. Symptoms are distortion of
body image, detachment, and disorientation.
Adverse somatic effects include numbness,
sweating, hypertension, and rapid heart rate.
Overdosage can lead to death. The hallu-
cinogenic property of phencyclidie and struc-
turally related substances may be attributed
to reduced uptake of dopamine and enhance
of dopaminergic transmission. Some selec-
tive hallucinogens and their structures are
presented in Table VIII.1.

VIl.LB STIMULANTS — GENERAL
TYPE

Stimulants are therapeutic agents that stimu-
late the central nervous system (CNS). They
are capable of exciting the CNS over the
normal range. Many are natural compounds,
some are synthetic. They differ in their struc-
tures, as well as in clinical and pharmacolog-
ical effects. The addictive potential of these
compounds is relatively much lower than that
associated with narcotics or hallucinogens.
Many stimulants, such as strychnine or caf-
feine, are alkaloids (see Chapter 7).
Caffeine is the most popular psychoactive
stimulant. This xanthine alkaloid occurs in
coffee, tea, and cola beverages. At a modest
dose of 100—200 mg, it enhances wakeful-
ness and reduces fatigue. However, intake of
higher quantities (>500 mg/day) can cause
addiction. Other psychostimulant substances
include deanol, pemoline, and their deriva-
tives. These substances have limited clini-
cal application. The structures of caffeine,
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Hallucinogens Structures

Comments

Lysergic acid diethylamide =C—N(C,Hs),

(LSD)
— CH3

Mescaline CH;0 ; .CH,CH,NH,

OCHj;
Dimethyltryptamine (DMT)

Diethyltryptamine (DET)
Dipropyltryptamine
(DPT)

CHZCHZN\

R = CH;, C2H5, C3H7 m DMT,
DET, and DPT, respectively.

2,5-dimethoxy-4-

OCHj;
amphetamine (DOM or
STP) —CH—CH

OCH;

3,4-methylenedi-
oxymethamphetamine
(MDMA)

CH—NH CH,

3.4-Methylenedioxy-
amphetamine

Ij

Harmine

Harmaline

Synthetic; a highly potent and
strong hallucinogen; can
invoke very wide-ranging
perceptual and illusory effects,
including “bad trips”; effective
dose 0.1 mg/kg; perceptual,
psychic, and somatic effects
can overlap; toxic but nonfatal

Naturally occurring; less potent
than the LSD, but with
psychedelic effects very
similar to those of LSD

DMT occurs in leaves of
Prestonia amazonica; highly
potent; the synthetic analogues
DET and DPT are highly
potent

Mild effects, similar to MDMA

A mild hallucinogen; a common
drug of abuse; generally does
not evoke a “bad” trip

Mild effects, similar to MDMA

Occurs in Harmala alkaloids:
low potency; also a central
stimulant

Occurs in Peganum harmala;
dihydro derivative of harmine;
hallucinogen potency low; a
central stimulant

(continued)
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TABLE VIIl.1  (Continued)

Hallucinogens Structures Comments

Ibogaine CH;0 Obtained from the shrub

’ Tabernanthe iboga; a
powerful hallucinogen
producing a wide range of
effects

Psilocybin HO Highly potent hallucinogen;

AN . .
/p:o obtained from Psilocybe
| mexicane
HO CH,
CH,—CH,—N
| CH;
N
H
(C12H17N2O4P)
Psilocin H Tryptamine-type hallucinogen;
N unstable and difficult to
| isolate; metabolite of
_CH; psylocybin; highly potent
CH,CH,N__
OH CH;
(C12H16N>0)

Phencyclidine (PCP, A common drug of abuse;
“angel-dust”, milder than LSD; anesthetic
“hog”) properties

C
(Ci2HasN)

deanol, and pemoline are shown below:

O (|2H3
H3C\ N
N
JI )
6] $’ N

CHj;
(caffeine)
CH;
AN
_N—CH;—CH,—OH
CH;

(deanol)

O NH
S
NH
0

(pemoline)

Many sympathomimetics have strong ex-
citatory effects on the central nervous sys-
tem. These are mostly synthetic compounds
and include amphetamines. The chemical
structures and abusive potential of ampheta-
mines are discussed separately in the follow-
ing section.



ViIl.C AMPHETAMINE-TYPE
STIMULANTS

Amphetamines constitute a large group of
sympathomimetic drugs. These substances
stimulate the CNS. They were earlier used
to control obesity and to resist sleep (nar-
colepsis), and in the treatment of depres-
sion. Their clinical application, however, has
decreased in recent years because of their
adverse psychological effect. Amphetamines
are strongly addictive compounds. Repeated
use leads to dependence and the development
of tolerance.

Adverse psychological effects are insom-
nia, restlessness, tension, confusion, irri-
tability, hostility, panic, and psychosis. The
most notable effect, is psychosis. Short-term
administration of these drugs can induce psy-
chosis even in normal people. The symp-
toms are restlessness, delusion, euphoria,
and visual and auditory hallucinations, often
similar to those associated with paranoid
schizophrenia. Such effects, however, require
large doses of the drug, for example, 50—100
times the therapeutic dose. Amphetamine
psychosis may disappear within a few days.
Chronic use can create a high degree of
tolerance toward the drug and a compul-
sive craving or desire for it. The user may
need a much larger dose that may increase
to 15 or 20 times as much to recover the
original effect of euphoria. Withdrawal from
amphetamine may produce headache, sweat-
ing, hunger, and stomach and muscle cramps.
The psychological symptoms of withdrawal
from the drug by heavy users can be severe
and suicidal at times. Such symptoms include
lethargy and increasing bouts of depression
that can lead to a compulsive urge to start its
use again.

Acute poisoning from overdose can pro-
duce pallor, fever, bluish skin, nausea, vom-
iting, elevated heart rate, elevated blood
pressure, respiratory distress, and loss of
sensory capacities. Death can occur from
overdose, after high fever, convulsions, and
shock.
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The parent compound, amphetamine
[300-62-9] is (phenylisopropyl) amine or S-
aminophenyl benzene that exists in stereoiso-
meric d- and [-forms. Its structure is given

below:
¢y
CH,—CH—NH,

[300-62-9]

Owing to the presence of an amino
group (—NH>) in the molecule, amphetamine
can form acid derivatives with both min-
eral and carboxylic acids. Aromatic ring
substitution can produce a number of
derivatives. Alkyl, alkoxy, alkylthio, or
halogen substitution in the ring can pro-
duce a number of potent hallucinogenic
substances. Similarly, alkyl substitution on
the amino group can produce derivatives,
such as methamphetamine, that are sympa-
thomimetics and central stimulants. Many
amphetamine derivatives may be readily syn-
thesized in the laboratory. Some common
drugs of abuse include dextroamphetamine
(Dexedrine), metamphetamine (Methedrine)
[537-46-2], phenmetrazine, methylpheny-
date (Ritaline) [113-45-1], and the racemic
amphetamine sulfate (Benezedrine). The
structures of a few amphetamine compounds
are shown below:

¢y
CHQ_CH_NHZ_CH3

(methamphetamine)
[537-46-2]

CH,
(|)/ \(|:H2
CH _NH
CH;

(phenmetrazine)
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_CH,

oAy
CH—CH___NH

¢—OCH; CH

J CHj;

(methylphenydate)
[113-45-1]

CHZ*CH*NHZ 2° HQSO4

(dextroamphetamine sulfate)

Methamphetamine or 1-phenyl-2-(methy-
lamine)propane is another widely abused
drug. It is also known as “speed”. At higher
doses, this strong CNS stimulant produces
delusions and bizarre visual and auditory
hallucinations. Chronic use at high doses can
produce schizophrenia-like conditions. The
toxic and psychological effects are similar
to those of other amphetamine drugs. Its
pharmaceutical uses have been discontinued.

Amphetamines are synthetic compounds,
structurally related to the natural prod-
uct cathinone. The latter is an alkaloid
extracted from the leaves of the plant, Khat
(Catha edulis). Chewing of fresh leaves of
Khat produces effects similar to those of
amphetamines. The structure of cathinone or
a-aminopropiophenone is as follows:

_NH,
CH
¢ “CH;

(cathinone)

Because of the abuse potential of amphe-
tamines, the Drug Enforcement Agency has
strictly controlled the manufacture, distri-
bution, and use of these substances in the
United States.

VIl.D COCAINE

Cocaine is one of the most popular illicit
drugs in the world. It is a strong CNS

stimulant and is more potent than amphe-
tamines. It belongs to the class of tropane
alkaloids. For a discussion of the structures,
physical and chemical properties, and tox-
icity, see Chapter 7. Cocaine is a natural
alkaloid derived from coca leaves. Chew-
ing of the leaves for stimulant action and
to overcome fatigue was known since early
times. Its anesthetic properties were discov-
ered much later, in the 19th century. It has
since been in use as a topical anesthetic, in
diluted form.

The illicit use of cocaine increased dra-
matically after amphetamine drugs were
banned. Street cocaine is usually adulter-
ated with sugars and other substances. The
adverse psychological effects of cocaine are
similar to those of amphetamines. The effects
include insomnia; weight loss; visual distur-
bances; hypersensitivity to light, sound, and
touch; paranoid thinking; as well as a feeling
of increased energy and confidence resulting
in irritation and aggressiveness. It can lead
to dependence far greater than that expe-
rienced with amphetamines. The euphoric
effect from a single dose can last 1 or 2
hours. For this reason, users take repeat doses
several times a day. Unlike heroin, cocaine-
induced euphoric effects are not altered by
methadone. A combination of heroin and
cocaine administered intravenously (known
as “speedball”’) can double the euphoric
effect. High doses can cause death. Over-
doses of cocaine alone can be fatal too. It
is more toxic than amphetamines. Diazepam
and propranolol (intravenous administration)
are effective against cocaine overdose.

Like any other drug, common methods of
cocaine intake are snuffing or snorting and
subcutaneous or intravenous injection. Also,
free-base cocaine may be smoked in a water
pipe. Cocaine hydrochloride is converted to
a more potent free-base cocaine (also known
as “crack™) by treatment with a mild base,
such as ammonia or sodium carbonate.

Among the tropane alkaloids, cocaine is
the most potent and addictive drug. The
euphoric effects from related compounds



with tropane structures, such as [-hyoscy-
amine and its racemic isomer atropine, or
scopolamine, are distinctively lower than
with cocaine. Their habit-forming potential
is also very low in comparison with cocaine.
The structures of tropane and cocaine are
presented below. The toxicity of this class
of substances is described in Chapter 7.

_CHj3
N
8
7 5 4
6 3
(tropaine)
_CHj
N COOCH;

COOHCHgs

1

H

(cocaine)

Cocaine salts are also stimulants, exhibiting
the same degree of habituation or addic-
tion. These include cocaine hydrochloride,
cocaine sulfate, and cocaine nitrate.

VIILE OPIATE NARCOTICS

Opium has been known since ancient times.
It is the milky latex exudate obtained by inci-
sion of unripe capsules of the opium poppy,
Papaveraceae (Papaver somiferum L.). The
white exudate that oozes out from the seed,
air dries and turns sticky and brown on
standing. This brown gum, known as opium,
contains about 25 alkaloids. Opium prod-
ucts have been used extensively as narcotic
analgesics and sedatives. Many of these com-
pounds are habit-forming substances, causing
severe dependence. Because of the serious
abuse problem, the cultivation, sale, and
distribution of opium and its products are
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strictly controlled all over the world. How-
ever, illicit production of opium continues in
many parts of the world.

The principal alkaloid of opium is mor-
phine. Its concentration in opium within the
range 5-20%. Other alkaloids present in
opium at lower but significant concentrations
are codeine, thebaine, noscapine, and papver-
ine. Among these, thebaine and papaverine
do not exhibit analgesic properties. Thebaine,
however, is a precursor to many synthetic
agonists, such as etorphine, and to antago-
nists like naloxone. The analgesic dose of
morphine is about 10 mg to produce analge-
sia for 4-5 hours.

Morphine and its surrogates that have
affinity for p receptors affect the central
nervous system, producing analgesia, eupho-
ria, sedation, and respiratory depression. The
euphoric effects produce a pleasant feeling
of floating, free from anxiety and distress.
People addicted to drugs, or those in pain,
generally experience such euphoria. Normal
people who are not in pain may sometimes
experience restlessness after administration
of morphine or its surrogates. Drowsiness
or sedation is another common effect expe-
rienced by humans. Older people are more
susceptible to sleep. The sedative effect is
greater with compounds with phenanthrene-
type structures. Certain animal species, on
the other hand, have displayed excitation or
stimulant behavior. All opiate analgesics can
cause respiratory depression and decreased
responsiveness to carbon dioxide. The toxic
effects of opium products vary with the com-
pounds and include miosis (constriction of
the pupils), emesis, and constipation. The
toxicity of these substances is not discussed
in this chapter and Chapter 7.

Many opiate compounds are highly addic-
tive. Repeated administration of therapeu-
tic doses can develop a strong tolerance,
or gradual loss in the effectiveness of the
drug. Increasingly larger doses are needed
to reproduce the original effects, including
euphoria, analgesia, sedation, mental cloud-
ing, and dysphoria. This leads to a strong
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physical dependence on the drug, which then
becomes necessary to prevent a characteris-
tic abstinence or withdrawal syndrome. Such
tolerance and physical dependence may be
attributed to neuronal calcium that accumu-
lates after frequent opiate intake. Calcium
readily antagonizes opiate effects. When the
drug is discontinued, the ability of calcium
release is lost. This enhances the release of
a number of neurotransmitters that can cause
abstinence syndrome.

Heroin is probably the most commonly
abused drug of the opiate class. Unlike mor-
phine, oxycodone, and meperidine, heroin
has no medicinal application. Heroin, mor-
phine, and other opiate drugs are com-
monly administered intravenously, enabling
the drug to reach the brain quickly, producing
a “rush”, followed by euphoria and tranquil-
ity. A 25-mg heroin dose can produce the
effect for 3—5 hours. Because of this short
duration effect, the user often administers the
drug several times per day, strongly reinforc-
ing physical dependence and tolerance.

The symptoms of opiate withdrawal can
be severe. It starts 8—12 hours after the
last dose. The initial symptoms are lacrima-
tion, yawning, and sweating. This is fol-
lowed by restlessness, weakness, and chills.
The first phase of withdrawal may last a
week. The other symptoms during this period
include nausea, vomiting, muscle pain, invol-
untary movements, hyperthermia, and hyper-
tension. This is soon followed by a secondary
phase of abstinence, which may continue
for a prolonged period of 6-7 months.
The symptoms of such protracted abstinence
include hypotension, bradycardia, hypother-
mia, mydriasis, and decreased responsive-
ness to carbon dioxide.

Methadone maintenance therapy is effec-
tive against heroin and other opiate depen-
dence. Methadone, a synthetic analgesic, is
pharmacologically equivalent to opiates and
gradually substitutes for the abused drug. It
saturates the opiate receptors. This substance
is addictive too; the addictive potential, how-
ever, is lesser and milder than that associated

with heroin or morphine. Among other sub-
stances that are known to be effective are
clonidine, methadyl acetate, and naltrexone.
Clonidine is non-narcotic and nonaddictive
and is a centrally acting sympathoplegic
agent. Naltrexone, on the other hand, is a
narcotic antagonist.

The chemical structures of morphine,
heroin, and other opiates and their derivatives
are presented in Table VIII.2. Some of these
compounds are discussed in Chapter 7. The
structures and addictive potentials of a few
selected nonopium analgesics are presented
in Table VIIL.3.

VIILF CANNABIS

Cannabinoids are the active components of
the plant cannabis or hemp, Cannabis sativa
L. Its use has been recorded for thousands
of years. The drug marijuana (marihuana)
comes from the leaves and the flowering tops
of the plant. When the plant materials are
grounded, they appear as grass clippings, for
which it is known in the street as “grass”. The
more potent ‘hashish’ is obtained by alcohol
extraction of the resin from the tops of the
flowering plant. The most common route of
administration of marijuana is smoking. It is
also taken orally and intravenously.

More than 400 chemicals have been iso-
lated from marijuana. The active compo-
nents, known as cannabinoids, however,
are primarily A°-tetrahydrocannabinol (A°-
THC), AB3-tetrahydrocannabinol (A3-THC),
cannabinol (CBN), and cannabidiol (CBD).
Among these, the THC and homologs are
the psychoactive compounds. The THC con-
tent of cannabis varies among plants from
less than 1% to more than 10%. Sensemilla,
the flowering tops of female cannabis plant,
unpollinated and seedless, may contain
6—15% THC. The plant extract, hashish, can
contain as high as 20% THC. The psycholog-
ical effects from cannabis are characterized
by euphoria, uncontrollable laughter, and
loss of short-term memory. Other symptoms
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Compound Structure/Formula Addiction/Habituation
Morphine HO High

0,

HO™
(C17H19NO3)
Morphine hydrochloride C7H9yNOs - HC1 High
Morphine N-oxide C17H9NOy4 High
Morphosan (morphine C3H»BrNO; High
methylbromide)
Morphine sulfate (C17H19NO3)2 . HzSO4 ngh
Heroin (diacetyl morphine) CH;CO0 High
O,
NCH;
CH;COO
(C21H23NOs)

Heroin hydrochloride C,;H»3NOs - HC1 High
Oxymorphone HO High

o{ L om

' NCH;
(o]
(C1oH9NOy)

Oxycodone CH;0 Medium

NCH;

e

(C1gH21NOy)

(continued)
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TABLE VIII.2 (Continued)

Compound Structure/Formula Addiction/Habituation
Codeine (methyl morphine) CH;0 Medium
(0]
HO’
(Cy5H21NO3)

Codeine hydrochloride Ci3H,NO; - HC1 Medium
Codeine N-oxide Ci3H, 1 NOy Medium
Codeine sulfate (C1gH,NO3), - H,SOy4 Medium
Dihydromorphine HO High

(0]

NCH;
HO
(C17H;NO3)
Paramorphan C;7H,;NOs - HC1 High
Dihydromorphinone HO High
(hydromorphone)
(0]
NCH;
(0)
(Ci7H9NO3)
Hydromorphone hydrochloride C7H19NO; - HCI High
(Dilaudid)

Thebaine Medium

CH;0

NCH;

Sy

(C19H,1NO3)
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TABLE VIII.3 Selected Nonopiate Analgesic
Compound Structure/Formula Addiction/Habituation
Meperidine CH; High
N
/
C¢Hs C—OC,Hs
(C15H,1NOy)
Methadone O Cg¢Hs N(CH3), Medium
CHg*CHZ*g*$*CH2*(|ZH*CH3
CeHs
C,;HyNO
«-Prodine CH; High
N
C¢Hs O*(ﬁ*CHzCH3
(0]
(C16H23NOy)
Fentanyl ﬁ High
CH3CH2CITI—<3NCH2CH2C6H5
CeHs
(CyoH,3N,0)

include calmness, rapid flow of ideas, slow-
down of time, illusions, brightness of color,
and hallucinations. Higher doses may produce
feelings of driving, flying, and loss of physi-
cal strength. Other psychotic reactions, such
as acute mania, paranoid states, toxic delir-
ium, or panic, have been reported from long-
term marijuana use. Some people are more
vulnerable than others to these mental dys-
function. The presence of a toxic metabolite of
cannabis in the brain interferes with cerebral
functions, causing such acute brain syndrome.
This type of toxic psychosis, characterized by
symptoms ranging from restlessness and con-
fusion to fear, illusions, and hallucinations,
occurs from ingestion of large doses of the
drug, and rarely from smoking. Such delirium
ends when the metabolite disappears from the

brain. While ingestion produces a longer effect
of 5—10 hours, that from smoking may last for
3—4 hours.

Cannabis differs from opiates, ampheta-
mines, and cocaine in many respects. First,
its toxicity is very low. Also, because its
action is sedative, its long-term use pro-
duces lethargy, apathy, and passiveness. By
contrast, many other drugs of abuse, espe-
cially the stimulants, such as cocaine and
amphetamines or the LSD-type hallucino-
gens, induce aggressiveness and wakeful-
ness, respectively.

Although it produces some the same hal-
lucinogen effects as LSD-type substances, it
is a far less potent drug, lacking the powerful
mind-altering qualities of LSD, psilocybin,
and mescaline. Probably the most significant
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difference is observed in the extent of toler-
ance developed, additive potential, and with-
drawal from the drug. Tolerance develops
much more slowly with marijuana than with
LSD, heroin, or cocaine. The withdrawal
reaction after frequent use of high doses
of marijuana has been found to be mild
moderate.

The chemical structures of (A8-THC)
and (A°-THC), the psychoactive compo-
nents of cannabinoids are given below.
One of the psychoactive metabolites is
11-hydroxy-THC (11-OH-THC) (the —OH
group attached to the C-11), which is pro-
duced in high concentration in the liver after
ingestion of cannabis and at a lesser concen-
tration in the lung when smoked. The THC
is highly soluble in fat and can accumulate
in fat tissue. Another major metabolite, 9-
carboxy-THC, is inactive.

(A°-THC)
A’-tetrahydrocannabinol

CH,;

SUs

CH;_|

N

CH3 O C5H11

(A3-THC)
A3-tetrahydrocannabinol

VII.G ALCOHOL, BARBITURATES,
AND OTHER SEDATIVE-HYPNOTICS

Sedatives are substances that reduce anxiety
and exert an effect of calmness. At thera-
peutic doses, their effects on the depression
of the central nervous system, as well as

the effect on the motor and mental func-
tions, should be minimal. By contrast, a
hypnotic drug produces drowsiness and a
state of sleep. The CNS depression from
hypnotic effects is greater than that from
sedation. Sedation progresses into hypno-
sis with increased dosage. Thus, the three
phases of CNS effects — sedation, hypnosis,
and anesthesia—are caused by the increas-
ing the dosage amount, respectively. A fur-
ther increase in the dose may produce coma
and, in many cases, death.

Many sedative-hypnotics have varying
degrees of addiction potential. Alcohol (etha-
nol) is probably the oldest and most widely
abused drug. It was the first psychoactive
drug in the United States to come under
regulation. While its interaction with other
drugs are discussed below, its toxic effects
are presented in Chapter 4. It is no longer
being therapeutically used as a sedative-
hypnotic because of the danger of abuse.
Among the alcohol class of substances, many
chloroalcohols have found applications as
sedatives. Ethchlorvynol [113-18-8], chlo-
ral hydrate [302-17-0], and trichloroethanol
are three such sedative-hypnotics. While
ethchlorvynol does not induce addiction with
continued administration the same is not true
for the other two sedative-hypnotics.

Acute and chronic administration of alco-
hol can inhibit the biotransformation or
detoxification of many drugs, such as bar-
biturates, meprobamate, and amphetamines
by liver enzymes. The effect can occur in
two opposite ways. Alcohol and cannabi-
noids effects are additive. Both are CNS
depressants. Animal studies indicate that
simultaneous administration of alcohol and
tetrahydrocannabinol (THC), the psychoac-
tive component of marijuana, increased the
tolerance and physical dependence to alco-
hol. Human studies show that alcohol and
THC combination enhanced the impairment
of physical and mental performance only,
and there is no evidence of any interac-
tion between both drugs. With barbiturates,
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synergism (i.e., a combined effect greater
than the algebraic sum of their individual
effects) has been observed. A combination
of alcohol with phenobarbital or pentobarbi-
tal can lead to increased toxicity and death.
The effect with methaqualone or meproba-
mate is similar. By contrast, benzodiazepines
potentiate the effects of alcohol to a lesser
degree. The effects with opiates are bipha-
sic. While chronic use of large quantities
of alcohol inhibits the metabolism of heroin
and other opiates under high alcohol level
in the body, it is accelerated when there is
no alcohol in the body. Chronic alcohol con-
sumption produces an enhancement of the
liver-detoxifying enzyme system. There is
antagonism between alcohol and a stimu-
lant, such as cocaine or amphetamine. The
abuse pattern primarily stems from the desire
by alcoholic addicts to maintain a wakeful
state.

Barbiturates are derivatives of barbituric
acid. These substances were once used exten-
sively in clinical practices as sedatives-
hynotics. Because of their abuse and physical
dependence, their therapeutic application has
diminished considerably. The sedative effects
of barbiturates are similar to those of alco-
hol. Higher dosage can cause hypnosis and
anesthesia. An intake of barbiturates 10—15
times that of the hypnotic dose can be
toxic. Coma and death can result from
overdose.

Barbiturates can be classified into a few
types: long-acting, intermediate-acting, and
short-acting drugs. Such classification of a
barbiturate is based pharmacologically on its
elimination half-life. The half-lives of most
drugs depend on the rate of their metabolic
transformation. Among the long-acting bar-
biturates are phenobarbital (>12 hours),
intermediate-range amobarbital (6—12 hours)
and short-acting secobarbital and pentobarbi-
tal sodium (3-6 hours).

Chronic use of barbiturates for insom-
nia or anxiety can lead to drug depen-
dence, which can go unnoticed for months
or years. The symptoms are slurred speech

and incoordination. Similar to alcohol, peri-
odic use of barbiturates to produce a “high”
or euphoria can lead to the development of
serious dependence. The drug is taken orally
in pill or capsules form or by the intravenous
route. Because of the low cost, many heroin
addicts use barbiturates to get the same
“rush” of pleasant and drowsy feeling. Bar-
biturates are often administered along with
other drugs; for example, to sedate the para-
noia of cocaine or amphetamine, or to alle-
viate alcohol intoxication or boost the effect
of heroin.

Mild acute and chronic intoxication from
barbiturates is similar to that associated with
alcohol, including symptoms of sluggish-
ness, slurred speech, poor memory, and dif-
ficulty in thinking. Its effect with alcohol,
another CNS depressant, is additive. Death
can occur from intake of barbiturates with
large amounts of alcohol.

Barbiturates are strong habit-forming sub-
stances. Tolerance may develop to their
sedative effects. The withdrawal symptoms
are somewhat different different for short-
acting and long-acting drugs, with the former
producing more severe effects. Withdrawal
symptoms from short-acting drugs may have
onset 8—10 hours after withdrawal, pro-
ducing anxiety, twitches, tremor, nausea,
and vomiting and continuing for the next
several hours (about 16—20 hours). Con-
vulsions, delirium, and hallucination may
follow, for the next 48 hours, especially
in severe cases of addiction. In the case
of long-acting barbiturates, withdrawal reac-
tions generally manifest late, a few days
after withdrawal. The syndrome is mild,
and generally there is no adverse sign for
the first 2 or 3 days. Convulsions may
appear late. For all barbiturates and, in fact,
for most sedative-hypnotics, the severity of
withdrawal depends on the particular drug
as well as dosage range used immediately
before withdrawal. For example, while seco-
barbital in doses of <400 mg/day produces
mild symptoms of withdrawal on discon-
tinuation, a high dosage with in the range
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of 1000 mg/day can produce severe syn-
drome that includes anxiety, anorexia, psy-
chosis, and convulsion. Abrupt withdrawal
from short-acting barbiturates at high dosage
levels can cause seizure and can be life-
threatening, which can become as severe as
withdrawal from opiates.

Among the sedative-hypnotics of non-
barbiturate types, meprobamate [57-53-4],
glutethimide [77-21-4], and methaqualone
[72-44-6] are compounds that can be strongly
addictive. Such substances of abuse potential
can lead to physical dependence on chronic
use. Benzodiazepines are another class of
sedative-hypnotics. These drugs are much
safer than the barbiturates and are currently
being used practically in all clinical appli-
cations. The CNS effect of benzodiazepines
against barbiturates is shown in the dose-
response curve depicted in Figure VIIL.1. As
seen from the curve, benzodiazepines show
deviation from linearity in the hypnosis-
anesthesia region of the CNS effect. By
contrast, barbiturates exhibiting linearity in
the full scale of the dose-response curve
can cause coma and death at high over-
doses.

Benzodiazepines produce little respiratory
depression. Dosages of >2000 mg produce
lethargy, drowsiness, confusion, and ataxia.
However, the effect of CNS depression is
additive when taken with ethanol, barbitu-
rates, or other sedative-hypnotics. Also, the
euphoric effects are lower than those expe-
rienced with most other sedative-hypnotics.
Tolerance, risk of dependence, or addic-
tion is relatively low. Tolerance can still

barbiturates
coma |-

. benzodiazepines
anesthesia |-
hypnosis |-

sedation |-

>

Dose (increasing amount)

FIGURE VIIl.1

develop upon chronic use. Withdrawal reac-
tions can occur for certain benzodiazepines,
which also depends on the amounts and the
period of drug use. Withdrawal symptoms
include anxieties, dysphoria, sweating, nau-
sea, and twitching of muscles. Other symp-
toms include irritation and an intolerance
for bright lights and loud noises. Convul-
sions are rare. Unlike most sedative drugs
of abuse, withdrawal does not produce any
craving for the drug. However, withdrawal
symptoms may continue for several weeks,
as the drug is eliminated from the body
slowly.

The structures of a few selected sedative-
hypnotics are shown below. The toxicity and
chemical structures of all other barbiturates
are discussed at length in Chapter 57.

0
H
N7\ CH,—CH;
N
H

0

CH—CH,—CHy—CH;

CHj
(pentobarbital)
(0]
H
N CH,—CH=CH,
o=
N CH—CH,—CH,—CH;
16 cn
(secobarbital)
(0]
H
N CH,—CHj,4
o
N
H
(0]
(phenobarbital)
HO\
~CH—CCls
HO

(chloral hydrate)
[302-17-0)

HO—CH,—CCl;

(trichloroethanol)
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HoN—C—0—CH;—C—CH,—0—C—NH,
CH;

(meprobamate)
[57-53-4]

CH,—CHj,
N
H o

(glutethimide)
[77-21-4]

;1)

H;C
(methaqualone)
[72-44-6]
VIlIlLH INHALANT GASES AND
VAPORS

Many common gases and the vapors of
organic solvents are known to produce eupho-
ria, stimulant action, or mood alteration. Such
substances differ in their chemical proper-
ties, structures, and bondings, as well as in
their mode of actions. These include sim-
ple inorganic gases, such as nitrous oxide or

TABLE VIIl.4 Inhalants of Abusive Potential
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xenon; organic solvents, such as toluene or
hexane; and many anesthetics, such as ether
or halothane. These compounds are classified
in Table VIIL.4. These inhalants are abused
because of their low cost and easy availability.

Nitrous oxide (N,O), also known as
laughing gas, is one of the most common
abused inhalants. It is an anesthetic gas.
Inhalation can produce euphoria, dreaminess,
tingling, numbness, as well as visual and
auditory hallucination. Such effects arise
from administering the gas diluted in oxygen,
usually 30—35% mixed in oxygen. Inhalation
of 100% N,O can cause asphyxiation and
death. Many volatile organic compounds
that have anesthetic properties can produce
exhilaration and euphoria. These include
diethylether, chloroform, and halothane.
High doses of these substances can produce
unconsciousness.

Many common industrial solvents used
in paint, glue, rubber, cement, shoe polish,
degreasers, and several gasoline components,
as well as a number of fluorocarbons (used
as aerosol propellants) and alkyl nitrites, are
known to produce a euphoric exhilarating
or stimulant effect. Such compounds include
volatile aliphatic and aromatic hydrocarbons,
halogenated hydrocarbons, ethers, aldehydes,
and ketones.

The psychological effects from most of
these inhalants last a short period, 5-15

Chemical Types

Industrial Applications

Examples of Compounds

Alphatic hydrocarbons Solvents
Aromatic hydrocarbons
Cycloalkanes —

Chlorinated hydrocarbons

Fluorocarbons Aerosol propellants
Ethers Anesthesia solvent
Ketones Solvent

Alkyl nitrites Miscellananeous

Inorganic gases

Solvents, gasoline components

Solvent, dry cleaning, anesthesia

Anesthesia, miscellaneous

Hexane, pentane

Benzene, toluene

Cyclopropane

Chloroform, tetrachloroethylene,
halothane

Dichlorodifluoromethane

Diethyl ether, n-amyl ether

Methyl ethyl ketone

Isobutyl nitrite locker room, rush,
amyl nitrite (popper)

Nitrous oxide (laughing gas),
xenon
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minutes. Thus, the duration is much shorter
and the effects milder than with the high-
molecular-weight, natural alkaloids or syn-
thetic hallucinogens having indole, tropane,
phenanthrene, or morphinan-type structures.
Repeat use can cause addiction or psycho-
logical dependence.

Among the inhalants that are gases at
ambient conditions, cyclopropane, dichlorod-
ifluoromethane, ethylene, xenon, and nitrous
oxide have mdoerate narcotic potency to pro-
duce a certain degree of anesthesia. Some
inhalants, especially many organic vapors, are
toxic, producing a variety of adverse health
effects, including kidney and liver dam-
age, lung disease, bone marrow suppression,

and brain impairment. Liberal use of these
inhalants can be dangerous. Alkyl nitrites
(amyl or isobutyl nitrites) are somewhat safte
and less toxic. Inhalation can give a few min-
utes of “speeding” and a prolonged sexual
stimulus. Other effects are dizziness, gid-
diness, lowered blood pressure, and rapid
heart rate. However, although rare, very
high doses can produce methemoglobinemia.
Fluorocarbon vapors are another class of
abused inhalants. These compounds can pro-
duce euphoria, disorientation, and hallucina-
tion. At high doses, ventricular arrhythmia
and asphyxiation can occur. Asphyxiation can
occur with all inhalants when inhaled in undi-
luted high quantities.



IX

FLAMMABLE AND COMBUSTIBLE
PROPERTIES OF CHEMICAL

SUBSTANCES

Flammable or combustible substances are
those that catch fire or burn in air. Thus,
the process of burning requires two types of
materials: (1) a combustible substance, and
(2) a supporter of combustion. A flammable
substance at ambient temperature may be
a solid such as white phosphorus, a liquid
such as n-pentane or diethyl ether, or a gas
such as hydrogen or acetylene. Air (oxygen)
supports combustion. Many substances can
burn in nitrous oxide, chlorine, and other
atmospheres. We confine our discussion to
substances that burn in air.

Most cases of fire hazard involve flam-
mable liquids. A flammable liquid does not
burn itself. It is the vapors from the liquid
that burn. Thus, the flammability of a
liquid depends on the degree to which the
liquid forms flammable vapors: in other
words, its vapor pressure. The molecules in
the interior of the liquid are bound strongly
by the molecular force of attraction, which is
less for surface molecules. Evaporation occurs
from the surface. The molecules that escape
from the liquid make up vapor, increasing
with increasing temperature. Flammability of

a liquid is explained by the term flash point.
The greater the flammability of a liquid, the
lower is its flash point. The flash point of a
liquid is the lowest temperature at which the
liquid releases vapor in a sufficient amount to
form an ignitable mixture with air near its sur-
face. It may be determined by standard tests.
Many common chemicals have flash points
below ambient temperature. Liquids that have
flash points of <100°F are generally termed
flammable liquids, and those with flash points
of 100—200°F are called combustible liquids.
The flash point can be calculated theoretically
from the boiling point and molecular struc-
ture of the compound. Equations based on
additive group contributions, relative boiling
points, and flame ionization properties may
be applied to calculate flash points. Some of
the common flammable liquids are carbon
disulfide, diethyl ether, acetone, n-pentane,
gasoline, acrolein, benzene, and methanol. In
general, low-molecular-weight liquid hydro-
carbons, aldehydes, ketones, ethers, glycol
ethers, and many other classes of organic com-
pounds with various functional groups are
flammable (or combustible).

A Comprehensive Guide to the Hazardous Properties of Chemical Substances, by Pradyot Patnaik
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TABLE IX.1 Flash Point and Autoignition Temperatures of Common Flammable
Liquids and Gases

Flash Point Autoignition
(Closed Cup) Temperature
Compound [°C (°F)] ({©)]
Acetal —21(-5) 230
Acetaldehyde —39(-38) 175
Acetone —20(—4) 465
Acetylene Gas 305
Acrolein —26(—15) 220
Acrylonitrile 0 (32) 481
Allylamine —29(-20) 374
Allylbromide —1 (30) 295
Allylchloride —32(-25) 485
Ammonia Gas 651
Benzene —11 (12) 498
1,3-Butadiene Gas 420
Butadiene monoxide <—50 (<—58) —
Butane Gas 287
1-Butene Gas 385
2-Butene Gas 325
n-Butylamine —12 (10) 312
sec-Butylamine -9 (16) —
Butyl chloride -9 (15) 240
Butyl cyclopentane — 250
Butyl cyclohexane — 246
sec-Butyl mercaptan —23(—10) —
1,2-Butylene oxide —22(=7) 439
Carbon disulfide —30(—-22) 94
Chloroprene —20(—4) —
Cyclohexane —20(—4) 245
Cyclopentane —29(-20) 395
Dichlorosilane —37(-35) 36
Diethylamine —23(-9) 312
Diethyl ether —45(—49) 160
Dihydropyran —18 (0) —
2,2-Dimethylbutane —48(—54) 405
Dimethyl ether -2 (29) 202
1,1-Dimethylhydrazine —15 (5) 249
Ethyl acetate —4 (24) 426
Ethyl chloride —50(—58) 519
Ethylene Gas 450
Ethylene glycol monoethyl ether 39 (102) 285
Ethyl formate —20(—4) 455
Ethyl mercaptan —17(1)(oc)? 300
Ethyl nitrite —35(-31) 90 (dec)®
Fluorobenzene —15 (5) —
Gasoline —43 to —38 Varies with grade
(—45 to —36)
n-Heptane —4 (25) 204

n-Hexane —22(=7) 223
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TABLE IX.1 (Continued)

Flash Point Autoignition

(Closed Cup) Temperature
Compound [°C (°F)] “C)
Hydrogen Gas 500
Hydrogen cyanide —18 (0) 538
Hydrogen sulfide Gas 260
Iron pentacarbonyl -15 () —
Isoamyl alcohol 43 (109) 350
Isobutylamine -9 (15) 378
Isobutyraldehyde —18 (0) 196
Isoheptane —18 (0) —
Isooctane —12 (10) 418
Isopentene —57(=70) (oc) 420
Isoprene —54(—65) (oc) 395
Isopropyl alcohol 12 (53) 399
Isopropylamine —26 (—15) (oc) 402
Isopropyl chloride —32 (—-26) 593
Isopropyl ether —28 (—18) 443
Kerosene 43 to 72 210

(100-162)
Methane Gas 537
Methanol 11 (52) 385
Methyl acetate —10 (14) 454
Methylal —18 (0) 237
Methyl cyclohexane —4 (25) 250
Methyl ethyl ether —37 (=35) 190
Methyl ethyl ketone -9 (16) 404
Methyl formate —19(-2) 449
2-Methylfuran —30(-22) —
Methylhydrazine =8 (17) 194
Methyl isobutyl ketone 18 (64) 448
Methyl isocyanate -7 (19) 534
4-Methyl-1,3-pentadiene —34(-30) —
Methylpyrrolidine —14 (7) —
Mineral spirits 40 (104) 245
Octane 13 (56) 206
Phosphine Gas 100
Propane Gas 450
n-Propylamine —-37(-35) 318
Propylene Gas 455
Propylene oxide —37(=35) 449
n-Propyl ether 21%(70) 188
Pyridine 20 (68) 482
Pyrrole 39 (102) —
Tetrahydrofuran —14 (6) 321
Thiophene —1 (30) —
Toluene 4 (40) 480
Triethylamine —6 (20) (oc) 249

(continued)
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TABLE IX.1 (Continued)

Flash Point Autoignition

(Closed Cup) Temperature
Compound [°C (°F)] {®)
Trimethylamine Gas 190
Trimethylchlorosilane —28(—18) —
2,2,4-Trimethylpentane —12 (10) 415
Valeraldehyde 12 (54) 222
Vinyl acetate —8 (18) 402
Vinyl chloride Gas 472
Vinyl ethyl ether <—46 (<—50) 202
Vinyl isopropyl ether —32(-26) 272
Vinyl methyl ether Gas 287
m-Xylene 27 (81) 527
o0-Xylene 32 (90) 463
p-Xylene 27 (81) 528

2oc, open cup.
bdec, decomposes.

The flammability of a substance also
depends on pressure, oxygen enrichment, and
process conditions, such as mechanical agi-
tation. Flammability, for example, increases
under oxygen enrichment. Substances burn
more readily and fiercely in an atmosphere
that has a greater amount of oxygen (>21%
by volume) than that in the air. Many
petroleum products and highly flammable
liquids may ignite spontaneously under such
oxygen-rich environment. Also, high agi-
tation of a flammable liquid can form a
mist, generating sufficient vapor to form a
flammable mixture with air.

If the vapor density (approximately the
molecular weight divided by 29) of a flam-
mable liquid at ambient temperature is greater
than that of air, the liquid can pose another
type of hazard — flashback fire — in the pres-
ence of a source of ignition. When the air
is still, the vapors can settle or concentrate
in lower areas and the trail of vapors can
spread over a considerable distance. If there
is a source of ignition nearby, the vapors on
contact can result in a fire that can flash back
to the source of the vapors.

Another flammable characteristic of com-
pounds is autoignition (ignition) temperature.

It is the minimum temperature required to
cause or initiate self-sustained combustion
independent of the source of heat. In other
words, a substance will ignite spontaneously
when it reaches its autoignition temperature.
For example, the surface of a hot plate can
ignite diethyl ether, which has an autoigni-
tion temperature of 160°C (320°F). Such
substances undergo oxidation at a high rate
to initiate combustion. Semiempirical formu-
las relating to molecular structures have been
derived to calculate autoignition temperature
theoretically when experimental data are not
available. Many substances can burn sponta-
neously in air and may cause a severe fire
hazard if proper storage, handling, or dis-
posal procedures are not followed. These
include finely divided pyrophoric metals;
alkali metals such as sodium or potassium;
a large number of organometallics, includ-
ing alkylaluminum and alkylzinc; organics
mixed with strong oxidizers; silane; and
white phosphorus. Some of the common
compounds that have low autoignition tem-
peratures (400°C [752°F]) are carbon disul-
fide (80°C [176°F]), diethyl ether (160°C
[320°F]), acetaldehyde (175°C [347°F]), n-
heptane (215°C [419°F]), n-hexane (225°C
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TABLE IX.2 Explosive Limits of Gases and
Vapors in air

Compound LEL (%) UEL (%)
Acetaldehyde 3.97 57.00
Acetone 2.55 12.80
Acetylene 2.50 80.00
Allyl alcohol 2.50 18.00
Ammonia 15.50 27.00
Benzene 1.40 7.10
Butane 1.86 8.41
1-Butene 1.65 9.95
2-Butene 1.75 9.70
Carbon disulfide 1.25 50.00
Carbon monoxide 12.50 74.20
Carbonoxysulfide 11.90 28.50
Crotonaldehyde 2.12 15.50
Cyanogen 6.60 42.60
Cyclohexane 1.26 7.71
Cyclopropane 2.40 10.40
Diethyl ether 1.85 36.50
Dioxan 1.97 22.25
Divinyl ether 1.70 27.00
Ethane 3.00 12.50
Ethanol 3.28 18.95
Ethyl chloride 4.00 14.80
Ethyl formate 2.75 16.40
Ethyl nitrite 3.01 50.00
Ethylene 2.75 28.60
Ethylene oxide 3.00 80.00
Hydrogen 4.00 74.20
Hydrogen cyanide 5.60 40.00
Hydrogen sulfide 4.30 45.50
Isobutane 1.80 8.44
Methane 5.00 15.00
Methanol 6.72 36.50
Methyl amine 4.95 20.75
Methyl chloride 8.25 18.70
Methyl formate 5.05 22.70
Propane 2.12 9.35
n-Propanol 2.15 13.50
Propyl chloride 2.60 11.10
Propylene 2.00 11.10
Propylene oxide 2.00 22.00
Pyridine 1.81 12.40
Toluene 1.27 6.75
Vinyl chloride 4.00 21.70

0-Xylene 1.00 6.00
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[437°F]), cyclohexane (245°C [473°F]), n-
pentane (260°C [500°F]), ethanol (365°C
[689°F]), methanol (385°C [725°F]), and
isopropanol (399°C [750°F]). Table IX.1 pro-
vides flash point and autoignition temperature
data for some common flammable com-
pounds. The flammability data for these
compounds, as well as those of other flamm-
able and combustible substances, are pre-
sented throughout this book.

The flammability of a liquid (as vapor)
or that of a gas falls between two fairly
definite limits of concentrations of the vapor
(or gas) in the air. These are the lower
explosive limit (LEL) and the upper explo-
sive limit (UEL). These concentration lim-
its in air are also known as the lower and
upper flammable limits. The LEL is the min-
imum concentration of the vapor (or gas) in
air below which a flame is not propagated
on contact with a source of ignition. There
is also a maximum concentration of vapor

or gas in air above which the flame does
not propagate. Thus, a vapor (or gas)-—air
mixture below the lower explosive limit is
too “lean” to burn, and the mixture above
the upper explosive or flammable limit is
too “rich” to burn. Within these lower and
upper boundaries only, a gas or the vapor
of a liquid will ignite or explode when it
comes in contact with a source of ignition.
It may be noted that the explosive limits vary
with temperature and pressure. An increase
in temperature or pressure lowers the lower
limit and raises the upper limit, thus broad-
ening the flammable or explosive concentra-
tion range of the vapor or the gas in the
air. A decrease in temperature or pressure
will have an opposite effect. Table IX.2 lists
the explosive limits (flammable limits) of
some common combustible substances in air,
arranged in decreasing wideness range. The
explosive limits of various substances are
also presented later in the book.



EXPLOSIVE CHARACTERISTICS
OF CHEMICAL SUBSTANCES

X.A THEORY OF EXPLOSION

An explosion occurs when an unstable com-
pound undergoes a reaction that produces
rapid and violent energy release. If this
sudden release of energy is not dissipated
rapidly, the reaction products that are pre-
dominantly gaseous or fumes may cause an
exceedingly high pressure, resulting in vio-
lent rupture of containers. An explosive reac-
tion can be spontaneous or initiated by light,
heat, friction, impact, or a catalyst. Table X.1
lists examples of explosive reactions initiated
by different types of initiators.

Explosions are not confined to closed sys-
tems. If the propagation rate of the gaseous
products from the initiation site exceeds
the velocity of sound, detonation may also
occur in an open system. For example, 1 g
of nitroglycerin is completely transformed
into carbon dioxide, nitrogen, oxygen, and
water in microseconds. Such high explosives
undergo instantaneous reactions that release
enormous energy, which can rapidly heat
the ambient temperature to 2000-3000°C
(3632—5432°F). This results in an exceed-
ingly large increase in pressure, produc-
ing shock waves that cause an explosion’s

shattering power. This is known as brisance.
The rate of detonation for high explosives
can exceed 5000 meters per second (m/sec).
The explosive characteristics thus depend
on two factors: (1) how much energy is
released, and (2) how fast the energy release
occurs. The former is a thermodynamic prop-
erty and can be calculated from the heats
of formation. Compounds with high pos-
itive heats of formation, such as azides,
fulminates, and acetylides of certain met-
als, are explosives (see Part B, Chapter 11).
An explosion can also result when the rate
of an exothermic reaction is exceedingly
fast. Many unsaturated organic compounds,
such as acrolein or allyl alcohol, can read-
ily polymerize. The reaction is exothermic.
In the presence of a catalyst such as caustic
soda, the reaction is too fast, resulting in an
explosion. Compounds containing the func-
tional groups azide, acetylide, diazo, nitroso,
haloamine, peroxide, and ozonide are sen-
sitive to shock and heat, and can explode
violently. Strong oxidizing substances, such
as perchlorates, chlorates, permanganates,
chromates, bromates, iodates, chlorites, and
nitrates, can react violently with organics,

A Comprehensive Guide to the Hazardous Properties of Chemical Substances, by Pradyot Patnaik

Copyright © 2007 John Wiley & Sons, Inc.

71



72 EXPLOSIVE CHARACTERISTICS OF CHEMICAL SUBSTANCES

TABLE X.1 Initiators of Explosive Reactions

Initiator Examples

Light Photochemical combination of hydrogen and chlorine to form HCl

Heat* Violent explosions can occur when a primary explosive is heated (e.g., azides,
acetylides, fulminates, nitrides, azo compound [diazomethane])

Shock® Most primary explosives are sensitive to shock or impact (e.g., azides, fulminates, and
acetylides of copper, silver, gold, and mercury; many organic peroxides and peroxy
acids)

Catalyst Base- or acid-catalyzed polymerizations (e.g., acrolein explodes with caustic potash)

Booster All high explosives or detonators require a low explosive booster (e.g., dynamite,

ammonium picrate)

2Normally, a chemical explosive of any type should explode when heated or subjected to mechanical impact. The
terms heat and shock refer to mild-to-moderate heating and slight shock or jarring, respectively.

acids, bases, and reducing agents. Such
reactions can be explosive at elevated tem-
peratures. Organic compounds containing
nitro groups are highly reactive, especially
in the presence of halogen substituents.

Nitro organics are a class of high explo-
sives that are well known and widely used.
This class of compounds is discussed in
detail in Part B, Chapter 36. Organic perox-
ides and peroxy acids, which explode vio-
lently when subjected to heat or mechanical
shock, are discussed in Chapters 3 and 39,
respectively. Substances that are susceptible
to the formation of peroxides are highlighted
in Part A, Section XI.

Explosives are classified as high or low.
High explosives undergo chemical decompo-
sition at an exceedingly fast rate, producing
intense shock waves that cause detonation.
The high explosives often require an activating
device such as a blasting cap to initiate their
detonation. Low explosives deflagrate, burst-
ing into flame and burning persistently. The
detonation rate may be less than 250 m/sec.

Another common classification of chemi-
cal explosives is primary or secondary. Pri-
mary explosives are highly unstable and are
sensitive to heat or shock. Secondary explo-
sives are also unstable compounds, but their
sensitivity to heat or shock is lower than
that of primary explosives. A booster is used
to bring about detonation. Many polynitro
explosives fall under the latter class. Whether

an explosive is primary or secondary, its
shattering power, and destructive capability
can be severe.

X.B  THERMODYNAMIC PROPERTIES

Substances that have positive heat of for-
mation, AH}, are mostly unstable. The
greater the value of positive AH}, the more
unstable the compound. Such endothermic
compounds may undergo exothermic decom-
positions (or reactions) releasing energy. If
the energy released is sudden (i.e., the reac-
tion is too fast), and adiabatic and its magni-
tude high, the reaction can proceed to explo-
sive violence. Most compounds, however,
have a negative AH}’V, that is, exothermic
formation reactions under standard condi-
tions. Whether a reaction is exothermic or
endothermic and how much energy would
be released or absorbed can be determined
from their heat of reactions. Such heat of
reaction in standard state, AH_, , can be cal-
culated by different methods, including from
the standard heats of formation, AH}. The
AH; values can be found in most handbooks
in chemistry. An example is presented below
showing how to calculate the heat of reac-
tion, AH_ . It may be noted that AH_ is
determined at the standard states only, which
are 1 atm for gases, and 1 M for liquids at
25°C (77°F). This should serve as a fairly
close approximation to assess the amount of
energy release in a violent reaction.



The standard heat of reaction AH; can
be calculated from AH} (standard heat of
formation) by applying Hess law. That is,
AHy, is equal to the sum of AH} of the

products minus the sum of the AH}’- of the
reactant(s). That is,

AH = ZmAH; (products)
— Z nAH; (reactants)

where the symbol > means summation of,
and m and n are the coefficients of the prod-
ucts and reactants in the balanced equation.

Problem 1 Methyl nitrate, CH3NO3;, is
used as a rocket propellant. It explodes when
heated to its boiling point, 64.5°C (148°F)
(at 1 atm). Determine the amount of energy
released from the standard heat or reaction.
First, we write a balance reaction for the
oxidation of this compound.

4CH;NO;(1) + O2(g) — 4COx(2)
—38 0 —-94.0

+ 6H,0(g) + 2Na(g)
—57.8

The AH} for CH3;NO;(l), CO,(g) and
H,0(g) are —38.0, —94.0, and —57.8 kcal/
mol, respectively, while those of the
elements O, and N, are 0. Thus,

AH , ={[4 x (-94.0)+6
X (—57.8)] kcal — [2
x (—38.0)] kcal} = —646.8 kcal

This is a highly exothermic reaction releas-
ing 646.8 kcal heat when 4 mol of methyl
nitrate burn. This is equal to 161.7 kcal/mol
or 2.1 kcal/g. Also, in addition to such
heat release, the above reaction shows that
12 mol of gaseous product are formed,
causing a sudden and enormous increase in
pressure and, thus, an explosion.

X.C OXYGEN BALANCE

The explosive power or energy release of
explosive chemicals that contain oxygen may
be qualitatively assessed and predicted from
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their oxygen balance. It is the difference
between the oxygen content of a compound
and that required to oxidize the carbon,
hydrogen, and other oxidizable elements in
that compound to form carbon dioxide, water
and other substances. Nitrogen is not con-
sidered an oxidizable element in the calcu-
lation, as it is liberated as N, rather than
NOy in explosive compositions. Oxygen bal-
ance can be calculated from the molecular
formula of the compound and is expressed
as a percentage. It can have positive, neg-
ative, or zero values. Deficiency of oxygen
in the compound gives a negative balance.
Surplus oxygen gives a positive balance
and such substances usually behave as oxi-
dants. On the other hand, a zero oxygen bal-
ance indicates maximum energy release. It
may be noted that the concept of oxygen
balance is highly empirical and there is a
lack of adequate experimental data to estab-
lish any quantitative relationship. Although
positive and zero oxygen balance manifest
explosive characteristics, substances such as
trinitrotoluene (TNT) showing negative oxy-
gen balance (64%) are high explosives. Such
substances, however, are stable at ambi-
ent conditions. Oxygen balance qualitatively
measures the unstability of a compound.
The concept should be applied in conjunc-
tion with a more rational and quantitative
approach including endothermic heat of for-
mation of the compound, its exothermic
energy release in reaction, kinetics of the
reaction, and the adiabatic process.

The oxygen balance may be calculated as
follows:

_b)

Oxygen balance = (@ x 100%

where a is the number of oxygen atoms in
the compound, and b is the number of oxygen
atoms in the products formed (usually CO,
and H,O, but not always confined to only
these two products).

Example 1 Determine the oxygen balance
of trinitromethane, (NO,);CH.
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TABLE X.2 Structural Features of Selected Classes of Explosive Compounds

Classes of Substances Structural Features Examples
Acetylenic —C=C—- Acetylene
Acetylide —C=C—metal Silver acetylide
Alkyl nitrate R—-0O-NO, Ethyl nitrate
Alkyl nitrite R—-O—-N=0 Methy] nitrite
Azide L+ - Hydrazoic acid
71\.1:]\]:]\.] or
e+
—N—N=N:
Azo compound ~N - e Azoformamide
— C—N=N—C_
~ ~N
Diazo compound + Diazomethane
N
_C=N=N:

Difluoroamino compound

1,2-Epoxide

Fulminate

Metal alkyl

Nitroso compound

Nitrocompound (e.g.,
nitroalkane, nitroaromatic,
nitrophenol)

Nitride

Oxidizer (e.g., perchlorate,
persulfate, nitrate)

Peroxide (e.g., peroxy acid,
peroxy ester, hydroperoxide)

Tetrazole

Triazene

/
\c—c
VAR SVERN

o
> C=N—O0O—metal
R,—metal
> C—N=0 or
AN _
/N*N—O
—NO,

N3
Clo;, ClO;, S,0;, NO;, etc.

—0—-0—

—N=N-N=N-—
> —N=N—N— -
/C T C\

H (OH, CN, etc.)

1,1-Difluorourea

Mercury(Il) fulminate

Trimethylaluminum

1-Chloro-1-nitroso-cyclohexane

2,4,6-Trinitrotoluene;
nitroglycerin

Potassium nitride

Ammonium perchlorate

Benzoyl peroxide

5-Aminotetrazole

1,3-Dimethyltriazene




To determine the oxygen balance, we write
a decomposition reaction of the compound,
showing CO, and H,O as being formed
from the C and H atoms, respectively. In
explosive reactions, N is mostly converted
to N,. Thus, we balance the equation for
all atoms except O.

Thus, for trinitromethane, the explosive
decomposition reaction would be

2CHN305 _— 2C02 + H20 + 3N2
12 4 1

The above reaction is balanced for all
elements except oxygen. Now we count the
number of O atoms for the reactant and the
product. There are 12 O atoms on the left
and 5 O atoms on the right. Thus, a = 12
and b = 5. Therefore, the oxygen balance

12 —
= 12=3 x 100% = +140%

Example 2 Determine the oxygen balance
of ethylene dinitrate, C;H4N,Og.

The balanced equation for the decomposi-
tion of ethylene dinitrate for oxidation of C
and H is

C,H4;N,0 —— 2CO, + 2H,0 + N,
6 4 2

(C, H, and N are balanced)

a=6,b=44+2=6
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Therefore, the oxygen balance

69 100=0%

The above compound is zero oxygen bal-
anced.

X.D STRUCTURAL FEATURE

The explosive characteristic of a chemical
substance may be predicted from its struc-
ture, bonding, or the functional group present
in the molecule. For example, highly unsat-
urated acetylenic compounds or their metal
derivatives of strained cyclic compounds
such as 1,2-epoxides are highly unstable and
tend to react with many compounds with
explosive violence. There are many other
classes of substances with a high degree of
unsaturation or instability. Many such com-
pounds (but not all) have a positive heat of
formation. Some explosive compounds are
very stable at ambient conditions, requiring
an initiator for explosion. Some substances
are so unstable that they explode on a slight
shock or warming. The distinct structural fea-
tures in compounds that manifest myriads
of violent explosive reactions under different
physical and chemical conditions are out-
lined below. Only a few selected classes of
substances are listed in Table X.2.



XI

PEROXIDE-FORMING

SUBSTANCES

Many organic and inorganic substances form
peroxides when exposed to air. The peroxide-
forming properties of organic compounds
are governed by certain structural features
of the compounds. In general, compounds
that contain an «-hydrogen atom on an
adjacent C atom or a C atom attached to a
functional group or a double or triple bond
are susceptible to forming peroxides. This is
shown in the following examples.

@ ~«— (o-hydrogen atom
CH;_ |
C—0—

CH{

(ethereal oxygen attached
to isopropyl group)

Cl

/
CH2: C\

(vinyl compounds)

®®

CHyz, | | CHs
C=C—C=C{
CHj CH,

(dienes)

In addition, hydrocarbons containing ter-
tiary hydrogen atoms may form peroxides as

follows:

CH3_|
C—C=CH

cH{

(alkylacetylene)

CH,. |
;C—OH
CH;

(isopropanol)

1

CH;—C=0
(acetaldehyde)

®

O
| ,CH;
CH3—C—$—CH\

CH;
®

(methyl isobutyl ketone)
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G
CHy—C—®
CH;

(isobutane)

@

| _CH;
CS
(cumene)

Thus, a large number of substances with
the structural features shown above may form
peroxides. However, these substances do not
present a peroxide hazard to the same extent.
The tendency of organic compounds to form
peroxides decreases according to their struc-
tures as follows: ethers and acetals > olefins >
halogenated olefins > vinyl compounds >
dienes > alkynes > alkylbenzenes > isopara-
ffins > alkenyl esters > secondary alcohols >
ketones > aldehydes > ureas and amides.

Presented below are some of the common
compounds or common classes of com-
pounds that can form peroxides on storage or
on concentration (evaporation or distillation).

Ethers

Diethyl ether

Diisopropyl ether

Divinyl ether

Other aliphatic ethers
Tetrahydrofuran

1,3-Dioxane

1,4-Dioxane

1,3-Dioxolane

Tetrahydropyran

Other cyclic ethers

Ethylene glycol monomethyl ether
Ethylene glycol dimethyl ether
Other lower glycol ethers
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Hydrocarbons

Butadiene
Isobutane
Cumene
Cyclohexene
Cyclopentadiene
Cyclopentene
Decalin
Diacetylene
Methylcyclopentane
Styrene

Tetralin

Vinyl compounds (CH,=CH-—)

Acrolein
Acrylamide
Acrylic acid
Methacrylic acid
Vinyl acetate
Vinyl acetylene
Vinyl bromide
Vinyl chloride
Vinyledene chloride
Vinyl propionate
Vinyl pyridine
Miscellaneous compounds containing vinyl
group

Allylic structures (CH,=CH—-CH, ™)

Allyl alcohol

Allyl amine

Allyl chloride

Allyl esters

Allyl sulfide

Miscellaneous compounds containing allylic

structures
Organics with carbonyl functional group

All aldehydes (e.g., acetaldehyde, propi-
onaldehyde.)
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Some ketones (containing a-hydrogen atoms)

Inorganic compounds

Cesium metal

Metal alkoxides
Certain organometallics
Potassium amide
Potassium metal
Sodium amide
Rubidium metal

Removal of Peroxides from Solvents

Peroxides may be removed by treating the
solvents with a reducing agent such as fer-
rous sulfate or sodium bisulfite. About 1 L
of water-insoluble solvent is treated with
10 g of hydrated ferrous sulfate in 25 mL of
50% sulfuric acid in a separatory funnel and
shaken vigorously for a few minutes. Other
procedures for removing peroxides involve

passing through a column of basic activated
alumina or 4-A molecular sieve pellets under
nitrogen. Solvents containing high peroxides
should be diluted with the pure solvents or
dimethyl phthalate. Test papers are available
to detect organic peroxides colorimetrically.

Qualitative detection may be done using
sodium or potassium iodide in glacial acetic
acid. The reagent in the hydroperoxide test
is made by preparing a solution of 100 mg
of iodide in 1 mL of glacial acetic acid.
The reagent for alkyl peroxide tests may
be prepared similarly, by mixing 3 g of
iodide to 50 mL of glacial acetic acid and
acidifying with 2 mL of 37% HCI. Low to
high concentrations of peroxides in solvents
produce yellow to brown colorations when
1 mL of solvent is mixed with 1 mL of the
freshly prepared reagent.

Individual organic peroxides and peroxy
acids are discussed in detail in Chapters 43
and 3, respectively.



Xl

CHEMICAL WARFARE AGENTS

XILA HISTORY OF CHEMICAL
WEAPONS

Various chemicals and their crude mixtures
were used in the wars in many parts of the
world all throughout history. In the fifth cen-
tury BC Spartan used toxic smoke generated
from burning wood dipped in a mixture of
sulfur and tar against Athens. Early Chinese
manuscripts in the fourth century BC indi-
cate the use of toxic smokes from cacodyl
(arsenic trioxide). Chemicals of incendiary
compositions, such as, sulfur, pitch and
sawdust and oil-based incendiaries slowly
attained wider applications in the latter wars.

In the Middle Ages chemical warfare took
a new turn with the invention of gunpowder.
Artillery and firearms played a big role in the
battlefield. More sophisticated devices based
on arsenic, white and red lead, antimony and
verdigris (poisonous copper acetate) often
mixed with aconite, belladonna, nux vomica
and euphorbia were developed. In the lat-
ter period during the nineteenth century sev-
eral other types of substances were applied
into the warfare. Such chemicals included
certain methyl arsenic compounds, such as,

cacodyl oxide, [(CH3),As),0], dicacodyl,
[(CH3),As),], and their mixtures, chlorine
gas and Cadet’s liquid. The latter is a heavy
brown liquid, that is highly toxic with a
strong odor of garlic and that spontaneously
bursts into flame when exposed to air.

The use of chemical weapons have again
taken a new turn in the last one hundred years
during the World Wars and latter in the Indo-
China, Vietnam and Iran-Iraq Wars. These
and other wars witnessed the use of a wide
array of dangerous chemicals including sul-
fur and nitrogen mustards, phosgene, diphos-
gene, cyanogen, dimethyl sulfate, arsine,
dialkyl- and arylhaloarsines, alkyl- and aryl
bromides, haloketones, allylisothiocyanate,
haloalkylethers, phenylcarbylamine chloride,
chloropicrin, hydrogen cyanide, oxides of
nitrogen and sulfur, and phosphorus trichlo-
ride. Also during this period an extremely
toxic class of organophosphorus compounds,
known as Nerve Agents were synthesized for
their military applications. Other than the
military poisons, many new types of incen-
diaries, firebombs and explosives of intense
destructive powers were designed for use in
the war.
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Xill.B HAZARDOUS PROPERTIES OF
SOME CHEMICAL WARFARE AGENTS

The physical, chemical and hazardous prop-
erties of a number of highly toxic or
flammable substances that were in the past
or being currently used in the warfare have
been discussed in detail in several chap-
ters in this book. Some of these compounds
are further discussed under specific chap-
ters, such as, Sulfur Mustards, Nerve Gases,
Dioxin and Related Compounds and Napalm.
These and many other compounds are in
most cases grouped together in this book
based on their chemical structures along with
their toxic or flammable properties. Presented
below is a brief discussion on various types
of chemicals weapons developed for mili-
tary applications. Explosive substances have
been omitted from this section. They are dis-
cussed separately in this book under topics
such as Explosive Characteristics of Chem-
ical Substances, Nitro Explosives, Oxidizers
and Organic Peroxides and also under spe-
cific title compounds in various chapters.

XIl.C TYPES OF CHEMICAL AGENTS
IN WARFARE

Incendiaries

Incendiaries are self-igniting substances that
can start fire, igniting in contact with air.
They are used in bombs, artillery shells and
flamethrowers. Napalm containing sodium
palmitate or an aluminum-based surfactant
mixed with gasoline is a major incendiary
and is widely used in warfare. Modern day
napalm is a gelatinized substance of pow-
dered aluminum soap mixed with gasoline
or oil. There are many types of incendi-
ary agents. One of the important classes of
such substances includes magnesium-based
incendiaries. Such incendiaries contain mag-
nesium metal in powdered, or other solid
form or its alloys. Metallic magnesium burns
in the air at a temperature of about 1980°C
(3596°F) producing magnesium oxide and
magnesium hydroxide along with hydrogen.

The reaction is highly exothermic. Thermite
is another major incendiary. It is a mixture
of aluminum metal in powdered or granular
form and a powdered iron oxide combined
with a binder. When heated to combustion
temperature of aluminum the reaction which
is highly exothermic produces aluminum
oxide and iron, generating temperatures as
high as 2200°C (3992°F).

The general term ‘thermite reactions’
apply to reactions of very electropositive
metal with the oxide of a less active one.
Such reactions yield less electropositive me-
tal at incandescence. Such thermite reac-
tions of aluminum with oxides of chromium,
cobalt, nickel, copper, manganese, molybde-
num, vanadium, lead and many other metals
have been studied. Some of the metal oxides
known to generate very high heat or reactions
with aluminum include Fe;O4 and MnQO5; the
latter producing 4.8 kJ/g when reacted at sto-
ichiometric ratio. It may be noted that the
thermite reactions initially require a source to
ignite the reactions mixture as to initiate the
reaction. Such sources include impact, spark
or exothermic chemical processes.

Napalm and thermite are also discussed in
Chapter 57 of this text under Miscellaneous
Substances.

There are also several other types of
incendiaries, many of which contain phos-
phorus, which inflames in contact with air.

Smokes and Obscurants

Obscurants are another class of substances
employed in warfare to generate thick black
clouds to make objects opaque to visible and
infrared radiation. Such substances used to
block visible light include various petroleum
products such as crude oil, motor oil, fog oil,
exhaust of the coal, graphite, brass, dyes, tita-
nium tetrachloride, chlorosulfonic acid, zinc
chloride and phosphorous munitions con-
taining red or white phosphorous in butyl
rubber or polymer epoxy binder. Certain
obscurants such as chlorosulfonic acid and
titanium tetrachloride are widely corrosive



hydrochloric acid with moisture, and there-
fore, find limited applications. Also, zinc
chloride, a component of hexachloroethylene
(HC) smoke is corrosive which may induce
corneal damage and skin irritation. Prolonged
exposure to a number of obscurants may pro-
duce adverse health effects.

Smoke grenades containing dye mixtures
produce colored smokes. Red, green, yellow
and violet smokes may be produced from
their respective dyes. Such dyes used to
make smoke bombs include Solvent green 3
(1,4-di- p-toluidino-9,10-anthraquinone), Vat
Yellow 4 (dibenzochrysenedione) and Sol-
vent Yellow 33. A major component of
red and violet grenades is the dye, 1-
methylaminoanthraquinone.

A few mixtures have shown some success
to block both the visible light and the infrared
radiation. One such mixture consists of fog
oil mixed with small particles of graphite and
copper.

Lacrimators

Lacrimators or tear gases are substances
that can cause severe irritation of the eyes,
coughs, vomiting, bronchospasm and pul-
monary edema. Such effects may onset either
instantaneously or within a few minutes after
exposure and may persist for several min-
utes. Lacrimators are often used on the bat-
tlefields or for the riot control. Although a
number of chemicals can cause irritation of
eyes and some are known to produce tears,
only a few such compounds have been used
in the warfare. The term tear gas refers to
chemicals that are used to cause temporary
incapacitation from irritation of eyes and res-
piratory system. Most lacrimators, especially
those used for the riot control have low toxi-
city and are non-lethal to humans on short
exposures. They are used at low concen-
trations to produce eye irritation and flow
of tears, making the eyes difficult to keep
open. If the exposure is high such symptoms
are followed by vomiting effects. Some tear
gases used before or during the World War 1
as lacrimators include chloropicrin (Agent
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PS), ethyl bromoacetate, chloroacetane, bro-
mobenzylcyanide (Agent CA), xylyl bro-
mide, xylylene bromide, benzyl bromide,
alpha-chloroacetophenone (Agent CN), O-
chlorobenzylidine malononitrile (Agent CS)
and dibenz(b, f)-1,4-oxazepine (Agent CR).
The latter is one of the most commonly used
tear gas agents.

Lacrimators such as the Agents CS and
CN are solids at ordinary temperature. They
are used as dilute solutions (1-2%) dis-
solved in an inert solvent or as dispersed
solid aerosols. Agent CS is often dispersed as
air-born irritant in the form of fine crystalline
powder or as liquid droplets. It is dissolved in
a volatile solvent like methylene chloride and
evaporated to be dispersed as liquid droplets
as was used in Waco, Texas. The effects of
CS may depend on how it is dispersed and
also on the size of particulates or droplets.
However, exposures to high concentrations
of its aerosols or vapors can produce more
intense effects, such as, heavy watering of
eyes, severe burning of nose and throat and
coughing. CS like other lacrimators produces
short-term effects only but some people have
shown skin allergy to this compound, devel-
oping dermatitis upon contact. Studies have
shown that some people may be more sen-
sitive to CS than others and also the effects
may be lower in people under the influence
of alcohol. Chemical Weapons Convention
imposed a ban on the use of CS in the chemi-
cal warfare in 1997. Such ban, however, does
not apply to domestic use of CS by police
forces in many countries.

Agent CN is another tear gas used in
small-pressurized aerosol cans known as
‘mace’. It is more toxic than Agent CS. It
is an irritant to the eyes, nose and mucous
membrane. Other effects include loss of bal-
ance and orientation, skin irritation and in
certain people allergic reactions from dermal
exposure. It was used by the US army in
Vietnam. It is usually diluted in chloroform,
carbon tetrachloride or benzene for use, ren-
dering the solution an odor of the solvent. Its
use has declined in recent years.
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Agent CR, dibenz[b, f]-1,4-oxazepine [257
-07-8] was developed as a riot control agent
in Britain in the late 1950s. It is a pale yel-
low crystalline solid with an odor of pep-
per, slightly soluble in water. It is used in
the form of dispersed microcrystalline solid
aerosol or as liquid droplets dissolved in
propylene glycol or similar solvents. In com-
parison to other riot control agents, this com-
pound is more toxic. Exposure can cause
intense irritation of skin and temporary blind-
ness. If the skin is moist the pain can be
severe. Other effects are coughing, gasping
for breath, panic and incapacitation. At high
concentrations and confined areas inhalation
can cause pulmonary edema, asphyxiation
and death. It is also a carcinogen. Agent CR
is also used as an incapacitating agent. There
are unconfirmed reports of use of these sub-
stances by British forces. In the USA Agent
CR is not used because of its carcinogenicity.

Another tear gas, probably of most com-
mon use or abuse is the pepper spray or
Oleoresin Capsicum (Agent OC) or capsicum
spray. It has an odor of red pepper. Its chemi-
cal name is N-[(4-hydroxy-3-methoxyphenyl)
methyl]-6-noxenamide. It is used by police
force for crowd control and by many peo-
ple for their personal self-defense and abused
for robbery and attacks. This compound is
derived from cayenne peppers. Its toxic-
ity is relatively low and the compound is
non-lethal. However, there are a very few
unconfirmed reports of fatalities from heavy
exposures to this substance. The effects from
pepper spray are mostly inflammation of
eyes, causing immediate closing of eyes
and coughing. Moderate to heavy exposures,
however, can cause temporary blindness and
may affect breathing when sprayed on the
face. Its effects may last for a duration of 30
to 60 minutes.

Nerve Agents

Nerve agents are some of the most danger-
ous toxic substances ever synthesized. Their
applications in the chemical warfare, how-
ever, have so far remained relatively low.

There have been many reports, however, on
terrorists using these substances. These sub-
stances are all organophosphorus compounds
in which the phosphorus atom is bound to
two alkoxy groups, one oxygen or sulfur
atom via a double bond and a leaving group
(that can detach easily) via another oxygen or
sulfur atom. These compounds readily phos-
phorylate the enzyme, acetylcholinesterase,
thereby inhibiting its catalytic action in for-
mation of acetylcholine, thus interfering with
transmission of electric discharges across
nerve synopses. The toxic effects from their
exposures are multiple. The physical, chem-
ical and physiological properties of nerve
agents and their chemical structures are dis-
cussed at length in Chapter 39 of this text.
Another class of organophosphates, mostly
used as insecticides also inhibits the function
of acetylcholinesterase, but they are much
less toxic than the Nerve agents and, there-
fore, do not find military applications (Chap-
ter 47). Some highly toxic nerve agents in the
military arsenals of several countries include
the G-series agents, tabun (GA), sarin (GB),
soman (GD), cyclosarin (GF) and GP and
the V-series agents, VX, VE, VG and VM.
They are all liquids at ambient temperature
with low vapor pressures.

Blister Agents

Blister agents or vesicants are substances
capable of causing severe blisters on the skin.
Such chemicals can destroy skin tissues.
They usually manifest delayed but severe
effects that may erupt from several minutes
to several hours after exposure. Skin lesions
may persist for days or even for months
depending on the nature of the substance
and the extent of exposure. The symptoms
are large blisters filled with fluid or blood,
sometimes leading to death. Blisters may
form in the airways from inhalation of vapors
causing injury to blood vessels and blood
in the sputum. Other effects form exposure
to blister agents may include loss of white
blood cells, loss of immune response, nausea,
vomiting, diarrhea and lethargy. Some blister



agents are also known to produce systemic
poisoning. Eye exposure can cause corneal
perforation and conjunctivitis. The vapors of
many such compounds are irritants to the
eyes, nose and mucous membrane. The phys-
iological mode of actions of blister agents,
however, may vary.

The term ‘blister agents’ includes a wide
range of compounds with diverse physical
and chemical properties and chemical struc-
tures. They may be broadly grouped under a
few general types, namely, the sulfur mus-
tards, nitrogen mustards and organochloro-
arsines. There are also some substances that
do not fall under the above categories.

Among all the chemical weapons, Mustard
gas (HD) [505-60-2] is probably one of the
most well-known and widely used agents. It
has caused more deaths all over the world than
all other chemical warfare agents combined
together. Arsenals of several countries even
today have stockpiles of mustard gas and other
mustard vesicants. Mustard gas was used for
the first time in July 1917 during the World
War-1. Thereafter, it is alleged being used in
several other wars —Italy against Ethiopia
in 1935, Japan against China from 1937 to
1944 and more recently by Iraq against Iran in
the 1980s, as well in many wars unrecorded
or denied by the users. Also, there have
been many casualties from non-battlefield
exposures, such as, accidental release from
ships carrying mustard bombs or dredging up
of munitions dumped.

Mustard gas is a highly penetrative and a
deadly blistering poison. Its chemical name
is bis(2-chloroethyl)sulfide and the formula
(CICH,;CH,;),S. The compound has an odor
and taste of onion, garlic and mustard and
a color varying from yellow to light tan
to dark brown. The rates of penetration of
liquid sulfur mustard on human skin have
been measured to be in the range from 60
to 240 ug/cm?. Exposure to about 4ug of
mustard vapor/cm? skin surface equivalent
to 20ug liquid material evaporating approx-
imately by 80% can produce blisters on the
skin. The initial clinical effects from mustard
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exposure on the skin may vary from ery-
thema to vesication. The effects on airways
may vary from sneezing, hoarseness and
hacking cough to severe dyspnea and on the
eyes the symptoms may vary from tearing,
itchy, burning to edema of the lid, severe
pain and corneal damage. The first effects
may onset a few hours after exposure. The
chronic effects from exposure may range
from chronic obstructive lung disease and
lung fibrosis to corneal ulcer, abnormal pig-
mentation of the skin and cutaneous cancer.

Some other sulfur mustards in the mili-
tary weapons include O-Mustard (Agent-T),
bis(2-chloroethylthioethyl)ether, (CICH,CH,
SCH;CH;),0 and Sesquimustard (Agent-Q),
or 1,2-bis(2-chloroethylthio) ethane, CICH,
CH,SCH,CH,SCH,CH,Cl. Levinstein mus-
tard (Agent H) is a crude form of HD, con-
taining 20 to 30% impurities, mostly sulfur
and made by Levinstein process involving
reaction of ethylene with sulfur dichloride
under controlled conditions. Agent HD has
a purity level of greater than 96% bis(2-
chloroethyl) sulfide. Many sulfur mustards
are not single compounds but mixtures, such
as, Agent HT, a mixture of 60% HD and
40% T; Agent HQ, a mixture of Agent HD
and Agent Q in various proportions; and
Agent HL, a mixture of HD and Lewisite
(Agent L), an arsenical vesicant. Some of
these sulfur mustards as individual com-
pounds are further highlighted in Chapter 38
of this text with detailed discussions on their
physical and chemical properties, chemical
structures, blistering and toxic effects, anti-
dotes reported in the literature.

The oxidation products of Sulfur mus-
tards, sulfones are also vesicants but their
blistering actions on skin are much less.
They have not been used in the war-
fare. Dimethyl sulfate, (CH3),SOy is another
highly toxic organosulfur compound causing
severe blisters from skin contact. This com-
pound was used in the past as a military
poison. Its physical, chemical and toxic prop-
erties are presented under Sulfate Esters in
Chapter 55.
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Nitrogen mustards are alkyl amines or
alkylchloroamines. They include the com-
pounds, bis(chloroethyl) ethyl amine (HN-1),
a dark liquid of musty odor; bis(chloroethyl)
methyl amine (HN-2), a dark liquid hav-
ing a fruity odor, and triethylamine (HN-3),
(CH3CH;)3N, an odorless dark liquid. These
compounds manifest delayed action on the
skin, twelve hours or longer after exposure.
The agent HN-1 in addition to causing blis-
ters on the skin can damage the respiratory
tract and blood vessels. The physiological
properties of these three nitrogen mustards
are similar. Also, they are similar to sulfur
mustards in many ways. Nitrogen mustards
furthermore produce more severe systemic
effects on the central nervous system. Nitro-
gen mustards are believed to be stockpiled
in the chemical weapon arsenals of many
countries. Their use in the battlefields is not
known.

Phosgene oxime dichloroformate, code
name CX, is another blister agent. Its chem-
ical formula is CCI,NOH. The pure com-
pound is a volatile solid; the munitions grade
material is a brownish yellow liquid with a
high vapor pressure and a sharp and pun-
gent odor. The vapor is highly irritating to the
eyes, nose and mucous membrane. The com-
pound affects the skin, eyes and the lungs. It
causes severe tissue damage and the effects
are almost instantaneous with immediate irri-
tation and pain occurring in seconds, fol-
lowed by rapid necrosis of tissue within 5
to 30 minutes. Skin contact produces ery-
thema, wheals and urticaria but not vesicles.
The tissue damage is mostly extensive and
the lesions appear similar to those from net-
tle stings. The effects on eyes are immediate
pain, conjunctivitis and keratitis, similar to
those of Lewisite. Inhilation of its vapors or
systemic absorption can produce pulmonary
edema and damage to bronchial tissues.

Agent CX or Phosgene oxime (or dichlo-
roformoxime) was synthesized in Germany
in 1929. It was developed for military use by
both Germany and Russia before the World
War 11, especially due to the fact that it could

penetrate through masks, clothing and rub-
ber; producing effects that were rapid, severe
and prolonged. There, however, is no evi-
dence of its use ever in the battlefield.

Alkyl- or arychloroarsines are used in
the warfare for their damaging actions on
the skin and eyes. They are organoarsenic
chlorides or their mixtures. One such dan-
gerous arsenical vesicant is Lewisite (L) or
dichloro(2-chlorovinyl)arsine, CICH=CHAs
Cl,. This compound is synthesized from
acetylene and arsenic trichloride. It is an oily
colorless liquid with a slight odor of gera-
niums. Lewisite is also a systemic poison.
Studies have shown that topical application
of Lewisite causes immediate pain in con-
trast to the delayed symptoms of Mustard gas
(HD). Pain or irritation starts within seconds
after contact. Also the skin lesions differ in
both. While Lewisite blisters are more severe
than those from HD but they heal faster.
Lewisite is rapidly absorbed by the skin at
a rate much faster than mustard gas. Expo-
sure to liquid Lewisite produces erythema on
skin within 15 to 30 minutes. Blisters start
forming within several hours, first as small
blisters then spreading over a wider area.
Any secondary infection or subsequent pig-
mentation usually does not occur. Inhalation
of vapor causes extreme irritation of nose and
lower airways. Longer exposure can cause
pulmonary edema. The symptoms observed
in dogs were massive secretions from nose,
lacrimation, vomiting, and labored breath-
ing followed by death. The effects on eyes
are immediate irritation, edema of the lids
and damage of the iris and ciliary body. A
small droplet of the liquid can cause per-
foration and blindness. Currently, Lewisite
is believed to be possessed in the chemi-
cal weapons stockpiles of several countries
including the USA and Russia. There is no
clear record on its wartime use.

Some other arsenical blister agents are
ethyldichloroarsine (Agent ED), C,HsAsCl,,
phenyldichloroarsine (Agent PD), CgHsAs
Cl,, methyldichloroarsine (Agent MD), CHj
AsCl,, and Mustard Lewisite (code name HL)



which is a mixture of sulfur mustard,
bis(chloroethyl) sulfide (HD) with Lewisite
(L). The presence of Lewisite in Agent HL
reduces the freezing point of HD for military
use in cold weather and makes the mixture
more fatal. Many other organochloroarsines,
such as bis(chloroethyl)chloroarsine, (CICH;
CH;),AsCl or similar chloroalkyl arsenic
derivatives are severe vesicants.

Choking or Pulmonary Agents

Pulmonary agents are substances that cause
choking or suffocation, impeding the vic-
tim’s ability to breathe. Such substances
include chlorine gas (PS), Phosgene (CG)
and diphosgene (DP). Chlorine gas was heav-
ily used in many wars in the past. It is a
greenish-yellow gas with a strong odor, irri-
tating mucous membranes and burning the
skin on contact in its liquid state. Acute
exposure to high concentrations of this gas
can build up fluid in the lungs, causing pul-
monary edema. Chronic low-level exposures
can weaken the lungs. Inhalation of chlorine
at a concentration of about 1000 ppm can
cause death.

Phosgene (CG) or carbonyl -chloride,
COCl, is another choking gas used in the past
in many wars. This compound is produced by
the reaction of carbon monoxide and chlorine
over porous carbon in the presence of sunlight
or on heating at 50 to 100°C (122-212°F).
Phosgene is an industrial chemical used for
making polyurethanes, isocyanates and cer-
tain dyes. The compound was weaponized
during the World War I, causing thousands of
deaths. The British P gas helmet used dur-
ing that period was modified by impregna-
tion with phenate hexamine to protect against
phosgene attack. Phosgene being denser than
chlorine it was often mixed with chlorine in
equal volumes to spread out more effectively.

Phosgene is an insidious poison. There
are no perceptible symptoms initially. The
effects, however, may manifest in 24 hours
or later. Phosgene reacts with water in the
lungs to form carbon dioxide and hydrochlo-
ric acid, the latter dissolving the membranes
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in the lungs and filling the lungs with fluid.
This results in choking, shock and respira-
tory failure. Also, phosgene is an irritant to
the eye and skin and also a carcinogen.

Both chlorine and Phosgene were the
two most widely used war gases in the
early twentieth-century in terms of their
productions, uses in the wars and the number
of deaths they caused. Chlorine is a very
important industrial chemical. Use of these
gases in the modern warfare, especially that
of chlorine has declined drastically, making
way for much deadlier chemical weapons
such as nerve agents.

Diphosgene (DP) is another choking agent
similar to phosgene in chemical and toxic
properties. Its chemical name is trichloro-
methyl chloroformate, CICO,CCl;. This
compound was originally developed for the
sole purpose for use in the war, as its
vapors could destroy the filters in gas masks
more effectively than phosgene. Diphosgene
is produced by reacting phosgene with chlo-
roform or by chlorination of methyl formate
under UV light. It is a colorless liquid with
a vapor pressure of 10 torr. Its vapors are
irritant to mucous membrane and inhalation
can cause damage to the lungs from its by-
product hydrochloric acid. The toxic effects
are similar to phosgene. Death may result
from choking or asphyxiation.

Vomiting Agents

These are chemicals that cause nausea, vom-
iting, headache and coughing when inhaled.
They are mostly non-lethal. Some tear gases
that are toxic and strong lacrimators are vom-
iting agents too. Vomiting agents are used
in the warfare for clearing enemy troops
from congested or fortified areas. These sub-
stances manifest their effects within a short
time exposure, usually with a minute and the
effects may persist as long as thirty minutes.
Some of these compounds were developed
and used for the first time during World
War 1. Prominent among these are Agent
DA, Agent DM or Adamsite, and Agent DC
all of which are organoarsenic compounds.
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The chemical names and formulas of these
compounds are diphenylchloroarsine (Agent
DA), (C¢Hs5),0AsCl. They are all solids
at ambient temperatures, used as aerosols
placed in thermal grenades or obscurants
(smoke generators). The immediate effects
from exposure are intense irritation of eyes,
nose and throat. This is followed by tight-
ness of chest, nausea and vomiting within
minutes.

Blood Agents

The term ‘blood agents’ in the chemical
warfare jargon refers mostly to the cyanide
type poisons or substances manifesting sim-
ilar toxic actions. The most important agent
of this class in terms of toxicity and applica-
tions is hydrogen cyanide (Agent AC), HCN.
Other cyanide agents include cyanogens
chloride (Agent CK), CNCI and cyanogen,
C,;Nj. Also, certain non-cyanide substances,
such as, arsenic trihydride (Agent SA), AsHj
are included under this category. While the
rate at which the poisoning from cyanide-
type blood agents, AC and CK occurs is very
rapid, such action, however, from Agent SA
is slow and delayed, usually the effects man-
ifesting after two hours to several days.

The term ‘blood agent’ is a misnomer.
These chemicals do not interact nor affect
the blood directly but interfere with the
absorption of oxygen by the blood in the
lungs. The mechanism of toxicity may arise
either because of the inability of the red
blood cells from transporting oxygen to the
cells or by inhibiting the mitochondria of the
cells from utilizing oxygen within the cells
(by interrupting the electron transport chain
in the inner membranes of mitochondria).

Hydrogen cyanide (Agent AC) is a deadly
poison. The clinical signs of cyanide poison-
ing onset almost immediately with the symp-
toms, such as, rapid breathing followed by
convulsions occurring in less than thirty sec-
onds from exposures. The skin turns cherry
red in color. Death occurs from respira-
tory failure within two to three minutes.

Agents AC and CK have the odor of bit-
ter almonds and the Agent SA has a mild
garlic-like odor. All these compounds are
colorless volatile liquids or gases at the
ambient temperatures. The route of entry of
these blood agents in the battlefield into the
body is mostly through inhalation. Protective
masks or clothing must be worn for protec-
tion against these compounds. The toxicity
and chemistry of these compounds are fur-
ther discussed under Cyanides, Inorganic in
Chapter 14.

Incapacitating Agents

An incapacitating agent is a substance that
can produce physical or mental impairment
in a victim upon exposure. The physiologi-
cal and mental effects from such substances
are temporary and non-lethal, rendering an
individual incapable of performing a task.
These are mostly substances that produce
psychobehavioral effects on the central ner-
vous system. The use of incapacitating agents
such as thornapple (Datura stramonium),
hellebore roots and belladonna plants in wars
to induce disorientation and hallucination in
enemy troops have been recorded in early
history. The use of such substances in mod-
ern wars, however, is much less than other
forms of chemical weapons. An anticholin-
ergic compound, 3-quinuclidinyl benzilate
(Agent BZ) was weaponized in early 1960
for possible use in the battlefield. Several
other chemical incapacitating agents includ-
ing LSD-25 (lysergic acid diethylamide),
glycolate type anticholinergics, certain tran-
quilizers and marijuana derivatives have
been investigated for their military use. There
is, however, no confirmatory report of any
applications of such psychobehavioral com-
pounds in any significant scale in modern
warfare. In 2002, Russia used a fentanyl
derivative to incapacitate Chechen terrorists
in the Moscow theatre siege. Fentanyl is an
opiate gas with an analgesic potency of 80
times that of morphine. It is clinically used
as an intravenous anesthetic under various
trade names. This incapacitating agent has



been tested by many countries for use in riot
control but because of its lethality such prac-
tice has been discarded. The United States
has destroyed all incapacitating agents from
its military stockpiles since 1988.

XIl.D DELIVERY AND DISPERSAL
SYSTEMS

A common delivery system for the chemi-
cal warfare agent is an artillery shell or a
projectile containing a reservoir filled with
the chemical. Such reservoirs surround a
‘burster’, an internal axial explosive charge.
When the artillery shell is fired the fuse det-
onates the explosive charge in the burster,
shattering shell and dispersing the chemical
agent as an aerosol. Aircrafts loaded with
‘chemical bombs’ are often used to drop
chemical weapons. Such bombs consist of
chemical agents that are filled in a reser-
voir surrounding the internal axial explo-
sive charge. When the bomb is dropped the
fuse detonates the explosive charge dispers-
ing the chemical agent as an aerosol. Such
bombs are usually stored without the detonat-
ing fuse and tail fins. They are assembled and
loaded onto the aircraft prior to their deliv-
ery onto the targets. Rocket is another mode
of delivery of chemical weapons. It consists
of a set of guidance fins, rocket propellant,
a reservoir containing the specific chemical
agent, an axial explosive charge and a fuse.
The US stockpile contains the M55 chemical
agent rockets. They are currently in the pro-
cess of being demilitarized. Chemical agents
may also be buried in the ground as land
mines. Such land mines consist of a reservoir
filled with the chemical agents surrounding
an explosive charge, a fuse, and a pressure
plate on its top. When the pressure plate is
depressed the fuse detonates the burster, shat-
tering the mine, displacing any soil covering
over it with a heavy force causing the chem-
ical to disperse in the air as aerosols. The
effectiveness of any chemical weapon deliv-
ery system depends on how efficiently the
solid or liquid aerosols of the chemical agent
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are generated upon hitting the targets. Also it
depends on the atmospheric conditions, such
as the wind direction and velocity, temper-
ature, precipitation, along with the stability
and the volatility of the chemical agent.
Certain chemical agents such as the nerve
agents, sarin and VX may be generated from
their components before their delivery onto
the target. This is accomplished by rupturing
the canisters containing the components of
these compounds which react upon mixing.

XI.LE PROTECTION, ANTIDOTES AND
DECONTAMINATION

The most important countermeasure against
exposure to chemical agents is to wear gas
masks and protective clothing. The first gas
mask was developed in Britain during the
World War-I for protection against chlorine
gas. Soon after, such helmets were modified
by chemical impregnation with substances
such as sodium hydroxide to neutralize chlo-
rine. Also, they were equipped with rubber
exhaust tubes. The gas masks worn today
in the modern wars that are far more dead-
lier than before are more sophisticated. They
are equipped with filtration systems contain-
ing filters to block aerosol particles, activated
carbon beds to remove toxic vapors, replace-
able cartridges, rubber gas-tight seal to pre-
vent any leakage, better ventilation, voice
diaphragms and other features. Some modern
protective masks in the United States are des-
ignated under the brands M40, M42, M49,
XM45 and JSPGM.

While the gas masks are needed against
inhaling chemical agents, skin contact can
be avoided by wearing protective clothing.
Such clothing was introduced for the first
time during the World War-II to protect
against mustard gas. They were all breath-
able clothing impregnated with chloramide
“CC-2”. Several other types of clothing have
been designed since then. Clothing impreg-
nated with activated carbon is used to protect
against nerve agents. Impervious clothing
made from plastic or rubbers are also used
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too. The main disadvantage of such clothing
to the wearer, however, is the heat exhaus-
tion. Other protective wears include battle-
dress overgarment coats and trousers with
an outer cotton layer and an inner layer
of charcoal-impregnated polyurethane foam,
helmet cover made out of butyl-coated nylon
cloth, butyl rubber gloves and the vinyl over-
boot.

The decontamination of clothing, furni-
ture, and other materials may depend on the
nature of the chemical agent. Most blister
agents may be decontaminated with bleach
(sodium hypochlorite or calcium hypochlo-
rite solution). Treatment with caustic soda
solution can be additionally effective in
decomposing all arsenic vesicants. Also, the
“DS2” decontamination solution, made out
of 2% NaOH, 70% diethylenetriamine and
28% ethylene glycol monomethyl ether can
be equally effective. Decontamination from
nerve agents may require treatments with
bleach slurry, dilute alkali solutions, steam
and ammonia, followed by washing with
hot soapy water. The M258 kit available
for decontamination of these chemical agents
may be effective for the purpose. Many
lacrimators used as tear gases can be decom-
posed by various treatments including heat-
ing with soda ash or alcoholic caustic soda
solution or mixing with sodium sulfite or
bisulfite solution or combination of these
procedures as needed. Such decontamination
procedures may be applied in addition to tak-
ing certain basic steps such as the aeration of
the contaminated area and rinsing the con-
taminated materials with water.

Many substances have been studied for
their therapeutic use and antidotal actions
against nerve agents. One such therapy con-
sists of taking atropine and pralidoxime
chloride (pyridine-2-aldoximemethyl chlo-
ride). The dose may constitute taking 2 mg
atropine (administered intravenously) in
every five minutes until breathing is eased
along with 1 g pralidoxime chloride given
intravenously over twenty minutes every
hour with a maximum of three doses. Several

other oximes have been reported to be
effective.

The medical management towards expo-
sure to blister agents may commence with
the decontamination of the skin using a dilute
aqueous solution of bleach. If required, the
patient may be placed on intubation and
assisted ventilation. The wound from blis-
ter agent should be covered with petro-
latum gauze. The eyes should be washed
with plenty amounts of water. The com-
pound, BAL (British anti-Lewisite) is known
to be an antidote for the arsenical vesi-
cant Lewisite. Its chemical name is 2,3-
dimercaptopropanol. The protective effects
of the chelate, dimercaptosuccinic acid
(DMSA) against Lewisite exposure have also
been reported in the literature. The exposed
skin in such a case requires two hours of
cooling followed by washing with soap and
water. There is no known antidote for the
blister agent phosgene oxime (Agent CX).
The necrotic areas of the skin should be
treated same as other necrotic lesions. There
are no specific known antidotes for sulfur
mustards too. The protective actions of sev-
eral substances, however, have been pub-
lished in recent literature (See Chapter 38).
Needless to say that the sulfur mustard-
induced injury and its late effects must war-
rant careful observation and prompt medical
treatment.

Antidotes for cyanide poisoning are effec-
tive only when administered immediately.
The medical management procedures include
inhalation of amyl nitrite followed by intra-
venous administration of about 300 mg
sodium nitrite over two to four minutes and
12.5 g sodium thiosulfate.

Among the “tear gases”, the burning
effects of the pepper spray may be minimized
by washing the face using a degreasing non-
oily soap or a mild dish detergent. Vigorous
blinking may help in flushing out the irritant
from the eyes with tears. The teargas, CS is
a fat-soluble substance and can be washed
off to some extent with milk. It may also be
neutralized with sodium metabisulfite.



XI.LF CHEMICAL WEAPONS
CONVENTION

Many international conventions and declara-
tions have been taken place to prohibit the
use of chemical weapons in wars. The first
ban was enforced in 1900 in The Hague
after four conventions and three declara-
tions passed earlier covering the laws of war.
This convention prohibited launching of pro-
jectiles and explosives from balloons and
banned the use of any projectile for dissemi-
nating asphyxiating or deleterious gases. The
Hague Convention, however, lost its ground
at the onset of World War-I that witnessed
heavy use of mustard gas, chlorine and other
agents, as well as, the developments of new
chemical weapons.

After the end of the war most coun-
tries possessing chemical weapons signed the
Geneva protocol in 1925. This Protocol out-
lawed all uses and development of chemical
weapons. The provisions of this Protocol,
however, were scantly regarded and violated
time and again by the great powers shortly
after signing. Chemical weapons were again
in full use during the World War II and lat-
ter in subsequent wars in Korea, Vietnam,
the Persian Gulf and other countries. The
Chemical Weapons Convention of 1993 took
further measures to enforce the provisions of
the treaties that were signed earlier. Several
countries, at present, still possess large stock-
piles of chemical weapons in their arsenals.

XI.G CHEMICAL WEAPONS IN
TERRORISM

Although the chemical weapons programs of
most nations are in sharp decline, a new
threat, however, has emerged in recent years.
Many types of chemical agents are being
developed, assembled or used by terrorist
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groups worldwide. Such agents include deadly
toxicants like nerve gases or various explo-
sive type chemicals. Use of nerve agents and
mustard gases, even in small quantities in
crowded and confined space or cyanide poi-
soning in public water supplies could cause
unthinkable fatalities. Although the produc-
tion of such substances does not require
high level of technology, procuring the raw
materials to make them may not be that
easy and may need a small laboratory for
their synthesis. On the other hand, certain
explosive combinations can readily be pro-
cured and combined together. This includes,
for example, ammonium nitrate (of fertilizer
grade), fuel oil or the ingredients of organic
peroxides. Nitroglycerine and other nitroor-
ganic explosives, strong oxidizers, such as,
perchlorates and the acetylides and fulmi-
nates have the potential to pose danger-
ous threats. One specific class of substances
worth mentioning here is the so-called ‘lig-
uid bombs’ consisting of organic peroxides,
such as, triacetone triperoxide. Such perox-
ides may be made in situ by mixing ace-
tone, a common laboratory solvent (also
used as nail polish remover) with hydro-
gen peroxide. This and similar combina-
tions can be readily detonated by heat or
shock using simple devices. These are col-
orless liquids and may be difficult to detect.
Organic peroxides are highly unstable com-
pounds because of the presence of —O-O-
bond in their molecules. Dilute solutions of
many other unstable chemicals dissolved in
volatile organic solvents can detonate upon
crystallization or when subjected to shock.
Also, the unstable explosive powders mixed
in gelatinous materials can be a tool of terror-
ist attacks. The chemical and physical prop-
erties of various explosive and flammable
types substances are further discussed in sev-
eral chapters all throughout this text.
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BIOLOGICAL WARFARE AGENTS
AND BIOTERRORISM

XIIILA CLASSIFICATION AND
HISTORY OF BIOLOGICAL WEAPONS

The biological warfare agents or the bio-
weapons are destructive agents used to kill or
injure people. Such weapons include organ-
isms such as bacteria, viruses or fungi or
the toxins that are produced by microorgan-
isms. Thus, they may be classified broadly
into three categories: 1) bacteria 2) viruses
and 3) toxins and include a wide range of
agents from anthrax and smallpox viruses
to ricin and botulinum toxins. Bacteria are
single-celled microorganisms containing cell
walls and cell membranes. The bacteria have
the ability to reproduce via cell division.
Bacteria contain chromosomes made up of
DNA molecules. There are many types of
bacteria such as the spherical ones known as
cocci, rod-shaped bacteria known as bacilli,
the clumps termed straphylo- and the chains
named under strepto-. These organisms differ
in appearance. Viruses are infectious submi-
croscopic parasites. These intracellular par-
asites need a host to grow and reproduce.
They contain either RNA or DNA template
chains for replication. Fungi such as yeasts
and molds are vegetable in form containing

cellular nucleus and cell walls. They grow
in hosts and can reproduce and interfere
with biological functions of the host caus-
ing diseases. Toxins are naturally occurring
chemicals, mostly complex proteins in their
structures and are produced by living organ-
isms. Toxins can cause diseases many of
which can be fatal to humans. The mode of
actions of certain toxins such as ricin and
botulinum are briefly discussed below under
their titles.

The use of biological agents in the wars
are known from ancient time. Such agents
ranged from ergot, snake poison, bees and
the dead bodies of animals and humans in
the ancient battles to plague, smallpox and
cholera in latter period. In major wars in
the last century, as well as at present sev-
eral other agents such as anthrax, ricin and
SEB toxins have come into play in the war-
fare and currently are potential bio-weapons
of terrorism. Research on developing more
effective and potent bio-weapons continued
unabatedly all throughout along with chem-
ical weapons. At present many countries
are known to have developed and stock-
piled various biological warfare agents in
their military arsenals despite of signing the
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Geneva Protocol of 1925 and the Biologi-
cal Weapons Convention of 1972. There is
a great concern that many terrorist groups
have either accessed or seeking to acquire
the technologies and expertise to produce and
use such bio-weapons.

Xlll.B BACTERIA

Anthrax

Among all biological agents anthrax proba-
bly is the most effective tool of attack. In
terms of toxicity toxins such as botulinum
or ricin can be more dangerous, however, as
an aerosol the quantity of anthrax needed to
be disperse in the air to affect a population
has been estimated to be much lower than
that would be needed for botulinum, SEB
toxin or ricin. Anthrax has come to lime-
light in recent years as a major agent of bio-
terrorism. Anthrax is caused by the bacteria
Bacillus anthracis. The bacteria mostly infect
this disease in domestic and wild animals
such as goats, horses, cows, sheep and swine.
Skin contact of humans with such infected
animals or contaminated animal products can
transmit this disease in humans. The disease
however, is rare in humans. Infection mainly
occurs through the skin. Spores of anthrax
can grow in the carcass of dead animals
or in the soils nearby. The organisms when
exposed to air can become active and inhala-
tion of such contaminated air can be another
route of entry of anthrax spores into humans.
Breathing or swallowing spores from natural
causes, however, is rare in humans.

Anthrax can be of different types and the
symptoms depend on the routes of expo-
sure. The most common form of anthrax is
the cutaneous or skin anthrax accounting for
more than 90% of all cases. Anthrax spores
enter into the skin of the host species, human
or animal through small cuts or abrasion and
become active producing poisonous toxins.
Infection begins with symptoms of swelling
and bleeding. The initial signs of this dis-
ease in humans may appear in 1 to 5 days
after exposure. The sore may initially look
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as a small pimple without pain with swelling
around it. Then in the next 1 or 2 days the
sore or lesion is filled with fluid contain-
ing many microorganisms. At this point the
symptoms are fatigue, headache and fever
that eventually leads to injury or death of
the tissue. The sore appears black in 2 or
3 weeks and the tissue separates, leaving a
scar on the skin. Skin anthrax is usually non-
fatal and may be cured if diagnosed early and
treated promptly.

Inhalation anthrax is much deadlier than
the skin anthrax. The route of exposure here
is inhalation. The spores enter into the lungs
from inhaling contaminated air. The bacte-
ria become active in the lungs and mul-
tiply causing swelling and bleeding in the
chest cavity. The initial symptoms include
headache, fatigue, ache, fever, cough and
mild chest pain that may appear between 1
to 6 days after exposure and may continue
for 2 to 3 days. In certain cases the onset
of disease can take a longer period. Inhala-
tion anthrax, if not treated immediately can
deteriorate further causing labored breath-
ing, shortness of breathe, increased pain in
the chest, sweating and bluish skin color.
The infection at this stage may progress to
swelling of the chest and neck leading to
shock and death within 1 or 2 days. If the
anthrax bacteria spread to the blood, death
may occur from blood poisoning and shock.
Anthrax spores can also infect the gastroin-
testinal tract. Such infection, however, is
very rare, which can arise from ingestion of
contaminated meat.

Diagnosis and Treatment Skin anthrax
may be diagnosed from the biopsy of the
sore and performing microscopic examina-
tion of the organism. Inhalation anthrax how-
ever, is difficult to diagnose. Chest x-ray, lab
cultures and blood tests should be carried
out. Rapid laboratory tests may be carried
out to diagnose anthrax. Such tests include
polymerase chain reaction (PCR), enzyme-
linked immunosorbent assay (ELISA) and
direct fluorescent antibody (DFA) methods.
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Treatment of anthrax involves antibiotic
therapy for several weeks. Inhalation anthrax
must be treated right away because the bac-
teria spread rapidly. Ciprofloxacin, doxycy-
cline, penicillin and others are some of the
antibiotics used to prevent the disease from
progressing to the entire body. Series of
vaccinations and boosters that are available
may be administered as preventative mea-
sures against anthrax for any possible bio-
logical warfare attack.

Plague

Plague has been one of the worst human
pandemics throughout history. Its use as a
biological warfare agent, however, is not
known. The disease is attributed to the bac-
teria Yersinia pestis, and caused mostly from
bites of rat flea. The animals that transmit
this disease are mostly black rats and the
rock and ground squirrels. When the flea
bites an infected animal the bacteria enter
into the body of the flea and multiply inside.
When the infected flea attempts to bite again
it vomits clotted blood and bacteria into the
bloodstream of the victim, either human or a
small mammal, usually rat. Thus the disease
is mostly transmitted from rodents from the
bites of infected fleas.

There are three forms of this diesese;
bubonic plague, pneumonic plague, and sep-
ticemia plague. Bubonic is more common
form of human plague. The disease devel-
ops 1 to 8 days after exposure causing
swollen lymph nodes with severe pain. Other
symptoms of this disease are sudden fever,
chills and headache followed by nausea
and vomiting several hours later. Bubonic
form of the disease if untreated can develop
into septicemia- and secondary pneumonic
plagues. Septicemia plague is a blood infec-
tion. The symptoms initially are same as
those from bubonic plague. Such symptoms
may deteriorate further causing bleeding in
the skin and loss of blood circulation in
hands and feet leading to death of tissue.
The pneumonic plague is the most dangerous

of the three types. This disease is simi-
lar to pneumonia with signs of productive
cough. Blood appears in the sputum within
24 hours.

If the plague bacteria were to be dispersed
in the air, a more likely scenario in a
war or a terrorist attack, inhalation of such
contaminated air can result in an outbreak of
primary pneumonic plague. However, if the
fleas in a less likely scenario were used to
carry the plague organisms bubonic or the
septicemic form of the disease can spread.

Plague being a contagious disease its diag-
nosis, treatment and prevention assume crit-
ical importance. The bubonic form of the
disease may be diagnosed from certain gen-
eral symptoms such as the swollen and
painful lymph nodes. All forms of plague
however, can be identified from microscopic
examinations of samples of sputum from pro-
ductive coughs and the fluids from swollen
lymph glands along with blood tests and cul-
ture growth. Plague can be effectively treated
at the earlier stage with antibiotics.

Brucellosis

Brucellosis is another bacterial disease
caused by an organism of the genus Brucella.
The disease is transmitted to humans from
contact with infected animals such as cattle,
sheep and goat. Six different species of
Brucella are known, four of which can
affect humans. In humans the symptoms of
the disease include fever, fatigue, sweating,
irritation, loss of appetite and ache in joint
and muscles. Also, the organism can grow
rapidly and infect bones, joints, liver, kidney,
and urinary tract. The disease may onset
suddenly after exposure to the organism or
take several days to weeks to appear.

Laboratory cultures of body fluid samples
and blood can diagnose the disease which
can be treated with antibiotics.

Brucella bacteria of various types are
potential biological warfare agents. They
may readily be transmitted through the air
as aerosols.



Cholera

Cholera is caused by the bacteria Vib-
rio cholerae. Tt is a severe gastrointesti-
nal disease affecting stomach and intestines.
This disease in the past caused thousands
of deaths worldwide prior to discovery of
vaccines or lack of treatment. The toxin
produced by the organism creates massive
amounts of fluid in the intestines, which
then produces thin grayish diarrhea. The
symptoms of this disease are vomiting, diar-
rhea, cramps in the stomach and weakness.
Body loses a large quantity of fluid and
electrolytes.

Cholera spreads through ingestion of
water or food contaminated by the bacte-
ria. The organism can survive in sewage
for about 24 hours and for a few weeks
in waters containing organic matter. The
cholera bacteria can be destroyed by boil-
ing the water, exposure to disinfectants or
by chlorination of water. The organism, how-
ever, may survive under freezing conditions
for a few days.

Cholera can be diagnosed from the stool
examination of the patient and treated by
antibiotics. Vaccination periodically is a pre-
ventative measure against the disease.

Cholera organism can be a potential
bio-weapon. Contamination of public water
systems can spread the disease rapidly. How-
ever, simple processes such as chlorination
or disinfection of water or just boiling the
water should serve as a preventive measure
against cholera. There is no record of use of
cholera organism in the war, although this
agent was considered in the past as a bio-
logical weapon. Cholera bacteria can be a
potential bio-weapon in terrorism.

Q Fever

Q Fever is caused by the bacteria Coxiella
burnetii and may affect humans and ani-
mals. The organisms can survive under harsh
conditions of heat and cleaning solutions.
The disease is infections but usually not life
threatening to humans. A single organism
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can cause infection and disease. The bac-
teria can thrive on straw, hay, clothing and
other surfaces. Thus direct contact with such
surfaces can infect humans. The infection
of Q Fever in humans, however, mostly
comes from direct contact with infected cat-
tle, sheep and domestic livestock, especially
when human exposure occurs to these ani-
mals giving birth that release more organisms
into the air. Breathing air contaminated with
such organisms can infect people.

There is no typical pattern of symptoms of
Q Fever. The common signs are fever, chills
and headache continuing for several days.
Other symptoms may include ache, sweat-
ing, fatigue and loss of appetite. The illness,
which generally is mild to moderate may
begin within 2 to 6 weeks of exposure. Hep-
atitis may result when the infection spreads
to the liver.

Q Fever can be diagnosed from blood tests
and treated by antibiotics. Effective vaccines
are available for preventing its occurrence.
The use of this organism either in any
warfare or bio-terrorism so far is not known.
The organism however, has the potential of
becoming a bio-weapon.

Tularemia

Tularemia is a disease caused by the bacte-
ria Francisella tularensis. It can strike both
humans and animals. Rabbits, ticks, deer-
flies and many aquatic animals can trans-
mit this disease. There are two forms of
this disease; ulcerograndular and typhoidal.
Ulcerograndular form of this disease is more
common. The initial symptom usually is a
sore on the skin up to an inch across. If
the disease transmits from insect bites, the
sore may appear on the leg or lower part
of the body, and if transmitted from an ani-
mal it may usually appear on the arm or
upper part of the body. Other symptoms are
enlarged lymph nodes. Ulcerogranular form
of tularemia may develop after 3 to 6 days of
exposure into fever, chills, cough, headache
and ache in the muscles. The disease may
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further lead to causing chest, joint, back and
abdominal pain, stiffness in the neck, sore
throat, vomiting and diarrhea.

The typhoidal form of tularemia usually
causes smaller lymph nodes but there is no
skin sore. Both the forms of the disease can
develop into pneumonia, shortness of breath
and chest pain.

The disease can be diagnosed in labora-
tory tests by growing the bacteria from sam-
ples taken of blood, sputum or other body
fluids. It can be treated with antibiotics and
prevented by immunization with the vaccine.

Tularemia is a potential bio-weapon. It
was investigated as a biological warfare
agent in the past but never has been used.
The organism can be effectively dispersed
into the air as aerosols.

XII.C VIRUSES

Smallpox

Smallpox is caused by the virus variola. It is
a highly infectious disease. The most severe
form of the virus, variola major can cause
death if the victim is not treated and has not
been vaccinated before exposure. The other
type of the virus, variola minor, however,
produces a molder form of smallpox. Out-
break of this disease in the past has caused
many deaths worldwide. Today, this disease
is almost eradicated from most parts of the
world.

Variola can be a major threat in any bio-
logical warfare or bio-terrorism because the
virus if highly contagious and the majority
of the population all over the world includ-
ing the USA have no immediate protection.
The vaccine is in short supply. The virus is
known to have been used in wars in the past.
Although banned at present, some countries
still have clandestine stockpiles of this agent.

After an incubation period of 7 to 17 days
variola major type smallpox attacks with
high fever, chills, headache, aches, and
vomiting and back and abdominal pain.
Shortly after this, usually in 2 or 3 days
rashes begin to appear on the face, hands

and forearms which slowly extend to lower
part of the body. The sores then develop into
fluid-filled sacs. The disease can be highly
contagious. The virus can spread from human
to human on direct contact or through cough-
ing and sneezing. The most infectious period
is between 3 to 6 days after the onset symp-
toms (fever).

Variola minor, the milder form of the
smallpox does not produce high fever and
the sores on the skin are smaller and fewer.
Smallpox can be distinguished from other
viral rashes such as chickenpox and allergic
dermatitis. Variola major sores develop all
at once into the same stage everywhere on
the body. In case of chickenpox while some
sores may be forming others may be drying
out.

Smallpox vaccine is the most effective
prevention against the disease. The vaccine
may still be effective if given within 4 to
5 days of infection. The antiviral drug cido-
fovir may help relieve symptoms. Some other
antiviral drugs such as adefovir, ribavirin and
dipivoxil may be efficient in treating small-
pox.

Viral Hemorrhagic Fevers

Viral hemorrhagic fevers include four fami-
lies of viruses:

(i) Arenaviridae (Bolivian, Venezuelan
and Brazilian hemorrhagic fevers)

(ii) Filoviridae (Ebola and Marburg
viruses)

(i) Flaviviridae (viruses of Yellow,
Dengue and Kyasanur Forest fevers)

(iv) Bunyaviridae (Rift Valley, Crimean
Congo and Hantaan viruses)

All these agents are RNA viruses, which
can survive in blood for long. Rodents,
mosquitoes, flies and other insects can spread
them and infect humans. These viruses target
blood and damage blood vessels causing
internal bleeding. The symptoms are flu
like illness with fever, profound exhaustion,



aches, low blood pressure and infected eyes.
Injury can occur in tiny blood vessels. In
severe cases such viral diseases can spread to
the liver, lungs and nervous system. Certain
types of hemorrhagic viruses can also cause
deafness, kidney failure, rash, bloody vomit
and death. Infection from the Ebola viruses
can cause death.

Mosquitoes bites are linked to the spread
of viruses in humans that cause yellow fever
and also the dengue and Rift Valley fevers.
Likewise the rodents are the carriers of the
viruses Arenavirus and Hanta. Since many
such viruses can survive for a long period
in the blood of dead animals, human expo-
sure to slaughtered animals, therefore can
spread certain types of viral hemorrhagic
fevers. Similarly human exposures to Bun-
yaviridae viruses that cause the Rift Val-
ley and Crimean Congo fevers have been
reported to be linked to slaughtered horses.
Also, several viral hemorrhagic fevers as
their names indicate are linked to some nat-
ural geographic areas, the prevailing ecol-
ogy and the vectors found in such specific
areas.

Viral hemorrhagic fevers may be diag-
nosed from the laboratory tests for infectious
disease, as well as from the victim’s travel
history and the conditions to exposures. Vac-
cine so far is effective only against the yellow
fever. Vaccines and antibody therapies for
other fevers, however are not known at the
moment but their development currently is
under progress.

Encephalitis Viruses

Encephalitides are another class of highly
infectious viruses. They are members of
the family of Alphavirus genus caus-
ing encephalitis. They include Venezuelan
equine encephalitis (VEE), western equine
encephalitis (WEE), and the eastern equine
encephatisis (EEE) viruses. These viruses
spread through the bites of mosquitoes
and can produce widespread diseases. Such
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viruses therefore have a high potential of
becoming bio-weapons of terrorism. They
can be released into the air as aerosols to
cause infections, severe illness and fatalities
in the human population in an area of several
square miles.

VEE is the most severe among all viral
encephalitides. This virus was isolated in
Venezuela in the 1930s, recovered from
horses. The symptoms of the infection in
humans after an incubation period that may
vary from 2 to 6 days are fevers, chills,
aches, headaches, sore throat and mild confu-
sion. Eyes tend to become sensitive to light.
The infection, if not treated, may progress to
seizures and coma.

WEE in comparison the VEE is rela-
tively much milder type viral encephalitide.
The incubation period may range from 5 to
10 days. The infection in many people shows
neither any signs nor symptoms. In some
cases the symptoms noted are nausea, vom-
iting, headache, drowsiness and stiff neck.
Seizures may occur in the infants. Adults are
likely to recover fully from the illness.

The EEE type viral encephalitide can be
more severe than the WEE type. The incu-
bation period here may vary from 5 to
15 days. The signs of the illness are fever,
chills, lethargy and vomiting. Other symp-
toms noted in humans may include rigid-
ity in the muscle, slight paralysis, salivation
and difficulty in breathing. In children the
infection may cause swelling of the face.
Some people may also show early symptoms
appearing well before any incubation period.
In certain cases the disease may permanently
affect the nervous system causing seizures
and dementia.

There is no specific treatment available
to combat viral encephalitides. Medications
may be taken to relieve from any fever or
seizures or from any difficulty in breathing.
Vaccines are available to protect from VEE
and EEE. The VEE vaccine, however, does
not seem to be fully effective in some
people and is likely to produce adverse side
effects.
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XIIl.D TOXINS
Botulinum Toxins

The botulinum toxins are probably the most
deadly toxins ever known. The LDsy, or
the median lethal dose in humans is esti-
mated to be about 0.001 mg/kg. The dis-
ease it causes is known as botulism. This
type of toxin is produced by the bacterium
Clostridium botulinum (C. botulinum). The
toxin functions as an enzyme. Its chemical
structure consists of a two-heavy polypep-
tide chainss bound to each other by a disul-
fide bond. The heavier of these two chains
has a molecular mass of 100-kilodalton and
the lighter one is 50-kilodalton. The mode
of action of botulinum toxin is as follows:
The toxin, which is an enzyme biocatalyzes
a reaction causing one of the fusion pro-
teins to break down. The fusion proteins are
needed to cause neurons to release acetyl-
choline. Thus, any depletion of acetylcholine,
the neurotransmitter in the nerve synapse,
as a result, interferes with nerve impulses.
Such mode of action of botulinum toxin
is reverse of that from the nerve agents
where the latter binds to and inhibits the
function of the enzyme acetylcholinesterase
causing a build up of too much acetylcholine,
blocking any neurotransmission to paralyze
muscles.

Botulism may arise from two natural
ways: ingestion of food contaminated with
botulinum toxin, known as ‘food-born
botulism’, or from what is known as, ‘infant
botulism’ affecting infants below one year.

Food borne botulism impairs nerves caus-
ing paralysis. The signs and symptoms of
this disease may manifest after an incuba-
tion period usually between 12 to 36 hours of
ingestion. The initial symptoms are blurred
vision, dry mouth and vomiting, progress-
ing to paralysis and death. When the route
of exposure is inhalation the symptoms may
onset after 24 to 36 hours with headache,
dizziness, increased flow of saliva, blurred
vision, dry mouth progressing to paraly-
sis and respiratory failure. Fever is usually

absent and recovery from low level expo-
sures may take months.

Infant botulism occurs from ingestion of
spores through raw or untreated food such
as honey, rather the toxin itself. Such inges-
tion may cause in subsequent growth of the
bacteria which then could produce botulinum
toxin inside the body. The signs and symp-
toms here are constipation, lethargy, loss of
appetite, weakness and difficulty in swal-
lowing. Death may result depending on the
severity of exposure. Botulinum toxin may
be diagnosed from the symptoms of illness
including paralysis. Nasal swabs may indi-
cate to some extent the exposures to this
toxin via inhalation. The food borne botulism
may be treated by intravenous administration
of trivalent antitoxin. Such antitoxin, how-
ever, is not effective against infant botulism.
Immunization with a toxoid, that is an inac-
tivated toxin to produce immunity against
botulinum toxin may be effective in biologi-
cal warfare. The spores and the toxins can be
destroyed by heating at high temperatures.

Botulinum toxins have been well studied
for their use in the military. There is, how-
ever, no evidence to confirm its use in the
past in any war. This agent can pose a dan-
gerous threat to human population in any
biological warfare or from the act of bioter-
rorism. The toxin can be dispersed in the air
as aerosols or it can be mixed to contaminate
water or food. Although it is banned, some
countries are believed to possess clandestine
stockpiles of this agent.

Ricin
Ricin is one of the most well known agents of
bio-terrorism and has the potential of a pow-
erful tool of terrorist attack as it is widely
available, relatively easy to produce, danger-
ously toxic and has no antidote. Several cases
of human fatalities worldwide from ricin poi-
soning have been reported in the last decade.
Ricin is a naturally occurring phytotoxin
occurring in the beans of the castor plant
Ricinus communis. Its content in the castor



beans may range from 1 to 5% by weight.
Castor beans are grown worldwide to pro-
duce castor oil, a constituent of brake and
hydraulic fluids. This toxin was discovered
by Hermann Stillmark in 1888 while extract-
ing oil from the castor beans. Paul Erlich
later in the 1890’s investigated the proper-
ties of such lectin ricin and many other plant
proteins. During the World War II, United
States and Britain jointly pursued a program
to produce this toxin.

Although ricin has all the characteristics
of a weapon of mass destruction, its appli-
cation could somewhat be limited because
of the high quantity of ricin that would be
needed in aerosolized form to incapacitate a
population in an area. It is estimated that such
as amount could be much larger in compar-
ison to that needed for other known agents
such as Bacillus anthracis, botulinum toxin
or SEB toxin. It has been reported that while
approximately 4 metric tons of aerosolized
ricin can cause about 50% lethality in an
area of 100 km? under optimal dispersal con-
ditions and assuming an aerosol toxicity of
3ug/kg, the same effect could be produced
by 1 kg of aerosolized anthrax. Such aerosol
toxicity in LDsy values for ricin and other
toxins reported in the published literature,
however, show significant variation. It may,
however, be noted that any open-air expo-
sure to ricin can be dangerous and the threat
from an air attack must not be underesti-
mated. A terrorist attack via contamination
of drinking water or food chain could be a
more effective mode than that from aerosol
because the amount needed for this would be
smaller although ricin is relatively less toxic
by ingestion than inhalation. Injection of the
toxin is another route of delivery into the
human body. Skin contact with ricin should
practically have no effect as dermal absorp-
tion is negligibly small.

The extraction of ricin from castor beans
does not involve much sophisticated technol-
ogy. The waste mash from castor beans pro-
cessed to make castor oil contains 5% ricin
be weight. The crude extracts also contain
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another substance, ricinine. The chemical
name of ricinine is 1,2-dihydro-4-methoxy-1-
methyl-2-oxo0-3-pyridinenitrile and its CAS
Registry Number [524-40-3]. Ricinine melts
at 201°C (393°F), less soluble in water than
ricin and is less toxic. Ricin is a water-
soluble globulin protein. It is stable to heat
and many chemicals. The toxin however
breaks down when heated around 150°C
(302°F) for several minutes. Its molecular
weight is 64,000 and CAS Registry Num-
ber [9009-86-3]. Ricin is a type II ribosome
inactivating protein. Its chemical structure
consists of two smaller peptide chains or sub-
units of mass 32,000 Dalton each that are
linked by disulfide bond. These two chains
are also known as Ricin A or A chain (RTA)
and Ricin B or B chain (RTB).

Ricin A or RTA is an N-glycosidase which
removes the bases from the DNA, RNA or
other nucleic acids. One specific target is a
sequence in ribosomal RNA. Thus Ricin A
has the ability to completely inactivate the
ribosomes which are needed to produce pro-
teins in the cell. Ricin A cannot enter into
the cell on its own to get access to and
inactivate ribosomes. Ricin B is a lectin, a
protein that binds to sugar. It specifically
binds to the galactose sites in complex sugar
chains outside of cells. Proteins present out-
side the cells and containing such complex
sugar chains have the ability to carry Ricin B
inside into the cells by a complex mechanism
known as carrier mediated transport. Thus,
Ricin B gets into the cell and brings Ricin
A bound to it along with it. Once inside the
cell, the latter inhibits RNA replication and
thereby protein syntheses. A minute quantity
can cause such damage. Many toxins includ-
ing botulinum and cholera toxins manifest a
similar type mechanism.

Ricin is more toxic by inhalation than
by ingestion. The symptoms from inhal-
ing aerosolized ricin are weakness, fever,
cough and pulmonary edema. Such effects
may onset after a latent period of 8 hours.
Death can result in 36 to 72 hours from
severe respiratory distress. The toxin binds
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to bronchial and alveolar lining cells and
alveolar macrophages within the lungs. In
human the median lethal dose, LDsy from
inhaling ricin particles is estimated to be
3uug/kg. That means inhaling a fraction of
a milligram amount can be fatal to human.

When administered by intravenous or
intramuscular injection ricin is as toxic as if
it were inhaled. The effects are severe local
lymphoid necrosis, gastrointestinal hemor-
rhage, and liver necrosis and diffuse nephri-
tis. Ingestion can cause abdominal pain,
vomiting and diarrhea. Other signs and
symptoms of toxicity that may ensue within
a few days of ingestion include severe dehy-
dration, decreased urination, and lowered
blood pressure. The victim may recover if
the dose is small. However, severe poisoning
can cause gastrointestinal hemorrhage, hep-
atic, splenetic and renal necrosis followed by
death. The oral LDs, in humans is estimated
to be 30pg/kg.

There is no cure from ricin poisoning. No
vaccine or prophylactic antitoxin is currently
available. Immunization against ricin poison-
ing currently is under development. Support-
ive medical care for appropriate treatment
for pulmonary edema and respiratory support
should be helpful. Poisoning by ingestion
should be managed by gastric decontami-
nation with activated charcoal followed by
administration of magnesium citrate or other
cathartic. Protective mask can prevent expo-
sure to aerosolized ricin.

Ricin poisoning may be distinguished
from that of other agents from its symptoms,
clinical tests and epidemiological setting.
Serum testing by specific ELISA method and
direct tissue analysis should be carried out to
confirm exposure.

Tetrodotoxin

This toxin occurs in the liver, intestine and
skin of certain species of fish of the order
Tetraodontidae. Such fish include globe and
puffer fishes. The toxin has the molecular
formula C;;H;7N30g and the formula weight
319.27. Its chemical name is octahydro-12-

(hydroxymethyl)-2-imino-5, 9:7, 10a-dimeth-
ano-10 aH-[1,3]dioxocino[6,5-d]pyrimidine-
4,7,10,11,12-pentol. Its Chemical Abstract
Service Registry Number is [4368-28-9].

There are numerous cases of food poison-
ing such as fugu food poisoning from eating
contaminated fishes not well cleaned or raw
cooked. The symptoms of poisoning from
ingestion are numbness, tingling of the lips
and paralysis of the muscles in limbs and
chest. Other signs of toxicity are weakness
and drop in blood pressure. The symptoms
may onset in less than 10 minute of exposure
and death can result within 30 minutes. The
median lethal dose, LDsy in humans by oral
route is 334 mg/kg. Tetrodotoxin is believed
to be the active component of zombie powder
used to induce incapacitating trance. There
is no antidote nor any specific treatment
known for tetrodotoxin poisoning. Prompt
medical management and respiratory support
as needed should be provided to combat any
food poisoning.

Trichothecene Mycotoxins

Trichothecene mycotoxins, also labeled as
“yellow rain” because of their yellow appear-
ance in the powdered form have been
one of the most dangerous groups of sub-
stances used in biological warfare. The
trichothecenes were used in the wars in
Laos, Kampuchia, Thailand, Afghanistan
and other countries during the 1970’s and
80’s resulting in over 10,000 deaths. Ear-
lier these myotoxins brought thousands of
deaths in Russia from inadvertent consump-
tion of bread made out of wheat infected
with Fusarium, the fungi producing tri-
chothecenes. Russian military soon after this
tragedy investigated trichothecene myotox-
ins for their possible use in war. The fact
that these and other structurally related com-
pounds are easy to produce, fairly stable
under heat and to most chemicals and can be
exposed to the population through air, water
and food channel make them dangerous tools
for bio-terrorism.



Certain species of fungi belong to the
genus fusarium biosynthesize trichothecenes.
Such fungi usually grow on many types of
crops including barley, wheat, oats, corn,
maize and rye. Trichothecenes constitute a
group of more than 170 mycotoxins pro-
duced by the genus Fusarium. Some of these
toxins have been reported to occur in a
wide variety of food, especially in cereal
grains. As of the chemical structures, these
compounds are all derivatives of tetracyclic
sesquiterpenes containing epoxide rings. The
epoxy ring is at the C-12 - C-13 position and
there is a double bond between C- and C-10
in the structure. The ring is stable and usu-
ally does not break down during oxidation.
Chromic acid and other oxidants, however,
convert the primary and the secondary O—H
groups into aldehyde and ketone derivatives
respectively.

Many trichothecenes contain ester groups,
whereas others contain alcoholic O—H
groups. The ester part of trichothecenes is
hydrolyzed to alcohols when heated with
dilute alkalies. Treatment with concentrated
acid or rigorous boiling in water can open up
the epoxy ring.

Trichothecenes are classified into two
groups based on the polarity of the molecule
and solubility. They are Group A and
Group B trichothecenes. Group A com-
pounds include T-2 toxin, HT-2 toxin,
neosolaniol and mono- and diacetoxyscir-
penol and are highly soluble in solvents
such as chloroform, ethyl acetate, ether
and acetone. Group B trichothecenes are
highly hydroxylated compounds. They are
relatively more polar and soluble in sol-
vents such as methanol, ethanol and acetoni-
trile. Some compounds of this type include
deoxynivalenol (also known as DON of vom-
itoxin), nivalenol, 3-acetyldeoxynivalenol,
15-acetyldeoxynivalenol, T-2 tetraol, scir-
pentriol and fusarenone-x.

The acute toxicity of many trichothecene
mycotoxins 1is very high. Such toxicity,
however, may vary with the compound,
dose and the route of administration.
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The intraperitoneal LDsy of T-2 toxin, a
known biological warfare agent in mice is
5.2 mg/kg. The LDsy (intraperitoneal) of
some compounds in mice are: verrucarin
A, 0.5 mg/kg; nivalenol 4.1 mg/kg; HT-2
toxin, .0 mg/kg; neosolaniol, 14.5 mg/kg;
diacetoxyscirpenol, 23 mg/kg; and deoxyni-
valenol, 70 mg/kg. Such highly toxic com-
pounds are less commonly found in the
agricultural products. Deoxynivalenol is
more commonly found in such commodities
than do the other toxins listed above. These
toxins are all acutely cytotoxic and strong
immunosuppressant. The common signs of
poisoning from ingestion are vomiting, diar-
rhea, gastrointestinal disturbances, inflamma-
tion, anemia and leukopenia. The symptoms
in humans from different routes of exposures
are outlined below.

Inhalation of aerosols or solid powder
can cause nasal itching, sneezing, bloody
nose, pain, wheezing, cough with bloody
sputum and respiratory distress. Skin con-
tact can cause burns. The skin becomes
tender and swollen and blisters appear. Inges-
tion produces a feeling of nausea, vomit-
ing and abdominal cramps leading to bloody
diarrhea. The toxin on contact with eyes
can cause pain, reddening, lacrimation and
blurred vision. Mycotoxins are also systemic
poison. The systemic effects includes weak-
ness, dizziness, lack of muscle coordination,
change in body temperature, bleeding and
low blood pressure.

The symptoms outlined above may onset
within 5 minutes from exposure. The full
effects may take a longer time. Exposures
to mycotoxins at fatal doses can cause death
in a short time or in days depending on the
level of exposure and the routes of entry into
the body.

Mycotoxins in biological and environ-
mental samples may be identified by
gas chromatography technique. The method
however, is not sensitive. Exposure to the
toxin may be diagnosed from the symptoms
in the victims and, as well assessed from
observation of any yellow rain.
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There is no specific therapy currently
available to treat poisoning from such myco-
toxins. Vaccines, however, are in the process
of development. In case of an aerosol attack
the outer clothing should be removed within
hours and decontaminated by treatment with
5% caustic soda solution for a few hours.
The skin should be washed thoroughly with
soap and water and the eyes with saline or
sterile water. For ingestion or inhalation of
mycotoxins activated charcoal may be given
orally to help remove the toxin from the
GI tract. Microtoxins can be destroyed by
heating at high temperature or by rigorous
chemical treatment.

Staphylococcal Enterotoxin B

Staphylococcal enterotoxin B (SEB) is
produced by the bacterium Staphylococcus
aureus. This bacterium also produces several
other exotoxins such as SEA, SEC, SEE,
and TSS T-1. They are all enterotoxin
proteins. SEB has a molecular weight of
28 kilodalton. This toxin is attributed to
numerous cases of food poisoning. S. aureus
strains can multiply in the food under
favorable conditions of temperature and
humidity. Both humans and animals such
as cows and dogs have been identified as
hosts to S. aureus strains. The bacteria can
multiply in un-refrigerated milk products or
other contaminated milk products at room
temperature. Although the bacterium itself
is not a biological agent, the toxins it
produces, especially the SEB, however, can
be a potential agent. The SEB once produced
cannot readily be destroyed by boiling. There
is no evidence of its use in the biological
warfare although it was stockpiled in the
USA before 1972.

The signs and symptoms of intoxication
begin in 2 to 12 hours after exposure fol-
lowing a short incubation period of 1 to
6 hours. The symptoms from inhalation of
aerosols include high fever, chills, headache,
and coughing and in some cases shortness
of breath and chest pain. Such symptoms

may persist for several days or even for 2
to 4 weeks. The disease may progress to
pulmonary edema, respiratory distress and
shock. Ingestion of SEB can cause acute sali-
vation, nausea, vomiting, abdominal pain and
diarrhea. Fever and shortness of breath usu-
ally do not occur from ingestion. Death is
rare, but can occur if exposure is high and
the patient is not treated.

Diagnosis of SEB intoxication may be
difficult in the early stage because certain
other diseases such as influenza, Q Fever,
tularemia or plague may manifest similar
symptoms. Treatment should include sup-
portive care. Oxygenation, hydration and
ventilator to help breathing may be needed in
severe intoxication. Antibiotics may be effec-
tive. Currently there is no vaccine to protect
humans from this toxin.

Aflatoxin

Aflatoxins are a group of mycotoxins pro-
duced primarily by two types of mold:
Aspergillus flavus and Aspergillus parasiti-
cus. Also, aflatoxins are produced by other
fungi of the same family such as Aspergillus
nominus and Aspergillus niger. These nat-
urally occurring toxins are found in sev-
eral types of food crops such as peanuts,
walnuts, almonds, pistachios, pecans, cot-
tonseed, corn and millet. Several different
types of aflatoxins of related chemical struc-
tures are known. They are all produced
naturally. Aflatoxin B1 is the most com-
mon and toxic compound of this class. Its
chemical name is 2,3,6a, 9a-tetrahydro-4-
methoxycyclopenta[c]furo[2,3-h][1]benzopy-
ran-1,11-dione.

The toxic effects from most alfatoxins
are mostly on the liver including necrosis
(cell death), cirrhosis and liver cancer. Most
of these effects are chronic. Aflatoxin B1
is classified by IARC as a human carcino-
gen. A brief exposure to aflatoxins however,
may produce a wide range of acute effects
that may vary with the species, the subject’s
age, sex, nutritional condition, and the dose.



Some symptoms of acute ‘aflatoxicosis’ in
humans arising from ingestion of contami-
nated nuts are vomiting, abdominal pain, and
pulmonary edema. High exposure can cause
convulsions, coma and death. The oral LDs,
value of aflatoxin B1 in humans is estimated
to be 4 mg/kg.

Although aflatoxins are among the most
common naturally occurring mycotoxins,
they may however, have little or no appli-
cation at all in biological warfare. This
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is because they can be oxidized readily
to harmless products and also the quantity
required to spray these toxins as aerosols
to affect any population would be much
larger, in fact, several orders of magni-
tude greater that that needed for some
other agents such as anthrax, tularemia,
and botulinum toxin. However, because of
its easy availability and toxicity, it has
the potential of becoming a bio-weapon of
terrorism.
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ACIDS, CARBOXYLIC

1.1 GENERAL DISCUSSION

Carboxylic acids are weak organic acids
that exhibit the following characteristics of
acids: (1) undergo dissociation in aqueous
solutions, forming a carboxylate ion RCOO™
and H* (proton) or a hydronium ion, H;0O™"
(hydronium); (2) transfer protons to bases
forming salts; and (3) the water-soluble acids
have a sour taste. The carboxylic acids are
characterized by carboxyl functional groups,

O
*(HZ*OH (or —COOH)
consisting of carbonyl and hydroxyl groups.
The general formula for the homologous
series of monocarboxylic acids is C,H;,0,
or R—COOH, where R is an alkyl group.
Dicarboxylic acids such as oxalic or succinic
acid contain two —COOH groups. The acid
strength of carboxylic acids is much lower
than those of mineral acids.

Carboxylic acids form a large number of
derivatives that are very useful. The impor-
tant general reactions include (1) the forma-
tion of esters when these compounds react with
alcohols in the presence of an acid catalyst,

(2) reaction with alkalies to form the corre-
sponding metal salts, (3) reduction to primary
alcohols, and (4) decomposition to ketones
on heating with a catalyst. Carboxylic acids
react with sodium azide and sulfuric acid or
with hydrazoic acid (Schmidt reaction) in an
inert solvent such as chloroform to produce
amines. Many aliphatic amines are strong irri-
tants to the skin and respiratory tract (Chap-
ter 8). Reactions with inorganic acid chlorides
may produce acyl halides (RCOCI), many of
which are strongly corrosive, causing severe
burns. With thionyl chloride, the reaction prod-
ucts include the toxic gases sulfur dioxide and
hydrogen chloride.

RCOOH + SOCl ——
RCOCI + SO, + HCl

Heat- and shock-sensitive peroxyacids
(peracids) are formed when carboxylic acids
react with hydrogen peroxide in the presence
of methanesulfonic acid or sulfuric acid, or
a strong acid cation-exchange resin:

H,S0,

RCOOH + HO—OH ——»
i
RC—O0—OH + H,0

A Comprehensive Guide to the Hazardous Properties of Chemical Substances, by Pradyot Patnaik
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The toxicity of monocarboxylic acids is
moderate to low, and decreases with increase
in carbon chain length. Some of the lower
dicarboxylic acids exhibit moderate to high
toxicity. The high-molecular-weight long-
chain fatty acids are nontoxic compounds.
Low-molecular-weight carboxylic acids are
combustible but not flammable liquids. A fire
or explosion hazard due to carboxylic acids
is uncommon. However, there are cases of
formic acid bottles exploding when opened
after long storage. As mentioned earlier,
among the most hazardous reactions is the
formation of peroxyacids with hydrogen per-
oxide. This reaction occurs with a concen-
trated solution of hydrogen peroxide and in the
presence of an acid catalyst. Reactions with
strong oxidizing agents such as perchlorates,
permanganates, chromic acid, nitric acid, and
ozone may proceed to explosive violence.

Analysis

The carboxylic functional group, —COOH,
can be identified by IR and nuclear magnetic
resonance NMR spectra. The characteristic
IR absorption of saturated aliphatic acids
produces strong bands at 1725-1700 cm™!
and 1320-1211 cm™! due to C—O stretch-
ing absorption, and a broad band of O—H
stretching absorption over the region
3500-2500 cm~! with various submaxima.
The C—H stretching absorptions occur at
2960-2850 cm~!. Individual carboxylic
acids may be analyzed by a GC technique
using an FID) or by GC/MS. The acid may
be converted to a suitable derivative and
the molecular ion may be identified as a
further confirmatory test. NIOSH Method
1603 (NIOSH 1984, Suppl. 1989) describes
the analysis of acetic acid in air. Between
20 and 300 L of air at a flow rate of
0.01-1.0 L/min is passed over coconut shell
charcoal. The analyte is desorbed with 1 mL
of formic acid, allowed to stand for an hour,
and injected into a GC equipped with an
FID. Suitable GC columns for this anal-
ysis are 0.3% SP-1000 + 0.3% H3;PO4 on
Carbopack A, 0.3% Carbowax 20M + 0.1%

H3;PO4 on Carbopack C, and Carbopack
B 60/80 mesh 4 3% Carbowax 20M + 0.5%
H3PO,4. This method should also be effective
for the analysis of C3;- and C4- carboxylic
acids in air.

1.2 FORMIC ACID

EPA Designated Toxic Waste, RCRA Waste
Number U123; DOT Label: Corrosive
Material, UN 1779

Formula CH,0,; MW 46.03; CAS [64-18-6]
Structure:

Hfﬁ*OH

the first member of the homologous series
of carboxylic acids. The carboxyl group is
attached to a hydrogen atom rather than to
a carbon atom as in all other carboxylic
acids. The acid strength of formic acid is
about 10 times greater than that of acetic
acid but less than that of strong mineral
acids.

Synonyms: methanoic acid; formylic acid

Uses and Exposure Risk

Formic acid occurs in the stings of ants and
bees. It is used in the manufacture of esters
and salts, dyeing and finishing of textiles and
papers, electroplating, treatment of leather,
and coagulating rubber latex, and also as a
reducing agent.

Physical Properties

Colorless liquid with a pungent, penetrating
odor; boils at 100.5°C (212.9°F); freezes
at 9.4°C (48.92°F); density 1.220 at 20°C
(68°F); miscible in water, alcohol, and ether;
pK, 3.74 at 25°C (77°F).

Health Hazard

Formic acid is a low to moderately toxic
but highly caustic compound. It is corrosive



to the skin, and contact with pure liquid
can cause burns on the skin and eyes. It is
more toxic than acetic acid. Formic acid is
a metabolite of methanol responsible for the
latter’s toxicity. Thus, the acute acidosis of
methanol is due to the in vivo formation of
formic acid generated by the action
of enzymes, alcohol dehydrogenase, and
aldehyde dehydrogenase. Ingestion of formic
acid can cause death. Long-term exposure to
formic acid can cause kidney damage. Green
et al. (2003) have found increased excretion
of formic acid and the development of kidney
toxicity in rats following chronic dosing
with trichloroethanol and trichloroethylene.
Such induced nephrotoxicity was attributed
to excretion and acidosis from formic acid.
Exposure to formic acid vapors may pro-
duce irritation of the eyes, skin, and mucous
membranes, causing respiratory distress.

LDsq value, oral (mice): 700 mg/kg
LCs value, inhalation (mice): 6200 mg/m?/
15 minutes

Liesivuori and Savolainen (1991) studied
the biochemical mechanisms of toxicity
of methanol and formic acid. Formic
acid is an inhibitor of the enzyme
mitochondrial cytochrome oxidase causing
histotoxic hypoxia. It is, however, a weaker
inhibitor than cyanide and hydrosulfide
anions. The effects of its acidosis are dilation
of cerebral vessels, facilitation of the entry
of calcium ions into cells, loss of lysosomal
latency, and deranged production of ATP, the
latter affecting calcium reabsorption in the
kidney tubules. Also, urinary acidification
from formic acid and its excretion may
cause continuous recycling of the acid by
the tubular cell Cl-/formate exchanger. Such
sequence of events probably causes an
accumulation of formate in urine. Other than
methanol, methyl ethers, esters, and amides
also metabolize forming formic acid.

Chan et al. (1995) have reported a case
of systemic toxicity developed in a 3-year-
old girl burned by formic acid over 35% of
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her total body surface area. The metabolic
acidosis in this case was profound with the
serum formate level reaching at 400 ug/mL,
the highest reported in the literature for
poisoning by any route. The patient was
successfully treated with hemodialysis, IV
bicarbonate, and supportive measures.

In a study on the poisoning effect of
methanol and its toxic metabolite formic
acid on the retinal photoreceptors and the
retinal pigment epithelian cells Treichel et al.
(2004) found that the cytotoxic effects were
greater in the retinal photoreceptors although
both the cell types accumulated similar levels
of formate when their cultured cell lines
were exposed to formic acid in vitro. Formic
acid treatment in both cell types produced
decreases in glutathione and glutathione
peroxidase.

Exposure Limits

TLV-TWA 5 ppm (~9 mg/m®) (ACGIH,
MSHA, OSHA, and NIOSH); IDLH 100
ppm (180 mg/m?) (NIOSH).

Fire and Explosion Hazard

Combustible liquid; flash point (open cup)
69°C (156°F), flash point of 90% solution
50°C (122°F); vapor pressure 23-33 torr at
20°C (68°F); autoignition temperature 601°C
(1114°F) for anhydrous liquid and 456°C
(852°F) for 90% solution. Formic acid vapors
form explosive mixtures with air within the
range 18—57% by volume in air.

When mixed with a concentrated solution
of hydrogen peroxide, formic acid can form
peroxyformic acid,

HE*OOH
O

which is highly sensitive to shock and heat
and can explode. The reaction is catalyzed by
a mineral acid catalyst. Its reaction with other
strong oxidizers can be violent. Explosions
arising from reaction of formic acid with fur-
furyl alcohol and thallium nitrate trihydrate
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in the presence of vanillin have been docu-
mented (NFPA 1986). Formic acid decom-
poses to carbon monoxide and water upon
heating or when mixed with concentrated
sulfuric acid. Robertson (1989) reported an
explosion in which a stores clerk lost an eye
when he lifted a 1-L bottle of 98—100%
formic acid off the shelf. Slow decompo-
sition to carbon monoxide and water on
prolonged storage produced sufficient gas
pressure, which probably ruptured the sealed
glass container.

1.3 ACETIC ACID

DOT Label: Corrosive Material, UN 2789
(glacial, more than 80% acid by weight)
and UN 2789 (between 25 and 80% acid
by weight)

Formula C,H;0,; MW 60.06; CAS [64-
19-7]

Structure:

CH;—C—OH
o)

Synonyms: glacial acetic acid; ethanoic acid;
methanecarboxylic acid; vinegar acid

Uses and Exposure Risk

Acetic acid occurs in vinegar. It is produced
in the destructive distillation of wood. It
finds extensive application in the chemical
industry. It is used in the manufacture of
cellulose acetate, acetate rayon, and various
acetate and acetyl compounds; as a solvent
for gums, oils, and resins; as a food preser-
vative in printing and dyeing; and in organic
synthesis.

Physical Properties

Colorless liquid with a pungent odor of vine-
gar; boils at 118°C (244.4°F); solidifies at
16.7°C (62.06°F); density of the liquid 1.049
at 25°C (77°F); miscible with water and most

organic solvents, insoluble in carbon disul-
fide; weakly acid, pK, 4.74, pH of 1.0 M,
0.1 M, and 0.01 M aqueous solutions: 2.4,
2.9, and 3.4, respectively.

Health Hazard

Glacial acetic acid is a highly corrosive lig-
uid. Contact with the eyes can produce mild
to moderate irritation in humans. Contact
with the skin may produce burns. Ingestion
of this acid may cause corrosion of the mouth
and gastrointestinal tract. The acute toxic
effects are vomiting, diarrhea, ulceration, or
bleeding from intestines and circulatory col-
lapse. Death may occur from a high dose
(20-30 mL), and toxic effects in humans
may be felt from ingestion of 0.1-0.2 mL.
An oral LDsy value in rats is 3530 mg/kg
(Smyth 1956).

Glacial acetic acid is toxic to humans and
animals by inhalation and skin contact. In
humans, exposure to 1000 ppm for a few
minutes may cause eye and respiratory tract
irritation. Rabbits died from 4-hour exposure
to a concentration of 16,000 ppm in air.

Exposure Limits

TLV-TWA 10 ppm (~25 mg/m’) (ACGIH,
OSHA, and MSHA); TLV-STEL 15 ppm
(37.5 mg/m?) (ACGIH).

Fire and Explosion Hazard

Combustible liquid; flash point (closed cup)
39°C (103°F); vapor pressure 11 torr at
20°C (68°F); autoignition temperature 463°C
(867°F) (NFPA 1986), 426°C (800°F) (Meyer
1989). The vapor of acetic acid forms
explosive mixtures with air; the LEL and UEL
values are 4% and 16% by volume of air,
respectively. Fire-extinguishing agent: water
spray, dry chemical, CO;, or “alcohol” foam;
use water to keep the fire-exposed containers
cool and to flush and dilute the spill.

Acetic acid may react explosively with
the fluorides of chlorine and bromine: chlo-
rine trifluoride and bromine pentafluoride



(Mellor 1946, Suppl. 1971). Explosions can
result when acetic acid is mixed with strong
oxidizing agents such as perchlorates, per-
manganates, chromium trioxide, nitric acid,
ozone, and hydrogen peroxide and warmed.
When warmed with ammonium nitrate, the
mixture may ignite (NFPA 1986). Acetic
acid may react violently with phosphorus
isocyanate (Mellor 1946, Suppl. 1971). It
may react violently and vigorously with
potassium hydroxide and sodium hydroxide,
respectively.

1.4 PROPIONIC ACID

DOT Label: Corrosive Material, UN 1848
Formula C3HgO,; MW 74.09; CAS [79-
09-4]

Structure:

CH;—CH;—C—OH
o)

Synonyms: propanoic acid; ethylformic acid;
ethanecarboxylic acid; carboxyethane

Uses and Exposure Risk

Propionic acid is used in the production
of propionates used as mold inhibitors and
preservatives for grains and wood chips, in
the manufacture of fruit flavors and perfume
bases, and as an esterifying agent.

Physical Properties

Colorless oily liquid with pungent odor;
boils at 141°C (285.8°F); melts at —21°C
(—5.8°F); density 0.993 at 20°C (68°F); sol-
uble in water and most organic acids.

Health Hazard

Propionic acid is a toxic and corrosive lig-
uid. Contact with the eyes can result in
eye injury. Skin contact may cause burns.
Acute exposures to its vapors can cause
eye redness, mild to moderate skin burns,
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and mild coughing (ACGIH 1986). Ingestion
of high amounts of this acid may produce
corrosion of the mouth and gastrointestinal
tract in humans. Other symptoms include
vomiting, diarrhea, ulceration, and convul-
sions. Oral LDsy value in rats is about
3500-4300 mg/kg. The LDs, value by skin
absorption in rabbits is 500 mg/kg.

Exposure Limit
TLV-TWA 10 ppm (~30 mg/m?) (ACGIH).

Fire and Explosion Hazard

Combustible liquid; flash point (closed cup)
54.5°C (130°F), (open cup) 58°C (136°F);
autoignition temperature 465°C (870°F);
vapor forms explosive mixtures in air within
the range 2.9-12.1% by volume in air.
Reactions with strong oxidizers can become
violent, especially at elevated temperatures.

1.5 ACRYLIC ACID

EPA Designated Toxic Waste, RCRA Waste
Number UO008; DOT Label: Corrosive
Material, UN 2218

Formula C;H;0,; MW 72.07; CAS [79
-10-7]

Structure:

CH2:CH*(”3*OH
o

an unsaturated monocarboxylic acid con-
taining a vinyl group

Synonyms: glacial acrylic acid; propenoic
acid; acroleic acid; ethylenecarboxylic acid;
vinylformic acid

Uses and Exposure Risk

Acrylic acid is produced by oxidation of
acrolein or hydrolysis of acrylonitrile. It is
used in the manufacture of plastics; in paints,
polishes, and adhesives; and as coatings for
leather.
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Physical Properties

Colorless liquid with an acrid odor; corro-
sive; boils at 141°C (285.8°F); solidifies at
14°C (57.2°F); polymerizes when exposed to
air; density 1.052; miscible with water, alco-
hol, ether, and other organic solvents.

Health Hazard

Acrylic acid is a corrosive liquid that can
cause skin burns. Spill into the eyes can
damage vision. The vapors are an irritant
to the eyes. The inhalation hazard is of
low order. An exposure to 4000 ppm for
4 hours was lethal to rats. The oral LDsq
values reported in the literature show wide
variation. The dermal LDsy value in rabbits
is 280 mg/kg.

Exposure Limit
TLV-TWA 10 ppm (30 mg/m?®) (ACGIH).

Fire and Explosion Hazard

Combustible liquid; flash point (closed cup)
54°C (130°F), (open cup) 68°C (155°F);
vapor pressure 31 torr at 25°C (77°F); vapor
density 2.5 (air = 1); autoignition tempera-
ture 360°C (680°F). Vapors of acrylic acid
form explosive mixtures with air within the
range 2.9-8.0% by volume in air. Fire-
extinguishing agent: water spray, “alcohol”
foam, dry chemical, or CO,; use a water
spray to flush and dilute the spill and to dis-
perse the vapors.

Acrylic acid may readily polymerize at
ambient temperature. Polymerization may
be inhibited with 200 ppm of hydroquinone
monomethyl ether (Aldrich 2006). In the
presence of a catalyst or at an elevated tem-
perature, the polymerization rate may accel-
erate, causing an explosion. The reactions of
acrylic acid with amines, imines, and oleum
are exothermic but not violent. Acrylic acid
should be stored below its melting point with
a trace quantity of polymerization inhibitor.
Its reactions with strong oxidizing substances
can be violent.

1.6 METHACRYLIC ACID

DOT Label: Corrosive Material, UN 2531

Formula C4HcO,; MW 86.10; CAS [79-
41-4]
Structure:

(H:Q
CH,=C—C—OH

Synonyms: 2-methylacrylic acid; 2-methyl
propenoic acid

Uses and Exposure Risk

Methacrylic acid is used in the manufacture
of methacrylate resins and plastics.

Physical Properties

Colorless liquid with an acrid and repulsive
odor; boils at 163°C (325.4°F); solidifies at
16°C (60.8°F); density 1.015 at 20°C (68°F);
soluble in water and most organic solvents;
polymerizes readily.

Health Hazard

Methacrylic acid is a highly corrosive liquid.
Contact with eyes can result in blindness.
Skin contact may produce burns. No inhala-
tion toxicity was observed in rats. Exposure
to its vapors may produce skin and eye irri-
tation, which can be mild to moderate. A
dermal LDs, value in rabbits is 500 mg/kg.

Exposure Limit

TLV-TWA 20 ppm (~70 mg/m’) (ACGIH).

Fire and Explosion Hazard

Combustible liquid; flash point (open cup)
76°C (170°F); vapor pressure <0.1 torr at
20°C (68°F). Fire-extinguishing agent: water
spray, “alcohol” foam, dry chemical, or CO,;
use a water spray to dilute and flush the spill
and to disperse the vapors.



Methacrylic acid polymerizes readily. The
reaction is exothermic. The rate of reaction
accelerates on heating, which may result
in violent rupture of closed containers. The
polymerization may be inhibited with a trace
quantity of hydroquinone and hydroquinone
monomethyl ether (Aldrich 2006). The acid
may be stored safely below its melting point.

1.7 OXALIC ACID

Formula C,H,04; MW 90.04; CAS [144-62-
7]; Oxalic acid dihydrate, C,H,0,-2H,0,
CAS [6153-56-6]

Structure:

a dicarboxylic acid

Synonyms: ethanedionic acid; ethanedioic
acid

Uses and Exposure Risk

Oxalic acid occurs in the cell sap of Oxalis
and Rumex species of plants as the potas-
sium and calcium salt. It is the metabolic
product of many molds (Merck 1989). There
are a large number of applications of this
compound, including indigo dyeing; calico
printing; removal of paint, rust, and ink
stains; metal polishing; bleaching leather; in
pesticide compositions and manufacture of
oxalates. It is also used as an analytical
reagent and as a reducing agent in organic
synthesis.

Addition of oxalic acid to chromic acid for
the anodizing of Al alloy has been reported to
modify the morphology and improve the cor-
rosion performance of anodic films (Moutar-
lier et al. 2004). Also, it is a very effective
additive for the ozone treatment of cellulose.
It prevents the degradation of cellulose from
ozone bleaching.
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Physical Properties

White powder (anhydrous) or colorless crys-
tals (dihydrate); odorless; hygroscopic; the
anhydrous acid melts at 189.5°C (373.1°F)
(decomposes) and the dihydrate melts at
102°C (215.6°F); sublimes at 157°C
(314.6°F); soluble in water, alcohol, and
glycerol, insoluble in benzene, chloroform,
and petroleum ether.

Health Hazard

Oxalic acid is a strong poison. The toxic
symptoms from ingestion include vomit-
ing, diarrhea, and severe gastrointestinal
disorder, renal damage, shock, convulsions,
and coma. Death may result from cardio-
vascular collapse. The toxicity arises as
oxalic acid reacts with calcium in the tissues
to form calcium oxalate, thereby upsetting
the calcium/potassium ratio (ACGIH 1986).
Deposition of oxalates in the kidney tubules
may result in kidney damage (Hodgson et al.
1988).

Oxalic acid may be absorbed into the body
through skin contact. It is corrosive to the
skin and eyes, producing burns. Dilute solu-
tions of 10% strength may be a mild irritant
to human skin. However, the inhalation toxi-
city is low because of its low vapor pressure.
Airborne dusts can produce eyeburn and irri-
tation of the respiratory tract.

LDsq value, oral (rats): 375 mg/kg

Exposure Limits

TLV-TWA for anhydrous acid 1 mg/m’
(ACGIH, MSHA, and OSHA); TLV-STEL
2 mg/m? (ACGIH).

Hazardous Reaction Products

At high temperatures oxalic acid decom-
poses, producing toxic carbon monoxide, and
formic acid. Mixing with warm sulfuric acid
may produce the same products: CO,, CO,
and formic acid. It reacts with many silver
compounds, forming explosive silver oxalate
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TABLE 1.1 Toxicity and Flammability of Miscellaneous Carboxylic Acids

Compound/Synonyms/  Formula/MW/

CAS No. Structure Toxicity Flammability

n-Butyric acid (buta- C;HgO, Corrosive liquid; Combustible
noic acid, 1-propane- 88.12 contact with eyes liquid; flash

carboxylic acid,
propylformic acid,
ethylacetic acid)
[107-92-6]

Valeric acid (n-penta-
noic acid, butane-
carboxylic acid,
propylacetic acid)
[109-52-4]

Malonic acid (propane-
dioic acid, ethane-
dicarboxylic acid,
carboxyacetic acid,
dicarboxyethane)
[141-82-2]

Succinic acid (ethane-
dicarboxylic acid)
[110-15-6]

CH;—CH,—CH,—-COOH can damage vision;
irritant to skin; low
toxicity; ingestion
of high doses may
cause vomiting,
diarrhea, gastro-
intestinal problems,
ulcerations, and
convulsions; LDsq
oral (rats):

2,940 mg/kg; the
LDs, values show
wide variations
from species to
species; DOT
Label: Corrosive
Material, UN 2820

Corrosive liquid;
irritant to eyes and
skin; low toxicity;
toxic effects similar
but less than those
of propionic acid;
LDs, oral (mice):
600 mg/kg; LCsg
inhalation (mice):
4,100 mg/m3/2 hr;

CsHi00,
102.15
CH;—-CH,—-CH,—-CH,—COOH

DOT Label:
Corrosive Material,
NA 1760
C;H404 Skin and eye irritant;
104.07 toxicity of this

HOOC—-CH,—COOH compound is very

low; LDsq oral

(mice):

4,000 mg/kg
C4HgO4 Irritant to eyes, appli-
118.10 cation of about

HOOC—-CH,—-CH,—-COOH 1 mg in rabbit eyes
caused severe
irritation; no
toxicity is reported

point (closed
cup) 72°C
(161°F) (open
cup) 76°C
(170°F); auto-
ignition tempe-
rature 443°C
(830°F); vapors
form explosive
mixtures with
air within the
range 2—10%
by volume in
air; reactions
with strong
oxidizers can be
violent

Combustible

liquid; flash
point (closed
cup) 88°C
(192°F), (open
cup) 96°C
(205°F); auto-
ignition tempe-
rature 400°C
(752°F); may
react violently
with strong
oxidizing
compounds

Noncombustible

liquid

Noncombustible

solid
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TABLE 1.1 (Continued)

Compound/Synonyms/ Formula/MW/

CAS No. Structure Toxicity Flammability

Adipic acid (1,6-hexane- CeH 904 Mild eye irritant, Noncombustible
dioic acid, 1,4-butane- 146.16 irritation due to solid; auto-

dicarboxylic acid)
[124-04-9]

Benzoic acid (benzene-
methanoic acid, benzene-
formic acid, benzene-
carboxylic acid, phenyl-
carboxylic acid, carboxy-
benzene) [65-85-0]

Phthalic acid (1,2-benzene-
dicarboxylic acid,
o-dicarboxybenzene)
[88-99-3]

CH,—-CH,—-COOH
|
CH,—CH,—-COOH

C7H¢O,
122.13

@—com{

C8H504
166.14

COOH
COOH

20 mg over 24 hr
was moderate in
rabbit eyes; toxicity
from oral intake
was low in mice;
LDs, oral (mice):
1,900 mg/kg

Mild irritant to skin
and eye; low to
very low toxicity in
animals; toxic
symptoms include
somnolence, respi-
ratory depression,
and gastrointestinal
disorder; LDs, oral
(mice):
2,000-2,500
mg/kg; tested nega-
tive in histidine
reversion — Ames
test for mutageni-
city

Acute oral toxicity in
rats was found to
be very low, LDsg
value is 7,900
mg/kg; high
intraperitoneal
doses caused
change in motor
activity, muscle
contraction, and
cyanosis (NIOSH
1986), LDs
intraperitoneal
(mice): 550 mg/kg

ignition tempe-
rature 420°C
(788°F)

Noncombustible
solid; auto-
ignition tempe-
rature 570°C
(1058°F)

Noncombustible
solid; nitration
with a mixture
of fuming nitric
acid and sulfuric
acid produces
explosive
products, which
include phtha-
loyl nitrate,
nitrite, or their
nitro derivatives
(NFPA 1986)

(NFPA 1986). An explosion occurred when
water was added to an oxalic acid/sodium
chlorite mixture in a stainless steel beaker.
There was also evolution of highly toxic
chlorine dioxide gas (MCA 1962). Oxalic
acid reacts violently with strong oxidizing
substances.

1.8 MISCELLANEOUS CARBOXYLIC
ACIDS

Among the monocarboxylic acids, com-
pounds containing six carbon atoms or more
are almost nontoxic, with mild or no irri-
tant action. Similarly, the dicarboxylic acids
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become less toxic with an increase in alkyl
chain length. However, the decrease in tox-
icity is very sharp immediately after oxalic
acid. Aromatic acids are of low toxicity. One
or two carboxyl groups attached to the ben-
zene ring do not impart any significant toxic
characteristics to the molecule.

The series of acids starting with valeric
acid are noncombustible compounds. Simple
aromatic acids such as benzoic and phthalic
acids are noncombustible solids. As with
most other classes of organic compounds, the
reactions of carboxylic acids may become
violent with strong oxidizing compounds.
Table 1.1 presents toxicity and flammability
data for a few carboxylic acids in the low-
molecular-weight range.
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ACIDS, MINERAL

2.1 GENERAL DISCUSSION

Acids are substances that dissociate into
a proton (H'), forming a hydronium
ion, H3O0", in aqueous solutions. Thus,
hydrochloric acid in water would dissociate
into hydrogen and chloride ions:

HCl =— H" +CI™

Water solvates the proton and the reaction
may be written more specifically as follows:

HCl + H,0 = H;0" + CI™

The acidity of an aqueous solution is
expressed as

pH = — log[H"]

where [HT] is the concentration of hydrogen
ion in the solution. Thus, the lower the
pH, the greater the acid strength of the
solution. Mineral acids are stronger acids
than carboxylic acids. The acid strengths of
mineral acids also vary widely. For example,

sulfuric acid is a strong acid, and phosphoric
acid, is a weak acid.

The characteristic properties of acids are
as follows: (1) they are sour in taste, (2) they
react with a base to form salt and water,
(3) they produce hydrogen when reacting
with most common metals, and (4) they
produce carbon dioxide when reacting with
most carbonates.

Toxicity and Violent Reactions

Among the most important hazardous prop-
erties common to all mineral acids is that
they are corrosive. Some are more corrosive
than others. Hydrofluoric acid, for example,
is extremely corrosive. It can attack glass;
on human skin, contact with the acid can
destroy tissues, causing severe burns. Their
anhydrides or the fumes are a strong irritant
to the eyes, skin, and mucous membranes.
Ingestion can generally produce burning of
the mouth and gastrointestinal tract.

Mineral acids are noncombustible sub-
stances. However, some are highly reactive
to certain substances, causing fire and/or

A Comprehensive Guide to the Hazardous Properties of Chemical Substances, by Pradyot Patnaik
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explosions. In this respect, mineral acids are
not all similar. Few of the properties of min-
eral acids lead to violent reactions. These
are reactions with nitrosophenol, exothermic
acid—base reactions, generation of flamm-
able hydrogen gas with most metals, and,
in certain cases, formation of flammable
phosphine resulting from reactions with
phosphides. Often, explosion hazard arises
because of the oxidizing and reducing nature
of some mineral acids. Perchloric and nitric
acids are strong oxidizing substances; hydri-
odic acid and hypophosphorous acids are
examples of reducing agents. The violent
reactions of these compounds are due primar-
ily to their oxidizing or reducing strength and
are independent of their acidity. Anhydrous
perchloric acid, for example, is a severe
explosion hazard. Contact with organic com-
pounds, including common substances, such
as wood, paper, and plastics, can result in
violent explosions. Permanganic acid is also
a strong oxidizer and can undergo many
violent reactions. But it does not have any
commercial use and is not discussed in this
chapter.

The topics discussed in this chapter are the
common mineral acids of commercial appli-
cations, which are high to moderately corro-
sive and undergo many violent reactions.

Cleanup, Disposal, and Destruction

Disposal of mineral acids in the laboratory
may be done by dilution with water, followed
by neutralization with a dilute alkali. The
solution may be washed down the drain.
Spent acid wastes may be contained in drums
and disposed of in a waste disposal landfill.
HCI and HF from waste incineration flue
gas may be removed by dry scrubbing with
Ca(OH),;, CaO, CaCOs, or CaSO4 (Jons
et al. 1987; Narisoko and Nanbu 1986). A
removal rate of >95% has been reported
for HCI.

Mandel and associates (1987) have
described in a patent a method for cleanup
of hazardous acidic spills. A composition

containing alkaline-earth oxides, alkali-metal
carbonates, highly absorptive silica or clay,
less absorptive clay, hydrophobic lubricating
agent, and portland cement was applied to
the spill in a soft spray from a pressurized
canister. Two gallons of sulfuric acid with
an initial pH of 0.99 was treated with 26 1b
(11.7 kg) of composition, producing a very
hard product with pH 8.85.

Analysis

The acid strength of a solution is determined
from the pH measurement. Individual acid
anions can be determined by wet analysis or
by ion chromatography. Many anions can be
analyzed by using ion-specific electrodes.

The analysis of mineral acids — sulfuric,
nitric, hydrochloric, hydrobromic, hydro-
fluoric, and phosphoric acids—in air may
be performed by NIOSH (1984) Method
7903.3 and 100 L of air at a flow rate of
200-500 mL/min is passed through a solid
sorbent tube containing washed silica gel
and a glass fiber filter plug. The analytes
are eluted with 10 mL of a sodium bicar-
bonate/sodium carbonate mixture (3.0 and
2.4 mmol strength, respectively) and ana-
lyzed by ion chromatography. Hydrofluoric
acid (or hydrogen fluoride) can be analyzed
by NIOSH (1984) Method 7902. A vol-
ume of 20—800 L of air at a flow rate of
1-2 L/min is passed over a 0.8-um cellulose
ester membrane and an Na,COjs-treated cel-
lulose pad. HF is extracted with water and
total ionic strength activity buffer (TISAB)
solution and analyzed by a fluoride ion-
specific electrode.

Dharmarajan and Brouwers (1987) descri-
bed the use of an instrument, the atomizing
trace gas monitoring system [total combus-
tible gas (TCG) analyzer], equipped with ion-
specific electrodes for measuring airborne
HCl and HF. A lidar system, based on
measuring backscattered light from a short
pulse of laser radiation, has been reported for
determining hydrogen chloride in incinerator
ship plumes (Weitkamp 1985).



2.2 SULFURIC ACID

DOT Label: Corrosive Material, UN 1830,
UN 1832 (for the concentrated and spent
acids)

Formula H,SO4; MW 98.08; CAS [7664-
93-9]

Structure:

Il
HO*ﬁ*OH
O

a strong mineral acid, an aqueous solution
of sulfur trioxide; both hydrogen atoms
may dissociate as protons (hydronium ion,
H;0™), producing HSO, and SO;~ anions
in dilute aqueous solutions

Synonyms: oil of vitriol; hydrogen sulfate

Uses and Exposure Risk

Sulfuric acid is the leading chemical in
the world in terms of production and
consumption. It is used in the production
of phosphate fertilizers, dyes, explosives,
glues, and a number of sulfates. It is
also used in the purification of petroleum,
cleaning of steel surfaces (metal pickling),
and as a dehydrating agent. Commercially
sold concentrated H,SO,4 contains 98% acid,
with the remaining water; normality 36.

Physical Properties

Colorless, odorless, viscous oily liquid; ab-
sorbs moisture from air; abstracts water from
many organic substances; chars sugar and
wood; bp 338°C (640°F); decomposes at
340°C (644°F) to sulfur trioxide and water;
anhydrous acid freezes at 10°C (50°F); 98%
acid freezes at 3°C (37°F); density 1.84;
infinitely soluble in water and alcohol, evolv-
ing heat.

Health Hazard

Concentrated sulfuric acid is a very corrosive
liquid that can cause severe, deep burns to
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tissue. It can penetrate through skin and
cause tissue necrosis. The effect may be
similar to that of thermal burns. Contact with
the eyes can cause permanent loss of vision.

Inhalation of its vapors or mist can pro-
duce severe bronchial constriction. Because
the vapor pressure of sulfuric acid is negligi-
ble, <0.001 torr at 20°C (68°F), the inhala-
tion hazard is low. However, the acid mists,
having a particle size of <7 um, may pen-
etrate the upper respiratory tract and nasal
passage. Human exposure to acid mist at a
concentration of 5 mg/m? in air produced
coughing. At concentrations of <1 mg/m?3,
there was no irritation. Chronic exposure to
sulfuric acid mist may produce bronchitis,
conjunctivitis, skin lesions, and erosion of
teeth. Frequent contact with dilute acid can
cause dermatitis of skin.

LDsq value, oral (rats): 2140 mg/kg
LCs value, inhalation (rats): 510 mg/m3/2 h

Exposure Limits

TLV-TWA air 1 mg/m® (ACGIH, MSHA,
and OSHA); TLV-STEL 3 mg/m® (ACGIH).

Fire and Explosion Hazard

Sulfuric acid is a noncombustible liquid, but
ignites finely divided combustible substances
when in contact. The acid is highly reactive.
It reacts violently with water, alcohol, and
many organic compounds. When diluting,
the acid should be added cautiously to the
water. Sulfuric acid reacts with explosive
violence with a large number of chemicals.
This includes metals, strong oxidizers, and
many organic compounds. The reaction of
sulfuric acid, even in dilute form with alkali
metals, especially sodium and potassium, can
be violent. The reaction with alkaline-earth
metals or any other metal in powder form
can also be violent. Hydrogen is liberated
when sulfuric acid reacts with metals. Shock-
sensitive explosives such as acetylides, azides,
fulminates, and certain nitrides can become
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extremely hazardous in contact with sulfuric
acid. It reacts with potassium permanganate
to form an unstable compound, manganese
heptoxide (Mn,07), which detonates at 70°C
(158°F). An explosion occurred at 0°C (32°F)
from adding the concentrated acid to an
intimate mixture of potassium permanganate
and potassium chloride (NFPA 1986). Ignition
and/or explosion may result if concentrated
acidis mixed with perchlorates. With chlorates,
violent explosion occurs due to the formation
of unstable chlorine dioxide, CIO,, which
is also toxic. With concentrated perchloric
acid, the product is chlorine heptoxide, Cl,07,
resulting in a violent explosion. It catalyzes
the reaction of acetic or formic acids with
hydrogen peroxide, resulting in the formation
of peroxy acids, which explode readily.
There have been reports of explosions as
well as considerable debate on the subject
when concentrated sulfuric acid/hydrogen
peroxide mixtures were used as cleaning
agents for glassware (Bergman etal. 1990;
Ericson 1990; Wnuk 1990; Matlow 1990).
Such explosions have been attributed to
the reaction between acetone and hydrogen
peroxide, forming shock-sensitive organic
peroxide, which may occur even in the
absence of H,SO,4 (Ericson 1990). Sulfuric
acid may catalyze H,O,—organics reactions.
By contrast, HO, may oxidize sulfuric
acid, forming peroxydisulfuric acid, H,S,0Og,
which on hydrolysis forms shock-sensitive
Caro’s acid, H,SO5 (Matlow 1990). A sulfuric
acid/dichromate mixture may ignite acetone.

Violent exothermic reaction can occur
when concentrated sulfuric acid is mixed
with acrylonitrile, picrates, bromine penta-
fluoride (Mellor 1956), and chlorine trifluo-
ride. Reactions with caustic alkalies, amines,
alcohols, aldehydes, epoxides, vinyl and ally
compounds, cellulose, and sugar are vigor-
ously exothermic.

Hazardous Reaction Products

In addition to the explosive reactions of sul-
furic acid discussed above and the flammable

and explosive products it forms, sulfuric acid
also undergoes numerous reactions in which
highly toxic products are formed. Some of
these products are as follows.

Sulfuric acid reacts with alkali chloride,
such as sodium chloride, to form hydrogen
chloride gas. It generates carbon monoxide
when reacted with formic or oxalic acid or an
alkali cyanide. Concentrated and dilute acids
generate highly toxic hydrogen cyanide when
mixed with a cyanide salt or complex. Reac-
tion with thiocyanate yields the highly toxic
and flammable gas carbonyl sulfide, COS.
Reaction with sodium bromide or sodium
iodide produces sulfur dioxide along with
bromine or iodine vapors; and with hydrogen
iodide, hydrogen sulfide is produced. Ester-
ification with methanol may yield a highly
toxic and blistering compound, dimethyl sul-
fate. However, this compound does not form
simply by mixing H,SO, and methanol but
is produced on distillation. Hot and concen-
trated acid oxidizes copper, lead, and carbon,
evolving sulfur dioxide.

2.3 OLEUM

DOT Label: Corrosive Material, UN 1831

Formula H,SO4 - SO3; MW 178.14; CAS
[8014-95-7]

Composition: sulfuric acid containing free sul-

fur trioxide, SO3 in concentrations within
range of 10-80%

Synonyms: fuming sulfuric acid; pyrosulfu-
ric acid; dithionic acid
Health Hazard

Oleum is an extremely corrosive substance.
It emits suffocating fumes of sulfur trioxide
that can cause severe lung damage. Skin
contact can cause severe burns.

LCsg value, inhalation (rats): 347 ppm/L/h

Hazardous Reaction Products

See Section 2.2.



2.4 NITRIC ACID

DOT Label: Oxidizer and Corrosive, UN
2031

Formula HNO3;; MW 63.02; CAS [7697-
37-2]

Composition: Commercial concentrated nitric
acid contains about 68 —70% nitric acid and
30-32% water, normality 15—16; white
fuming nitric acid contains 97.5% nitric
acid, less than 2% water, and less than 0.5%
nitrogen oxides by weight; and red fuming
nitric acid contains more than 86% acid,
less than 5% water, 6—15% nitrogen oxides
by weight.

Synonyms: aquafortes; acotic acid; hydrogen
nitrate

Uses and Exposure Risk

Nitric acid is one of the most widely used
industrial chemicals. It is employed in the pro-
duction of fertilizers, explosives, dyes, syn-
thetic fibers, and many inorganic and organic
nitrates; and as a common laboratory reagent.

Physical Properties

Colorless liquid, yellow to brown, due to the
presence of dissolved nitrogen dioxide, NO,,
formed as a result of slow photochemical
decomposition of nitric acid catalyzed by
sunlight; fumes in moist air; boils at 86°C
(186°F) [68% acid boils at 121.6°C (250°F)];
freezes at —42°C (—43°F); density 1.413
(70% acid) and 1.513 (100% acid) at 20°C
(68°F); infinitely miscible with water.

Health Hazard

Nitric acid is a corrosive substance causing
yellow burns on the skin. It corrodes the body
tissues by converting the complex proteins
to a yellow substance called xanthoproteic
acid (Meyer 1989). Ingestion of acid can
produce burning and corrosion of the mouth
and stomach. A dose of 5-10 mL can be
fatal to humans.
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Chronic exposure to the vapor and mist of
nitric acid may produce bronchitis and chem-
ical pneumonitis (Fairhall 1957). It emits
NO;, a highly toxic gas formed by its decom-
position in the presence of light. Nitric acid
is less corrosive than sulfuric acid. Its vapor
and mist may erode teeth.

Exposure Limits

TLV-TWA 2 ppm (~5 mg/m3) (ACGIH,
MSHA, OSHA, and NIOSH); STEL 4 ppm
(~10 mg/m3) (ACGIH).

Fire and Explosion Hazard

Nitric acid is a noncombustible compound
but is a strong oxidizer and highly reactive.
It reacts explosively when its concentrated
form is mixed with finely divided metals. The
common metals that are not attacked by con-
centrated nitric acid are iron, cobalt, nickel,
aluminum, and chromium. Hot concentrated
nitric acid can ignite or explode when
mixed with a large number of organic com-
pounds. Common organic compounds that
may explode with nitric acid are acetic acid,
acetic anhydride, acetone (in the presence of
sulfuric acid), ethanol, cyclohexanol, cyclo-
hexanone, cyclobutanone, cyclopentanone,
toluene (especially in the presence of sul-
furic acid, water is removed, and the prod-
ucts, nitrocresols, may explode violently),
nitrobenzene, mesitylene (when heated above
100°C (212°F)), acetylene (due to the forma-
tion of trinitromethane, an explosive), indane
(with sulfuric acid), triazine, thiophene, and
many alkyl pyridines. An explosion occurred
when a mixture of nitric acid, lactic acid,
water, and hydrofluoric acid at a ratio of
5:5:2:1 was stored in a plastic bottle
(NFPA 1986). Cellulose, fats, and glycerides
may react explosively with nitric acid. Aro-
matic amines such as aniline, toluidine, and
other alkyl anilines; furfuryl alcohol; and ter-
penes may ignite spontaneously with fuming
nitric acid. Among the inorganic compounds
that can react explosively with concentrated
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or fuming nitric acid are many interhalo-
gen compounds such as chlorine trifluoride
or bromine pentafluoride; many cyanides;
phosphorus trichloride; and hydrides such
as phosphine, arsine, stibine, and tetrabo-
rane. Fluorine; ammonia; hydrazine; hydra-
zoic acid; diborane; hydrides of group VIB
elements such as hydrogen sulfide, hydro-
gen selenide, and hydrogen telluride; hydro-
gen iodide; hydrogen peroxide; phosphorus
(burns with an intense white light); phospho-
rus halides; and thiocyanates (often explo-
sively) ignite with nitric acid. A violent
reaction occurs when pulverized carbon is
mixed with nitric acid. Reactions of nitric
acid should reasonably be anticipated to be
vigorous to violent when it is mixed with
compounds structurally similar to those men-
tioned above. Nitric acid undergoes exother-
mic hydrolysis when combined with a base
such as caustic soda.

2.5 HYDROCHLORIC ACID

DOT Label: Corrosive Material, UN 1050
Formula HCI; MW 36.46; CAS [7647-01-0]

Composition: Hydrochloric acid is an aque-
ous solution of the gas hydrogen chloride;
reagent-grade concentrated acid contains
38% HCI by mass (normality 11-12); a
constant-boiling acid (an azeotrope with
water) contains about 20% HCI.

Synonym: muriatic acid

Uses and Exposure Risk

Hydrochloric acid is one of the most widely
used acids and a common laboratory reagent.
It is used in the manufacture of chlorides, in
the pickling and cleaning of metal products, as
a processing agent for manufacturing various
food products, as a cleaning agent, in organic
synthesis, and for neutralizing alkalies.
Hydrogen chloride is a fire-effluent gas.
Firefighters are frequently exposed to sig-
nificant concentrations of HCI (Brandt-Rauf
et al. 1988). Large amounts of HCIl are

released from the oxidative thermal degra-
dation of polyvinyl chloride (PVC)-derived
fiberglass, cotton, and jute brattices in mines.
At 250°C (482°F) its concentration is found
to be >5 ppm (De Rosa and Litton 1986).
The gas is absorbed by water droplets,
entrapped in soot particles, causing risk of
exposure of the acid to the eyes, throat,
and lungs of mine workers. Stack emissions
of HCI can result from burning plastic-rich
wastes (e.g., hospital wastes) (Powell 1987).
Emissions of 1.0-1.6 g HCl/kg waste have
been reported (Allen et al. 1986).

Physical Properties

Pure acid is a colorless and fuming liquid
with a pungent odor. Dissolved iron imparts
slight yellow coloration (Merck 1989). Den-
sity 1.20 for 36-38% acid, 1.1 for 20%
acid [at 15°C (59°F)]; constant-boiling 20%
azeotrope boils at 108.6°C (227°F), freezes
at —114°C (—173°F); pH of 1 N solution is
0.1, and 0.1 N is 1.1.

Health Hazard

Concentrated hydrochloric acid is a corrosive
substance that can cause severe burns.
Spilling into the eyes can damage vision.
Ingestion can produce corrosion of the
mouth, gastrointestinal tract, and stomach,
and diarrhea.

Hydrogen chloride is a toxic gas with a
characteristic pungent odor. Inhalation can
cause coughing, choking, and irritation of
the mucous membranes. Exposure to con-
centrations at >5 ppm in air can be irritat-
ing and disagreeable to humans (Patty 1963;
ACGIH 1986). A short exposure to 50 ppm
may cause irritation of the throat. Workers
exposed to hydrochloric acid were found to
suffer from gastritis and chronic bronchitis
(Fairhall 1957).

Rats exposed continuously to a hydro-
gen chloride atmosphere died after physical
incapacitation (Crane et al. 1985). Hartzell
and coworkers (1987) have studied the



toxicological effects of smoke containing
hydrogen chloride in fire gases. The lethal-
ity of PVC smoke was high but not entirely
due to the hydrogen chloride produced. Post-
exposure death in rats was observed after
pulmonary irritation caused by high concen-
tration of HCI. Lethality in the presence
of carbon monoxide may be additive. In
another paper, Hartzell and associates (1988)
reported that guinea pigs were three times
as sensitive as rats to HCI exposure. HCI
produced bronchoconstriction in animals and
showed additive toxicity with CO at rela-
tively high concentrations of the latter.

Exposure Limit

Ceiling limit 5 ppm (~7 mg/m?).

Fire and Explosion Hazard

Hydrochloric acid or HCI gas is noncom-
bustible. Contact of acid with alkali metals
such as sodium or potassium can result in
explosion. It reacts violently with alkaline-
earth metals. Hydrogen is produced from
the reaction of metals with HCl. Phosphine
(flammable) is generated when a metal phos-
phide reacts with the acid. Its reaction with
caustic alkalies is exothermic and can be vig-
orous to violent. Crowley and Block (1989)
reported rupture of vessels resulting from the
accidental introduction of HCI solution into
hydrogen peroxide.

Hydrogen chloride gas can ignite carbides
of metals, alkali-metal silicides, and mag-
nesium boride. Absorption of the gas over
mercury sulfate above 125°C (257°F) can
become violent (Mellor 1946, Suppl. 1956).

Hazardous Reaction Products

Chlorine is generated when concentrated HCI
reacts with oxidizing substances such as
permanganates, chlorates, and dichromates:

2KMnO, + 16HCI ——
2MnCl, + 2KCl 4 8H,0 + 5Cl,
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Reactions with cyanides and sulfides gen-
erate hydrogen cyanide and hydrogen sul-
fide, respectively. Reaction with acetylene
produces ethylene dichloride. Many chlori-
nated toxic compounds, such as dibenzodiox-
ins and dibenzofurans, may be formed from
HCI and phenol. However, such reactions
may occur only at very high temperatures
[550°C (1022°F)] during the incineration of
wastes (Eklund et al. 1986) and not from
inadvertent mixing of HCI and phenol.

2.6 HYDROFLUORIC ACID

EPA Designated Toxic Waste, RCRA Waste
Number U134; DOT Label: Corrosive
Material, UN 1052, UN 1790

Formula HF; MW 20.01; CAS [7664-39-3]

Composition: The acid is an aqueous solution
of hydrogen fluoride gas, commercially
available in varying strengths: 47, 53, and
79% concentrations.

Synonym: fluohydric acid

Uses and Exposure Risk

Hydrofluoric acid is used as a fluorinating
agent, as a catalyst, and in uranium refining.
It is also used for etching glass and for
pickling stainless steel. Hydrogen fluoride
gas is produced when an inorganic fluo-
ride is distilled with concentrated sulfuric
acid.

Physical Properties

Hydrogen fluoride is a colorless gas or a
fuming liquid. It boils at 19.54°C (67°F)
and freezes at —83°C (—117°F), and the lig-
uid has a density 0.991 at 19.54°C (67°F)
and vapor pressure 76 torr. The constant-
boiling liquid contains 35.55% HF by weight
in water and boils at 120°C (248°F). HF is
infinitely soluble in cold water, highly solu-
ble in alcohol, and slightly soluble in ether.
Anhydrous HF is strongly acidic; aqueous
solution is a weak acid.
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Health Hazard

Hydrofluoric acid and hydrogen fluoride gas
are extremely corrosive to body tissues, caus-
ing severe burns. The acid can penetrate the
skin and destroy the tissues beneath and even
affect the bones. Contact with dilute acid can
cause burns, which may be perceptible hours
after the exposure. The healing is slow. Con-
tact with the eyes can result in impairment of
vision.

Prolonged exposure to 10—15 ppm con-
centrations of the gas may cause redness of
skin and irritation of the nose and eyes in
humans. Inhalation of high concentrations of
HF may produce fluorosis and pulmonary
edema. In animals, repeated exposure to
HF gas within the range 20-25 ppm has
produced injury to the lungs, liver, and
kidneys.

LCsg value, inhalation (mice): 342 ppm/h

Exposure Limits

Ceiling limit 3 ppm (~2.5 mg/m?) as F
(ACGIH); TWA 3 ppm (MSHA and OSHA).

Fire and Explosion Hazard

Hydrogen fluoride and its aqueous solution,
hydrofluoric acid, are noncombustible. An
explosion occurred when hydrofluoric acid
was mixed with nitric acid, lactic acid, and
water (see Section 2.4). It may generate
hydrogen with some metals. Reaction with
alkali metals can be violently explosive.

Storage and Shipping

Hydrofluoric acid corrodes glass. It reacts
with calcium silicate, a component of glass,
forming silicon tetrafluoride:

CaSiO; + 6HF —— CaF, + SiF, 4+ 3H,O

Among the substances it does not corrode
are lead, platinum, wax, and polyethylene.

It is therefore stored in lead carboys or in
waxed or polyethylene bottles. It is shipped
in passivated metal drums or tank trucks or
rail tank cars.

2.7 HYDROBROMIC ACID

DOT Label: Corrosive Material, UN 1048,
UN 1788

Formula HBr; MW 80.92; CAS [10035-10-6]

Composition: The acid is a solution of hydro-
gen bromide gas in water, marketed as
40%, 48%, and 62% acid.

Uses and Exposure Risk

Hydrobromic acid is used in the manufacture
of bromide, as an alkylation catalyst, and in
organic synthesis.

Physical Properties

Hydrobromic acid or hydrogen bromide is a
colorless and corrosive liquid or gas, respec-
tively, with a sour taste and acrid odor. The
gas liquefies at —66.5°C (—87°F) and freezes
at —86°C (—122°F). The constant-boiling
acid is an aqueous solution of 47.5% HBr,
boiling at 126°C (258°F). Saturated aqueous
solution contains 66% HBr at 25°C (77°F);
the aqueous solutions are strongly acidic.

Health Hazard

Hydrobromic acid is a corrosive liquid. The
gas is a strong irritant to the eyes, nose, and
mucous membranes. In humans, exposure to
5 ppm for a few minutes can cause irritation
of the nose. Irritation of the eyes and lungs
may be felt at higher concentrations. The
detectable odor threshold is 2 ppm.

Exposure Limits

Ceiling limit 3 ppm (~10 mg/m?) (ACGIH);
TLV-TWA 3 ppm (~10 mg/m?®) (MSHA and
OSHA).



Fire and Explosion Hazard

Hydrogen bromide is a noncombustible gas.
The acid or the gas in contact with common
metals and in the presence of moisture pro-
duces hydrogen. Violent reactions occur with
ammonia and ozone (Mellor 1946, Suppl.
1956).

2.8 HYDRIODIC ACID

DOT Label: Corrosive Material, UN 1787,
UN 2197

Formula HI; MW 127.91; CAS [10034-85-2]

Composition: The acid is a solution of
hydrogen iodide gas in water, available
in various concentrations (57%, 47%,
and 10%).

Uses and Exposure Risk

Hydriodic acid is used in the manufacture
of iodides, as a reducing agent, and in
disinfectants and pharmaceuticals.

Physical Properties

The acid is a colorless liquid, rapidly turn-
ing yellow or brown when exposed to light
and air. The anhydrous hydriodic acid or
hydrogen iodide is a colorless gas, fumes in
moist air; decomposed by light; liquefies at
—35°C (=31°F); freezes at —51°C (—59°F);
extremely soluble in water, more so in cold
water [900 g/100 mL at 0°C (32°F)], soluble
in many organic solvents. Hydriodic acid is
a strong acid (the pH of a 0.1 M solution
is 1.0).

Health Hazard

Hydriodic acid is a corrosive liquid that
can produce burns on contact with the skin.
Contact of acid with the eyes can cause
severe irritation. The gas, hydrogen iodide, is
a strong irritant to the eyes, skin, and mucous
membranes. No exposure limit has been set
for this gas.
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Fire and Explosion Hazard

Hydrogen iodide is a noncombustible gas.
Reactions with sodium, potassium, and other
alkali metals and with magnesium can be
violent. Hydrogen iodide is a reducing
agent. Therefore, its reactions with strong
oxidizing agents can be vigorous to violent.
It ignites when mixed with fuming nitric
acid, molten potassium chlorate, or other
strong oxidizing compounds. When mixed
with ozone, explosion may occur.

2.9 PERCHLORIC ACID

DOT Label: Oxidizer and Corrosive Mate-
rial, UN 1873 (50-72% acid strength) and
UN 1802 (not >50% acid); concentrations
>72% forbidden for transportation

Formula HC1O4; MW 100.46; CAS [7601-
90-3]

Composition: Aqueous solution containing
about 72% HCIO,4 by weight is the con-
centrated perchloric acid.

Uses and Exposure Risk

Perchloric acid salts are used as explosives
and in metal plating. They are also used as an
oxidizer and as a reagent in chemical anal-
ysis. These salts are produced by distilling
potassium chlorate with concentrated H,SO4
under reduced pressure.

Physical Properties

Anhydrous acid is a colorless and volatile
liquid; very hygroscopic; density 1.768 at
22°C (71°F); decomposes when distilled at
atmospheric pressure; freezes at —112°C
(—169°F); highly soluble in water. Concen-
trated perchloric acid with 72% strength has
density 1.705; boils at 203°C (397°F) and
freezes at —18°C (0°F).

Health Hazard

Concentrated perchloric acid is a highly cor-
rosive substance that can produce burns on
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skin contact. It is also a severe irritant to
the eyes and mucous membranes. The toxic-
ity of this compound is moderate. The toxic
symptoms from ingestion include excite-
ment, decrease in body temperature, and dis-
tress in breathing. An oral LDsg value in dogs
is reported as 400 mg/kg (NIOSH 1986).

Fire and Explosion Hazard

Perchloric acid is a noncombustible sub-
stance. Anhydrous acid presents a severe
explosion hazard. It is unstable and decom-
poses explosively at ordinary temperatures or
in contact with many organic compounds. It
combines with water, with evolution of heat.
Concentrated perchloric acid at 72% strength
is stable at ambient temperature. However, it
is a strong oxidizing substance. Therefore, its
reactions with oxidizable compounds, espe-
cially at elevated temperatures, can become
violently explosive.

Concentrated perchloric acid produces a
fire or explosion, especially under hot con-
ditions, when mixed with cellulose materi-
als such as wood, paper, and cotton. When
the acid spills absorb into wood or saw-
dust at room temperature, it is still danger-
ous, as the acid may burn or explode when
it dries into anhydrous perchloric acid. The
anhydrous acid explodes instantly when a
drop is poured on paper or wood. Organic
compounds that are oxidizable, react vio-
lently with concentrated solutions of per-
chloric acid. This includes alcohols (as well
as glycols and glycerols), ketones, aldehy-
des, ethers (including glycol ethers), and
dialkyl sulfoxides. High temperature and/or
the presence of dehydrating reagents can
cause an explosion, even with dilute per-
chloric acid solutions. Explosions resulting
from mixing perchloric acid and acetic acid
in electrolytic polishing baths have been doc-
umented (NFPA 1986).

When hot, perchloric acid forms explo-
sive salts with trivalent antimony com-
pounds and with bismuth at 110°C (230°F).
Contact with fluorine gas results in the
formation of unstable fluorine perchlorate,

which explodes. Explosion or ignition occurs
when the concentrated acid is mixed with a
reducing agent such as a metal hypophos-
phite, hydride, or iodide. Hydriodic acid,
sodium iodide, or potassium iodide ignites
with the acid. Hydrogen forms an explo-
sive mixture with vapors of perchloric acid
at 400°C (752°F) or at 215°C (419°F) in
the presence of steel particles (NFPA 1986).
Mixing concentrated perchloric acid with a
dehydrating substance such as concentrated
H,S0Oy4, P,0s, anhydrous CaCl,, or Na, SOy
may produce anhydrous acid, which can
explode.

Disposal/Destruction

Perchloric acid is diluted with cold water, by
slow addition, to a concentration below 5%,
and then neutralized with dilute caustic soda
solution. The solution is washed down the
drain with an excess of water.

Storage, Spillage, and Shipping

Perchloric acid is stored in small glass bottles
inside a heavy glass container padded with
glass wool. It is stored well above its freezing
point, which is —20°C (—4°F), separated
from organic compounds, reducing agents,
noncombustible substances, and dehydrating
agents. It is shipped in glass bottles or
carboys. In case of spill, the area is flushed
with plenty of water and treated with sodium
bicarbonate. Contact with wood and plastic
should be avoided. Any distillation must be
performed in an explosion-proof hood.

2.10 PHOSPHORIC ACID

DOT Label: Corrosive Material, UN 1805
Formula H3PO4; MW 98.00; CAS [7664-
38-2]
Structure:
OH
HO—P—OH



Its aqueous solution of 85% strength is the
acid that is commonly used.

Synonym: orthophosphoric acid

Uses and Exposure Risk

Phosphoric acid is one of the most widely
used chemicals. Among its most important
applications are its use in fertilizers and
detergents, in pickling and rustproofing met-
als, as a catalyst, and as an analytical reagent.

Physical Properties

A colorless, odorless, and unstable solid
(forming orthorhombic crystals), or a clear,
viscous, syrupy liquid; mp 42.35°C (108°F);
88% acid crystallizes on prolonged cooling,
forming hemihydrate, which melts at 29.3°C
(84°F), loses water at 150°C (302°F); gradu-
ally changes to pyrophosphoric acid at 200°C
(392°F) and metaphosphoric acid on heating
to 300°C (572°F); density 1.685 and 1.333
for 85% and 50% solutions, respectively, at
25°C (77°F); vapor pressure 0.03 torr at 20°C
(68°F); very soluble in water and alcohol; pH
1.5 for a 0.1 N aqueous solution.

Health Hazard

Phosphoric acid is less corrosive and haz-
ardous than is concentrated sulfuric or nitric
acid. Its concentrated solutions are irritants
to the skin and mucous membranes. The
vapors (P,Os fumes) can cause irritation to
the throat and coughing but could be toler-
ated at <10 mg/m> (see also Section 52.4).
The acute oral toxicity in rats is reported to
be low, the LDsy value being 1530 mg/kg
(NIOSH 1986).

Exposure Limits
TLV-TWA 1 mg/m* (ACGIH, MSHA, and
OSHA); TLV-STEL 3 mg/m® (ACGIH).

Fire and Explosion Hazard

Phosphoric acid is a noncombustible sub-
stance in both solid and liquid forms. The
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acid can react with metals to produce hydro-
gen. There is no report of any explosion
reported in the published literature. Its reac-
tions with strong caustics can be vigorous to
violent (exothermic acid—base reaction).
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ACIDS, PEROXY

3.1 GENERAL DISCUSSION

Peroxyacids are of two types: peroxy-
carboxylic acids, R(CO3H),, and peroxy-
sulfonic acids, RSO,O0OH, where R is an
alkyl, aryl, cycloalkyl, or heterocyclic group
and n is 1 or 2. Peroxycarboxylic acids are
weaker acids than the corresponding car-
boxylic acids. The lower peroxyacids are
volatile liquids, soluble in water. The higher
acids with greater than a Cj-carbon chain
are solids and insoluble in water. In the
solid state these are dimeric bound by inter-
molecular hydrogen bonding; in the vapor
and liquid states and in solutions, peroxy-
carboxylic acids exhibit monomeric struc-
tures (Sheppard and Mageli 1982). The
O—O0O bond in peroxy acids is weak and
can cleave readily, which makes these com-
pounds highly unstable. The low-molecular-
weight peroxy acids lose oxygen readily at
room temperature.

These unstable acids can decompose
violently on heating and may react dan-
gerously with organic matter and readily
oxidizable compounds (Chapter 41). Among

organic peroxides, peroxyacids are the
most powerful oxidizing compounds. Han-
dling and storage of these compounds are
discussed by Castrantas and Banerjee (1979),
and Shanley (1972). The lower acids are
also shock sensitive, but such sensitivity to
shock is relatively much lower than that
of some of the organic peroxides, such as
acetyl peroxide or diisopropyl peroxydicar-
bonate.

The health hazard from peroxyacids is
due primarily to their irritant actions. C; —Cg
acids are irritants. Peroxyacetic acid can
cause severe burns. The lower peroxyacids
have exhibited low toxicity on laboratory test
animals, but the higher acids are nontoxic
and nonirritant.

Peroxyacids may be analyzed by an
iodide reduction method. It is reduced by
excess iodide ion and the liberated iodine
is measured by thiosulfate titration. A GC
pyrolytic method may be applicable to unsta-
ble peroxyacids to measure the products
of decomposition. Other instrumental ana-
Iytical methods may be applicable
(Chapter 43).
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3.2 PEROXYFORMIC ACID

Formula CH,03; MW 62.03; CAS [107-
32-4]
Structure and functional group:

i
H—C—0—0O—H

Simplest of the peroxyacids, peroxy link-
age between a formyl group and hydrogen

Synonyms: performic acid; formyl hydroper-
oxide; permethanoic acid

Uses and Exposure Risk

Peroxyformic acid is used as an epoxidizing
agent and in organic synthesis involving
oxidation and hydroxylation reactions.

Physical Properties

The 90% solution of peroxyformic acid is
colorless; unstable in concentrated form; sol-
uble in water, alcohol, ether, benzene, and
chloroform.

Health Hazard

Peroxyformic acid is nontoxic. It is a skin
and eye irritant. Its irritant action is less
severe than that of peroxyacetic acid. There
are no reports on its tumorigenic properties.

Fire and Explosion Hazard

Peroxyformic acid is the only oxygen-balan-
ced organic peroxide. Its active oxygen con-
tent (25.8%) is greater than that of other
peroxy compounds. It is therefore expected
to undergo extremely violent decomposition.
However, in practice, this compound forms
only in situ and the commercial formula-
tions contain its aqueous or dilute solutions
in organic solvents.

The solutions of peroxyformic acid are
shock and heat sensitive and highly reactive
and decompose violently when exposed to
heat. Dilution with water increases the sen-
sitivity to shock and heat. It is a strong oxi-
dizer and may react violently with readily

oxidizable substances. It may ignite and
explodes when mixed with accelerators or
flammable substances. Peroxyformic acid
at 60% strength can react violently with
formaldehyde, benzaldehyde, aniline, pow-
dered aluminum, and lead dioxide (NFPA
1986). Water from a sprinkler system may
be used from an explosion-resistant location
to fight fire and keep the containers cool.

Spillage and Disposal/Destruction

The spilled solution of peroxyformic acid
should be absorbed by vermiculite or other
noncombustible absorbent and disposed of
immediately. Do not use paper, wood, or
spark-generating metals for sweeping and
handling. It is destroyed by burning on the
ground in a remote place using a long torch.
Concentrated aqueous solutions in a small
quantity may be diluted with copious quan-
tities of water and flushed down the drain.

3.3 PEROXYACETIC ACID

DOT Label: Organic Peroxide, UN 2131, for
<43% solution or <6% in H,O,; above
these strengths it is DOT Forbidden

Formula C,H;O03; MW 76.05; CAS [79-
21-0]

Structure and functional group:

D
H;C—C—0—0—H

Peroxide functional group is bound to
acetyl group and hydrogen

Synonyms: peracetic acid; acetyl hydroper-
oxide; perethanoic acid

Uses and Exposure Risk

Peroxyacetic acid is used as an epoxidizing
agent, for bleaching, as a germicide and fungi-
cide, and in the synthesis of pharmaceuticals.
Its solution Dialox is used as a cleansing and
sterilizing agent in the reuse of highly per-
meable dialyzers. Turcic et al. (1997) have



reported the efficacy of peroxyacetic acid as
a local antiseptic in healing war wounds.
Oxidative degradation of polynuclear aro-
matic hydrocarbons by peroxy acid in con-
taminated soils has been effectively achieved
(N’Guessan et al. 2004).

Physical Properties

Colorless liquid with an acrid odor; bp 105°C
(221°F) (40% solution in acetic acid); density
at 20°C 1.150 (40% solution); readily soluble
in water, alcohol, ether, and sulfuric acid.

Health Hazard

Peroxyacetic acid is a severe irritant to the
skin and eyes. It can cause severe acid burns.
Irritation from 1 mg was severe on rabbits’
eyes. Its toxicity is low. The toxicological
routes of entry to the body are inhalation,
ingestion, and skin contact. The toxicity data
are as follows (NIOSH 1986):

LCs inhalation (rats): 450 mg/m?
LDsg oral (mice): 210 mg/kg
LDsq oral (guinea pigs): 10 mg/kg

Its toxicity in humans should be very low,
and a health hazard may arise only from
its severe irritant action. Studies on mice
showed that it caused skin tumors at the site
of application. Its carcinogenicity on humans
is not reported. No exposure limit is set for
peroxyacetic acid in air.

Fire and Explosion Hazard

A very powerful oxidizing compound; highly
reactive; flammable; flash point (open cup)
40.5°C (105°F); explodes when heated to
110°C (230°F); decomposes violently when
exposed to heat or flame; pure compound
extremely shock sensitive. A 40% solution
in acetic acid is also shock sensitive. The
shock sensitivity of peroxyacetic acid may
increase in combination with certain organic
solvents (NFPA 1986). It may explode during
distillation, even under reduced pressure.
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Peroxyacetic acid may react dangerously
with readily oxidizable substances, caus-
ing an explosion. Ignition and/or explosion
may occur when mixed with accelerators
or flammable compounds. It explodes when
mixed with acetic anhydride, due to the
formation of highly shock sensitive acetyl
peroxide. It undergoes highly exothermic
reaction with olefins.

Fire-extinguishing procedure: fight fire
from a safe and explosion-resistant location.
Use water from a sprinkler system or fog
nozzle to extinguish the fire and dilute the
spill and to keep the containers cool.

Spillage and Disposal/Destruction

Absorb the spilled material with a noncom-
bustible absorbent such as vermiculite and
place it in a metal container for immediate
disposal. Do not use paper, wool, or other
organic materials or spark-generating tools
for sweeping and handling. Peroxyacetic acid
should be disposed of in small amounts by
placing it on the ground in a remote area
and burning with a long torch. The contain-
ers should be washed with dilute caustic soda
solution of 5—-10% strength.

Storage and Shipping

Peroxyacetic acid is stored in a cool, well-
ventilated place, isolated from other chem-
icals. It is shipped in glass or earthenware
containers not exceeding 1-gal capacity and
packed inside wooden or fiberboard boxes.

Analysis

Analysis of peroxyacetic acid in the presence
of hydrogen peroxide in workplace atmo-
sphere has been reported (Hecht et al. 2004).
The procedure involves sampling hydrogen
peroxide on a quartz fiber filter impregnated
with titanium oxysulfate hydrate. After the
removal of hydrogen peroxide, the air is
passed through a tube filled with silica gel
soaked with methyl p-tolylsulfoxide for the
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sampling of peroxyacetic acid. Methyl p-
sulfone generated over silica gel is analyzed
by HPLC with UV detection.

Effkemann et al. (1999) have developed
a similar precolumn derivatization method
using organic sulfide reagents and liquid
chromatography. The derivatizing reagent is
2-([3-{2-[4-amino-2-(methyl-sulfanyl)phenyl]
-1-diazenyl}phenyl]sulfonyl)-1-ethanol  for
forming the corresponding sulfoxide and it is
coated on a solid sorbent or used as an aque-
ous solution in an impinger. The analysis is
done by HPLC at 410 nm.

The peroxyacetic acid in air may alterna-
tively be measured by a spectrophotometric
method (Effkemann et al. 2000). The method
involves oxidation of (2,2-azino-bis(3-
ethylbenzothiazoline)-6-sulfonate, forming a
radical cation that may be measured at 405
and 810 nm. Coated tubes may be used for
direct reading for rapid screening of peroxy-
acetic acid.

Guo and Lim (1991) have described a
reversed-phase HPLC method to analyze
hydroxy and peroxyacid derivatives of uro-
porphyrin in the plasma of patients with con-
genital erythropoietic porphyria.

3.4 PEROXYBENZOIC ACID

Formula C;HgO3; MW 138.12; CAS [93-
59-4]
Structure and functional group:

Peroxy linkage between benzoyl group
and hydrogen

Synonyms: perbenzoic acid; benzoyl hydro-
peroxide

Uses and Exposure Risk

Peroxybenzoic acid is used in organic anal-
yses to measure the degree of unsaturation,
and in making epoxides.

Physical Properties

Volatile solid with a pungent odor; sublimes;
mp 41-43°C (105.8—109°F); bp 100—-105°C
(212-221°F) at 15 torr (partially decom-
poses); slightly soluble in water but mixes
readily with most organic solvents.

Health Hazard

The toxicity of peroxybenzoic acid is very
low on animals. In humans it is almost
nontoxic. Peroxybenzoic acid caused skin
tumor in mice on prolonged contact (NIOSH
1986). Its tumorigenic action was lower than
that of peroxyacetic acid. Its carcinogenicity
in humans is unknown.

Fire and Explosion Hazard

The presence of the peroxide functional
group renders its strong oxidizing proper-
ties similar to those of other peroxy com-
pounds. However, this compound is not
hazardous like peroxyacetic or peroxyformic
acids. It is not shock sensitive. Violent
decomposition may occur only at high tem-
peratures and/or in conjunction with cer-
tain organic contaminants that are easily
oxidizable. Although there is no report
of its explosion, general safety measures
for handling peroxy compounds should be
followed.

3.5 PEROXYMONOSULFURIC ACID

Formula H,SO5; MW 114.09; CAS [7722-
86-3]

Structure and functional group:

0
HO—ﬁ—O—O—H
(0]

Peroxy linkage

Synonyms: permonosulfuric acid; persulfuric
acid; sulfomonoperacid; Caro’s acid
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Uses and Exposure Risk

Peroxymonosulfuric acid is used as an oxidizing
agent to make glycols, lactones, and esters; for
making dyes; and in bleaching composition.

Physical Properties

Colorless syrupy liquid (containing sulfuric acid);
corrosive; decomposes at 45°C (113°F), decom-
poses in cold, and hot water; soluble in H;PO,.

Health Hazard

Peroxymonosulfuric acid is a strong irritant to the
skin, eyes, and mucous membranes (Merck 1989).
Toxicity data for this compound are not available.

Fire and Explosion Hazard

Peroxymonosulfuric acid is highly unstable,
decomposes dangerously on heating, and evolves
oxygen at room temperature. It may react
violently with organic matter and readily
oxidizable compounds. Violent explosions have
been reported with acetone, due to the formation
of acetone peroxide (Toennis 1937). It may
explode when mixed with many primary and
secondary alcohols, manganese dioxide, cotton,
many metals in finely divided form, and aromatics
such as benzene, phenol, and aniline.

3.6 MISCELLANEOUS PEROXYACIDS

See Table 3.1.
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ALCOHOLS

4.1 GENERAL DISCUSSION

Alcohols constitute a class of organic com-
pounds containing one or more hydroxyl
groups (—OH) attached to an aliphatic carbon
atoms. Alcohols differ from phenols, in which
the hydroxyl groups are bound to aromatic
ring(s). Alcohols containing two hydroxyl
groups are called diols or glycols. Higher
aliphatic alcohols containing eight or more C
atoms are also known as fatty alcohols.

The most characteristic reactions of alco-
hols are their oxidation to aldehydes and
ketones, which may undergo further oxida-
tion, producing carboxylic acids. While pri-
mary alcohols oxidize to aldehyde, secondary
alcohols produce ketones:

O
CH;—CH,—CH,—OH ——>

(n-butyl alcohol)
H

|
CH;—CH,—C=0
(n-butyraldehyde)

o,
CH;—CH,—CH—OH ——
(sec-butyl alcohol)
ot
CH;—CH,—C=0

(methyl ethyl
ketone)

Esterification is another characteristic re-
action of an alcohol resulting from reaction
with carboxylic acid.

Dehydration over catalytic surfaces pro-
duces ethers. Substitution of alkyl hydrogen
atoms may occur in alcohols without affect-
ing the hydroxyl functional group, resulting
in formation of products such as chlorohy-
drins and cyanohydrins.

Alcohols are used widely in industry.
The lower alcohols are excellent solvents.
Most alcohols are used to synthesize a large
number of substances of commercial interest.

The lower aliphatic alcohols are low to
moderately toxic. Because of low vapor
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pressures, the acute inhalation toxicity of
most alcohols is low. The vapors may be
an irritant to the eyes and mucous mem-
branes. Ingestion and absorption of the lig-
uids through the skin can be a major health
hazard. Methanol is a highly toxic substance,
ingestion of which can cause blindness, aci-
dosis, and death. It metabolizes to formic
acid, which is excreted slowly. Thus, small
doses may have a cumulative effect. Ethanol
is relatively less toxic among the lower
aliphatic alcohols. It is a central nervous sys-
tem depressant, causing narcosis, and at high
dosages may lead to death. Chronic intake
may cause cirrhosis or liver damage. Other
low aliphatic alcohols exhibit toxic actions
similar to those of ethanol. Lower alcohols
containing double or triple bonds exhibit a
greater degree of toxicity and irritation. Fatty
alcohols are almost nontoxic.

Lower alcohols are flammable or com-
bustible liquids. The flammability decreases
with increase in the carbon number. The
explosive reactions of alcohols with differ-
ent substances under ambient temperature are
few and are listed under individual alcohols
in the following sections.

4.2 METHANOL

Formula CH3;0H; MW 32.04; CAS [67-56-1]

Functional group: primary —OH, first mem-
ber of the series of aliphatic alcohols

Synonyms: methyl alcohol; wood spirits;
wood alcohol; carbinol

Uses and Exposure Risk

Methanol is used in the production of
formaldehyde, acetic acid, methyl tert-butyl
ether, and many chemical intermediates; as
an octane improver (in oxinol); and as a
possible alternative to diesel fuel; being an
excellent polar solvent, it is widely used as a
common laboratory chemical and as a methy-
lating reagent.
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Physical Properties

Colorless liquid with a mild odor; bp 65.15°C
(149.27°F); mp —93.9°C (—137.02°F); den-
sity 0.7914; miscible in water, alcohol, ether,
acetone, benzene, and chloroform, immiscible
with carbon disulfide.

Health Hazard

Ingestion of adulterated alcoholic beverages
containing methanol has resulted in innu-
merable loss of human lives throughout the
world. It is highly toxic, causing acidosis and
blindness. The symptoms of poisoning are
nausea, abdominal pain, headache, blurred
vision, shortness of breath, and dizziness.
In the body, methanol oxidizes to formalde-
hyde and formic acid—the latter could be
detected in the urine, the pH of which is low-
ered (when poisoning is severe).

The toxicity of methanol is attributed to
the metabolic products above. Ingestion in
large amounts affects the brain, lungs, gas-
trointestinal tract, eyes, and respiratory sys-
tem and can cause coma, blindness, and
death. The lethal dose is reported to be
60—250 mL. The poisoning effect is pro-
longed and the recovery is slow, often caus-
ing permanent loss of sight.

Other exposure routes are inhalation and
skin absorption. Exposure to methanol vapor
to at <2000 ppm at regular intervals over a
period of 4 weeks caused upper respiratory
tract irritation and mucoid nasal discharge in
rats. Such discharge was found to be a dose-
related effect.

Inhalation in humans may produce head-
ache, drowsiness, and eye irritation. Pro-
longed skin contact may cause dermatitis and
scaling. Eye contact can cause burns and
damage vision.

First Aid/Antidote

On skin or eye contact, wash immediately
with plenty of water. On inhalation of a
large amount of vapor, move the person to
fresh air. If breathing stops, perform artificial
respiration. Hemodialysis may be the best
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treatment for severe poisoning. Ethanol may
be partially effective as an antidote. It com-
petes with methanol and inhibits the latter’s
oxidation in the body. Administration should
be done carefully.

The treatment to combat severe acidosis
involves oral administration of sodium bicar-
bonate and magnesium sulfate and of sodium
bicarbonate intravenously. Gastric lavage
should be performed using a 5% bicarbon-
ate solution. Solid bicarbonate (2—6 g) may
be swallowed every 2 hours (Polson and
Tattersall 1959). The urine should be made
alkaline as rapidly as possible.

Exposure Limits

TLV-TWA (200 ppm) (ACGIH), 260mg/m?,
1040mg/m? (800 ppm) 15minutes (NIOSH);
STEL 310mg/m® (250 ppm); IDLH 25,000
ppm (NIOSH).

Fire and Explosion Hazard

Methanol is a highly flammable liquid; flash
point (closed cup) 12°C (52°F); autoigni-
tion temperature 470°F. Methanol—air mix-
ture is explosive; LEL and UEL values are
6 and 36% by volume in air, respectively.
Methanol may catch fire or explode when
in contact with flame and/or strong oxi-
dizing substances. The flammability of a
methanol—air mixture depends on temper-
ature, pressure, and the presence of dilu-
ents. Carbon dioxide, nitrogen, argon, and
water vapor prevent methanol from flaming.
A 0.62 mol fraction of nitrogen added to the
air at 300°C (572°F) and 1.52 bar is reported
to prevent flaming (Bercic and Levec 1987).

Hazardous Reaction Products

Methanol oxidizes to formaldehyde (toxic),
reacts with ethylene oxide to form 2-
methoxyethanol (macrocytosic), and reacts
with formic acid to form methyl for-
mate (flammable; nasal, conjunctival, and
pulmonary irritant). It reacts with HBr
or NaB1/H;SOy4, forming methyl bromide
(pulmonary edema, narcotic). It forms

methylchlorocarbonate (methyl chlorofor-
mate), CH3;COOCI (a strong irritant), with
phosgene. Esterification with salicylic acid
gives methyl salicylate (toxic — nausea, aci-
dosis, pneumonia, and convulsion). With
H;S in the presence of a catalyst, it produces
methyl mercaptan, CH3SH (toxic — nausea-
ting and narcotic), and forms methyl
acetate (respiratory tract irritant) with acetic
acid. On catalytic vapor phase oxidation
in the presence of a small amount of
HCI, it forms methylal (dimethoxymethane),
CH;OCH,OCHj3 (toxic to the liver and kid-
ney; flammable). Heating methanol with
ammonium chloride and zinc chloride at
300°C (572°F) produces methyl amine (irri-
tant). Heating with aniline chloride under
pressure may form methyl aniline (highly
toxic). With ammonia it forms dimethyl
amine (irritant). With aniline and H,SOy4
under pressure, it forms dimethyl aniline
(toxic); with phthalic anhydride it forms
dimethyl phthalate (central nervous sys-
tem depressant and mucous membrane irri-
tant). Distillation with oleum may produce
dimethyl sulfate (blistering and necrotic to
skin).

Storage and Handling

Methanol should be stored in clean carbon-
steel drums. Because of its flammability,
tanks should be protected by a foam-type
or dry chemical fire-extinguishing system.
Loading and unloading should be performed
under inert gas pressure in the absence of air.

Analysis

Methanol is analyzed by GC-FID. In blood it
is determined by an enzymic method based
on its conversion to formaldehyde by alcohol
oxidase and the oxidation of formaldehyde
to formic acid by the enzyme formalde-
hyde dehydrogenase. The presence of a toxic
concentration of ethanol may give a high
positive value. Methanol in air is estimated
by passing 1-4 L of air over silica gel
absorbent, desorbing the analyte into water,



and injecting the latter into GC-FID (NIOSH
1984, Method 2000). Tenax, SP-1000, SP-
2000, or 10% FFAP (polar polyethylenegly-
col ester) are suitable columns. The working
range is 25-900 mg/m® (19-690 ppm) in
air. High humidity decreases the adsorption
capacity of silica gel. Methanol may be ana-
lyzed by GC/MS. A primary ion of 47 was
detected using an ion-trap detector. Belgsir
et al. (1987) described a method for kinetic
analysis of oxidation of methanol, using lig-
uid chromatography.

4.3 ETHANOL

EPA priority pollutant in solid/hazardous
wastes; DOT Label: Flammable Liquid,
UN 1170

Formula C,H5OH; MW 46; CAS [64-17-5]

Structure and functional group: CHj3—
CH,—OH, primary —OH

Synonyms: ethyl alcohol; ethyl hydroxide;
grain alcohol; ethyl hydrate; rectified
spirits; algrain; absolute alcohol; ethyl
carbinol

Uses and Exposure Risk

Ethanol is used primarily as a solvent— an
important industrial solvent for resins, lac-
quers, pharmaceuticals, toilet preparations,
and cleaning agents; in the production of raw
materials for cosmetics, perfumes, drugs, and
plasticizers; as an antifreeze; as an automo-
tive fuel additive; and from ancient times, in
making beverages. Its pathway to the body
system is mainly through the consumption of
beverages. It is formed by the natural fermen-
tation of corn, sugarcane, and other crops.

Physical Properties

Colorless, clear, volatile liquid; alcoholic
smell and taste (when diluted); bp 78.3°C
(172.94°F); mp —114°C (—173.2°F); vapor
pressure 43 torr at 20°C (68°F); density 0.789
at 20°C (68°F); soluble in water, acetone,
ether, chloroform, and benzene; polar,
dielectric constant 25.7 [at 20°C (68°F)].
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Health Hazard

The toxicity of ethanol is much lower than
that of methanol or propanol. However, the
literature on the subject is vastly greater than
that of any other alcohol. This is attributable
essentially to its use in alcoholic beverages.
There are exhaustive reviews on alcohol toxi-
city and free-radical mechanisms (Nordmann
et al. 1987). The health hazard arises pri-
marily from ingestion rather than inhala-
tion. Ingestion of a large dose, 250—-500 mL,
can be fatal. It affects the central nervous
system. Symptoms are excitation, intoxica-
tion, stupor, hypoglycemia, and coma— the
latter occurring at a blood alcohol content
of 300-400 mg/L. It is reported to have a
toxic effect on the thyroid gland (Hegedus
et al. 1988) and to have an acute hypotensive
action, reducing the systolic blood pressure
in humans (Eisenhofer et al. 1987). Chronic
consumption can cause cirrhosis of the liver.

Inhalation of alcohol vapors can result in
irritation of the eyes and mucous membranes.
This may happen at a high concentration
of 5000-10,000 ppm. Exposure may result
in stupor, fatigue, and sleepiness. There is
no report of cirrhosis occurring from inhala-
tion. Chronic exposure to ethanol vapors has
produced brain damage in mice. The neu-
rotoxicity increases with thiamine deficiency
(Phillips 1987). Both acute and chronic doses
of ethanol elevated the lipid peroxidation in
rat brain. This was found to be elevated fur-
ther by vitamin E deficiency, as well as its
supplementation (Nadiger et al. 1988).

The toxicity of ethanol is enhanced in the
presence of compounds such as barbiturates,
carbon monoxide, and methyl mercury. With
the latter compound, ethanol enhanced the
retention of mercury in the kidney of rats
and thus increased nephrotoxicity (McNeil
et al. 1988). When combined with cocaine
and fed to rats, increased maternal and fetal
toxicity was observed (Church et al. 1988).
Ethanol is reported to be synergistically
toxic with caffeine (Pollard 1988) and
with n-butanol and isoamyl alcohol. Prior
ethanol consumption increased the toxicity
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of acetaminophen [103-90-2] in mice (Carter
1987).

Antidote

Studies on mice showed that certain organic
zinc salts, such as aspartate, orotate, histidine,
and acetate, alone or in conjunction with
thiols, exhibited protective action against
ethanol toxicity (Floersheim 1987). Corre-
sponding Mg, Co, Zr, and Li salts showed
similar action. Experimentation reduced lipid
peroxides produced in the liver in chronic
ethanol toxicity (Marcus et al. 1988). Vita-
min E may have an antidotal action against
alcohol toxicity. N-Acetylcysteine [616-91-1]
is reported to combat ethanol—acetaminophen
toxicity (Carter 1987).

Exposure Limit

TLV-TWA
(ACGIH).

1900 mg/m? (1000 ppm)

Fire and Explosion Hazard

Flammable liquid; flash point (closed cup)
12.7°C (55°F); autoignition temperature
363°C (685°F); fire hazard in contact with
flame or heat; forms explosive mixtures with
air; LEL and UEL values 4.3 and 19.0% by
volume in air, respectively.

It may explode violently when added
to 90% H,0, and acidified with concen-
trated H,SO,4. Ethanol-concentrated H,O,
in the absence of concentrated H,SO,4 can
detonate by shock. It can explode with con-
centrated HNOs;; perchloric acid (due to
the formation of ethyl perchlorate); metal
perchlorate; permanganate-sulfuric acid, or
permanganic acid, HMnO4 (explodes with
flame); potassium superoxide, KO,; potas-
sium fert-butoxide; silver nitrate, AgNO;
(due to the formation of an explosive ful-
minate); chlorine trioxide, ClOj3; calcium
hypochlorite, Ca(OCl),; mercuric nitrate (due
to the formation of mercuric fulminate);
sodium hydrazide, NaNHNH,; and acetyl

chloride, CH3COCI. Explosion was reported
when ethanol was distilled off from vac-
uum after treatment with iodine and mercuric
oxide. There is a report of a violent explo-
sion when manganese perchlorate and 2,2-
dimethoxypropane were refluxed with ethanol
under a nitrogen atmosphere (NFPA 1986).
Mixture of ethanol with chromium trioxide,
chromyl chloride, and bromine pentafluoride
may ignite.

Hazardous Reaction Products

It liberates hydrogen when it reacts with
metal; forms acetaldehyde (toxic, flammable)
on catalytic vapor phase dehydrogenation;
ethyl ether (flammable) on dehydration with
H,SO4 or a heterogeneous catalyst such as
alumina, silica, SnCl,, MnCl,, or CuSOy;
ethyl bromide (flammable, irritant) with phos-
phorus tribromide or HBr; ethyl chloride
(flammable, narcotic) with PCl3, thionyl chlo-
ride, or HCI in the presence of AICl; or
ZnCly; ethyl acetate (flammable, irritant) with
acetic acid and mineral acid catalyst or when
heated over copper oxide and thoria at 350°C
(662°F); ethyl aniline (toxic) on heating at
180°C (356°F); ethyl acrylate (flammable,
lacrimator) with ethylene chlorohydrin and
H,S0O4 or acetylene and CO (with a catalyst);
ethylamine (flammable and strong irritant)
with ammonia at 150-200°C (302-392°F)
over a catalyst such as Ni or silica—alumina
in the vapor phase at 13 atm; ethyl formate
(flammable, irritant, and narcotic) with formic
acid; ethyl nitrite (causes methemoglobine-
mia, hypotension) with NaNO3 and H,SOy in
cold or with nitrosyl chloride; ethyl phthalate
(irritant and narcotic) with phthalic acid or
phthalic anhydride; ethyl silicate (irritant, nar-
cotic) with SiCly; ethyl mercaptan (narcotic
and mucous membrane irritant) when react-
ing catalytically with H,S; 1,2-ethanedithiol
(causes nausea and headache) with thiourea
and ethylene dibromide, followed by alkaline
hydrolysis; and ethyl vinyl ether (flammable)
on vapor phase reaction with acetylene at
160°C (320°F) with KOH.



Analysis

Ethanol may be analyzed colorimetrically by
forming colored complexes with 8-hydroxy-
quinoline or vanadates and measuring the
absorbance at 390 nm. GC-FID is equally
suitable for trace analysis. Other analytical
methods include a differential refractometer
technique for measuring ethanol content in
wine and enzymatic methods in combination
with GC for analysis in blood. It can
be analyzed by GC/MS, using a purge
and trap technique (U.S. EPA 1986,
Method 8240, SW-846) in solids, sludges,
and groundwater. Ethanol in air can be
estimated by adsorbing it on charcoal,
followed by desorption into CS; and
analysis by GC-FID (NIOSH 1984, Method
1400). Lazaro and co-workers (1986) have
described enzymic determination of ethanol
in wine at concentrations of 20—160 ppm.
The analysis was done by a single-
beam spectrophotometer equipped with a
diode-array detector using the alcohol
dehydrogenase.

4.4 1-PROPANOL

Formula C3H;OH; MW 60.09; CAS [71-23-8]

Structure and functional group: CH;—CH,—
CH,—OH, primary —OH

Synonyms: n-propyl alcohol; n-propanol;
ethyl carbinol

Uses and Exposure Risk

1-Propanol is used in making n-propyl
acetate; and as a solvent for waxes, resins,
vegetable oils, and flexographic printing ink.
It is produced from the fermentation and
spoilage of vegetable matter.

Physical Properties

Colorless liquid with a smell of alcohol;
mp —126.5°C (—195.7°F); bp 97.4°C
(207.32°F); density 0.8035; soluble in water,
alcohol, acetone, ether, and benzene.
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Health Hazard

Target organs: skin, eyes, gastrointestinal
tracts, and respiratory system. Toxic routes:
ingestion, inhalation, and skin contact.

LDs value, oral (rats): 5400 mg/kg (NIOSH
1986)

LDsy value, skin (rabbits):
(NIOSH 1986)

6700 mg/kg

Ingestion causes headache, drowsiness,
abdominal cramps, gastrointestinal pain,
ataxia, nausea, and diarrhea. Eye contact
produces irritation. It may cause dermatitis
on repeated skin contact. Although the
toxicity of 1-propanol is low, at a high
concentration it may produce a narcotic
effect, as well as irritation of the eyes, nose,
and throat.

Exposure Limits

TLV-TWA (200 ppm); (500 mg/m?); STEL
250 ppm (625 mg/m?); IDLH 4000 ppm.

Fire and Explosion Hazard

Flammable liquid; flash point (open cup)
29°C (84°F); autoignition temperature 371°C
(700°F). 1-Propanol forms explosive mix-
tures with air within the range of 2-14
by volume in air. Violent reactions may
occur when it is mixed with strong oxidizing
substances.

Hazardous Reaction Products

1-Propanol reacts with various substances,
forming moderate to highly toxic and/or
flammable products. These are as follows:
It reacts with ammonia to form propylamine
(strong irritant and skin sensitizer); and on
oxidation the aldehyde 1-propanal (irritant
and flammable) is formed. Reaction with
concentrated nitric and sulfuric acids gives
n-propyl nitrate (explosive, flammable, and
toxic). Heating with benzenesulfonic acid
produces n-propyl ether (flammable).
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Analysis

1-Propanol is analyzed by GC-FID. In air,
it is adsorbed over coconut shell charcoal,
which is then desorbed in a mixture of
CS, and 2-propanol (99:1) and analyzed
(NIOSH 1984, Method 1401). A GC column
of 10% SP-1000 on Chromosorb W-HP or
equivalent is suitable. The working range is
50-900 mg/m? for 10 L of air.

4.5 2-PROPANOL

Formula C;H;OH; MW 60.09; CAS [67-63-0]
Structure and functional group

OH
CH;—CH—CHj,

Secondary —OH

Synonyms: isopropyl alcohol; isopropanol;
sec-propyl alcohol; dimethyl carbinol;
rubbing alcohol (70% solution in water)

Uses and Exposure Risk

2-Propanol is used in the production of ace-
tone, isopropyl halides, glycerin, and alu-
minum isopropoxide; employed widely as an
industrial solvent for paints, polishes, and
insecticides; as an antiseptic (rubbing alco-
hol); and in organic synthesis for introducing
the isopropyl or isopropoxy group into the
molecule. Being a common laboratory sol-
vent like methanol, the exposure risks are
always high; however, its toxicity is com-
paratively low.

Physical Properties

Colorless liquid with alcohol-like odor; bitter
taste; bp 82.3°C (180.14°F) (at 101.3 kPa);
mp —89.5°C (—129.1°F); density 0.7849 at
20°C (68°F); soluble in water, ether, acetone,
benzene, and chloroform, insoluble in CS,.

Health Hazard

Target organs: eyes, skin, and the respiratory
system. Inhalation produces mild irritation in
the eyes and nose. At 400- and 5500-ppm
concentrations isopropanol caused deteriora-
tion of ciliary activity in guinea pigs. Some
pathological changes were observed. Recov-
ery was rapid, however. Ingestion causes
drowsiness, dizziness, and nausea. A large
dose may result in coma. Doses ranging from
100 to 166 mL may be fatal to humans.

Exposure Limits

TLV-TWA 980 mg/m® (400 ppm); STEL
1225 mg/m* (500 ppm) (ACGIH); IDLH
12,000 ppm (NIOSH).

Fire and Explosion Hazard

Flammable liquid; flash point (anhydrous
grade) 17.2°C (62.96°F) (Tag open cup) and
11.7°C (53.06°F) (closed cup). A 91% alcohol
in water (by volume) is also flammable. The
LEL and UEL values are 2.02 and 7.99% by
volume in air, respectively.

2-Propanol stored for a long time with
large head space may explode. There is
a report of such detonation during the
distillation of this compound taken from a
5-year-old container, one-fourth filled.

Hazardous Reaction Products

2-Propanol undergoes reactions character-
istic of a secondary —OH group. Oxi-
dation is highly exothermic (43 kcal/mol)
but occurs above 300°C (572°F), form-
ing acetone. It reacts with acid chlorides,
chlorine, and phosphorus chloride to pro-
duce chloroacetones (toxic). It loses water
molecules over acid catalysts such as alu-
mina or sulfuric acid, to form diisopropyl
ether (flammable) and propylene (flammable,
forms an explosive mixture with air). It
forms isopropyl acetate (mucous membrane
irritant, narcotic) with acetic acid. Treat-
ment with nitrosyl chloride or with sodium



nitrite/concentrated H,SO4 produces iso-
propyl nitrite (toxic— vasodilation, tachy-
cardia, headache).

Storage and Handling

2-Propanol is stored in glass containers or
steel drums. Baked phenolic-lined steel tanks
are used for storage and shipping. Aluminum
containers should not be used, as isopropanol
may react to form aluminum isopropoxide.

Analysis

2-Propanol is analyzed by GC-FID. It may
be determined colorimetrically by forming
colored complexes with acetone, which is
produced by the oxidation of 2-propanol.
Analysis in air is performed by sampling the
air over charcoal, desorbing the adsorbent
in a CS,/2-butanol mixture (99:1), and
analyzing by GC-FID using Carbowax
1500 on Carbopack C or any equivalent
column [i.e., 10% FFAP on Chromosorb W-
AW (NIOSH 1984, Method 1400)]. High
humidity reduces sampling efficiency.

4.6 ALLYL ALCOHOL

EPA-listed priority pollutant in solid waste
matrices and groundwater)

Formula CzsHsOH; MW 58.1; CAS [107-18-6]

Structure and functional group: CH,=CH—
CH,—OH, primary —OH

Synonyms: 2-propene-1-ol; 2-propenol; vinyl
carbinol

Uses and Exposure Risk

Allyl alcohol is used to produce glycerol
and acrolein and other allylic compounds. It
is also used in the manufacture of military
poison gas. The ester derivatives are used in
resins and plasticizers.

Physical Properties

Colorless liquid with a pungent smell of mus-
tard; bp 97°C (206.6°F); mp —50°C (—58°F);
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density 0.854 at 20°C (68°F); soluble in
water, alcohol, ether, and chloroform.

Health Hazard

The toxicity of allyl alcohol is moderately
high, affecting primarily the eyes. The
other target organs are the skin and
respiratory system. Inhalation causes eye
irritation and tissue damage. A 25-ppm
exposure level is reported to produce a
severe eye irritation. It may cause a
temporary lacrimatory effect, manifested by
photophobia and blurred vision, for some
hours after exposure. Occasional exposure
of a person to allyl alcohol does not
indicate chronic or cumulative toxicity.
Dogterom and associates (1988) investigated
the toxicity of allyl alcohol in isolated rat
hepatocytes. The toxicity was independent of
lipid peroxidation, and acrylate was found to
be the toxic metabolite.

Ingestion of this compound may cause
irritation of the intestinal tract. The oral LDs
value in rats is 64 mg/kg (NIOSH 1986).

Exposure Limits

TLV-TWA 5 mg/m® (2 ppm); STEL 10
mg/m? (4 ppm) (ACGIH); IDLH 150 ppm.

Fire and Explosion Hazard

Flammable liquid; flash point (closed cup)
21°C (70°F); vapor pressure 17 torr at 25°C
(77°F); vapor density 2.0 (air = 1); the
vapor is heavier than air and may travel a
considerable distance to a source of ignition
and flash back; autoignition temperature
378°C (713°F); forms explosive mixtures
with air in the range 2.5-18.0% by volume
in air. It is susceptible to forming peroxides
on prolonged exposure to air.

Hazardous Reaction Products

Oxidation products are acrolein (toxic,
flammable) and acrylic acid (strong irritant).
Reactions with hydrogen halides produce
strongly toxic allyl halides; allyl iodide is
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produced by reaction with methyl iodide and
triphenyl phosphite. Dehydration occurs in
the presence of cuprous chloride, —H;SOy,
forming allyl ether (flammable and skin
irritant). Amyl amine (toxic and irritant)
is produced on reaction with ammonia or
amines. Dehydrogenation produces propargyl
alcohol (flammable and toxic). It reacts
with carbon tetrachloride, forming di- and
trichlorobutylene epoxides (explode), and an
unstable product of unknown composition
(explodes) when it is reacted with tri-n-
bromomelamine. It polymerizes explosively
in the presence of caustic soda.

Analysis

Allyl alcohol in air (range 1-10 mg/m?) is
measured by flowing air over a charcoal
adsorbent, eluting the analyte into a
CS,—isopropanol mixture (ratio 95:5), and
analyzing by GC-FID (NIOSH 1984, Method
1402). A suitable column is 10% SP-1000 on
Supelcoport or 10% FFAP on Chromosorb
W-AW. Other, equivalent columns may
be used. High humidity reduces sampling
capacity. In solid wastes, soils, sediments,
and groundwater it may be analyzed by
GC/MS (U.S. EPA 1986, Method 8240, SW-
846) using a purge and trap technique or
direct injection. The primary ion used to
identify this compound by GC/MS is 57 and
the secondary ions are 58 and 39.

4.7 2-PROPYN-1-OL

EPA-listed priority pollutant in solid and
hazardous wastes

Formula C3;H3;0H; MW 56.06; CAS [107-
19-7]

Structure and functional group: HC=C-—
CH,—OH, primary hydroxyl group

Synonyms:
carbinol

propargyl alcohol; acetylene

Uses and Exposure Risk

It is used in metal plating and pickling and as
a corrosion inhibitor of mild steel in mineral

acids. It also finds application in preventing
the hydrogen embrittling of mild steel in
acids. It is used as an intermediate for making
miticide and sulfadiazine.

Physical Properties

A colorless and moderately volatile liquid
with a mild odor of geranium; mp —48°C
(—54.4°F); bp 113.6°C (236.48°F); density
0.948; soluble in water, alcohol, -ether,
benzene, chloroform, and acetone; insoluble
in aliphatic hydrocarbon solvents.

Health Hazard

2-Propyn-1-ol is a moderately toxic substance
causing depression of the Central nervous
system and irritation of the eyes and skin.

LDsq value, oral (rats): 70 mg/kg
LDs, value, oral (guinea pigs): 60 mg/kg

Exposure Limits

No exposure limit has been set for 2-propyn-
1-ol. A TLV-TWA of 1 ppm (~2.3 mg/m?)
should be appropriate for this compound.
This estimation is based on its similarity to
allyl alcohol in chemical properties and toxic
actions.

Fire and Explosion Hazard

Flammable liquid; flash point (open cup)
33°C (91°F); vapor forms explosive mixtures
with air; LEL and UEL data not available. 2-
Propyn-1-ol may react violently with strong
oxidizers. It ignites when mixed with phos-
phorus pentoxide.

Hazardous Reaction Products

Because of the presence of a triple bond,
an acetylenic hydrogen, and the primary
hydroxyl group, this compound is highly
active and undergoes reactions of substitu-
tion, hydrogenation, and oxidation types to



give a wide variety of products, some of
which may be toxic or flammable.

Oxidation with chromic acid produces
the aldehyde propynal, HC=C—CHO (toxic
and flammable). Hydrogenation gives allyl
alcohol, CH,=CH—-CH,—OH, and prope-
nal (acrolein), CH,=CH—CHO (both prod-
ucts are toxic and flammable). Phosphorus
trichloride and other chlorinating agents can
substitute the —OH group to form propargyl
chloride (flammable). It reacts with HCl in the
presence of mercury salt catalysts to form 2-
chloro-2-propen-1-ol (2-chlorallyl alcohol),
CH,=C(CIl)CH,—OH (toxic). Halogen adds
onto the double bond of 2-propyn-1-ol to form
dihaloallyl alcohol, CHX=CHX-CH,0OH
(toxic).

Storage and Handling

2-Propyn-1-ol is stored in stainless steel-
lined, glass-lined, or phenolic-lined tanks or
drums. Unlined steel containers may be used
if free of rust. Aluminum, rubber, and epoxy
materials should not be used. Use protective
wear when handling. Wash thoroughly with
water on spillage.

Analysis

2-Propyn-1-ol is analyzed by GC-FID using
a suitable column for alcohol. It can be ana-
lyzed in all types of samples, such as ground-
water or soils, sediments, and sludges by
GC/MS using a purge and trap technique or
by direct injection (U.S. EPA 1986, Method
8240, SW-846). A column containing 1%
SP-1000 on Carbopack-B is suitable. The pri-
mary ion is 55 and the secondary ions are 39,
38, and 53 (electron-impact ionization).

4.8 1-BUTANOL

Formula C4HoOH; MW 74.1; CAS [71-36-3]

Structure and functional group: CH;—CH,—
CH,—CH,—OH, primary —OH

Synonyms: n-butanol; n-butyl alcohol; propyl
carbinol

1-BUTANOL 143

Uses and Exposure Risk

1-Butanol is used in the production of butyl
acetate, butyl glycol ether, and plasticizers
such as dibutyl phthalate; as a solvent in the
coating industry; as a solvent for extractions
of oils, drugs, and cosmetic nail products;
and as an ingredient for perfumes and flavor.

1-Butanol occurs in fusel oil and as a
by-product of the fermentation of alcoholic
beverages such as beer or wine. It is present
in beef fat, chicken broth, and nonfiltered
cigarette smoke (Sherman 1979).

Physical Properties

Colorless liquid with a characteristic vinous
odor; mp —90°C (—130°F); bp 117.2°C
(242.96°F), density 0.810; moderately sol-
uble in water, 7 g/100 mL at 30°C (86°F),
soluble in alcohol, ether, acetone, and
benzene.

Health Hazard

The toxicity of 1-butanol is lower than that
of its carbon analog. Target organs are the
skin, eyes, and respiratory system. Inhalation
causes irritation of the eyes, nose, and throat.
It was found to cause severe injury to rab-
bits’ eyes and to penetrate the cornea upon
instillation into the eyes. Chronic exposure
of humans to high concentrations may cause
photophobia, blurred vision, and lacrimation.

A concentration of 8000 ppm was mater-
nally toxic to rats, causing reduced weight
gain and feed intake. Teratogenicity was
observed at this concentration with a slight
increase in skeletal malformations (Nelson
et al. 1989).

In a single acute oral dose, the LDs, value
(rats) is 790 mg/kg; in a dermal dose the
LDsq value (rabbits) is 4200 mg/kg.

n-Butanol is oxidized in vivo enzymat-
ically as well as nonenzymatically and is
eliminated rapidly from the body in the urine
and in expired air. It inhibits the metabolism
of ethanol caused by the enzyme alcohol
dehydrogenase.
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Based on the available data, the use
of n-butanol as an ingredient is consid-
ered safe under the present practices and
concentrations in cosmetic nail products
(Cosmetic, Toiletry and Fragrance Associa-
tion 1987a).

Exposure Limits

TLV-TWA 300 mg/m? (100 ppm) (NIOSH),
150 mg/m* (50 ppm) (ACGIH); IDLH 8000
ppm (NIOSH).

Fire and Explosion Hazard

Flammable liquid, flash point 35°C (95°F);
autoignition temperature 367°C (692.6°F). It
presents a fire hazard when exposed to heat
or flame. It forms explosive mixtures with
air, with LEL and UEL values of 1.4 and
11.2% by volume in air, respectively. It emits
toxic fumes when heated to decomposition.
It may react violently with strong oxidizers.

Hazardous Reaction Products

1-Butanol exhibits the characteristic reac-
tions of a primary —OH group, undergoing
oxidation, dehydrogenation, dehydration, and
esterification. The hazardous products
include butyraldehyde (narcotic and irri-
tant) formed from oxidation with air over
copper or silver catalysts at 250-350°C
(482-662°F). It forms Butyl Cellosolve
(highly toxic) with ethylene carbonate; butyl
nitrite (toxic— causes headache and lower-
ing of blood pressure) with nitrous acid,
and butyl mercaptan (nauseating and nar-
cotic) with H,S over ThO. Esterifications
with organic acids in the presence of mineral
acid catalysts yield products such as n-butyl
acetate (irritant, narcotic); butyl phthalate
(toxic to gastrointestinal tract) and butyl pro-
pionate (skin irritant). It reacts with ammo-
nia over alumina at 300°C (572°F), forming
butyl amine (skin and mucous membrane
irritant). In the presence of a Ni—Al,O3 cat-
alyst, butyronitrile (highly toxic) may form.

Heating with HCI and anhydrous ZnCl, may
yield n-butyl chloride (highly flammable).

Analysis

1-Butanol is analyzed by GC-FID using
a suitable column for alcohols, such
as 10% SP-1000 on Chromosorb W-HP
or equivalent. It is analyzed in air by
charcoal adsorption, desorbing the analyte
in a CS;—isopropanol mixture (99:1) and
injecting the eluant onto GC-FID (NIOSH
1984, Method 1401). Other methods, such
as GC/MS, HPLC, IR, and TLC, have
been employed. A fluorophotometric method
using alcohol dehydrogenase may be used.

4.9 2-BUTANOL

Formula C4HyOH; MW 74.1; CAS [78-92-2]
Structure and functional group

(I)H
CH3*CH*CH2*CH3

Secondary —OH

Synonyms: sec-butyl alcohol; methyl ethyl
carbinol; 2-hydroxybutane

Uses and Exposure Risk

2-Butanol is used in the production of methyl
ethyl ketone and sec-butyl acetate, as a
solvent in lacquers and alkyd enamels, in
hydraulic brake fluids, in cleaning com-
pounds, and its xanthate derivatives in ore
flotation.

Physical Properties

Colorless liquid with a strong pleasant
odor; mp —114.7°C (238.46°F); bp 99.5°C
(211.1°F); density 0.807 at 20°C (68°F);
moderately soluble in water (18 g/mL), mis-
cible with alcohol, ether, benzene, and
acetone.



Health Hazard

Exposure to 2-butanol may cause irritation
of the eyes and skin. The latter effect is
produced by its defatting action on skin. This
toxic property is mild and similar to that
of other butanol isomers. High concentration
may produce narcosis. The narcotic effect is
stronger than that of n-butanol, probably due
to the higher vapor pressure of the secondary
alcohol.

The toxicity is lower than that of its
primary alcohol analogue.

LDsq value, oral (rats): 6480 mg/kg

Exposure Limits

TLV-TWA 450 mg/m? (150 ppm) (NIOSH),
305 mg/m® (100 ppm) (ACGIH); IDLH
10,000 ppm.

Fire and Explosion Hazard

Flammable liquid, flash point 24.4°C (76°F);
autoignition temperature 405°C (761°F);
vapor forms explosive mixtures with air
within the range 1.7-9.8% by volume in air
at 100°C (212°F). It may react violently with
strong oxidizing substances.

Analysis

2-Butanol is analyzed by GC-FID. Analytical
methods are similar to those of 1-butanol (see
Section 4.8).

4.10 tert-BUTYL ALCOHOL

Formula C4HoOH; MW 74.1; CAS [75-65-0]
Structure and functional group:

CH;

Tertiary —OH
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Synonyms: 2-methyl-2-propanol; trimethyl
carbinol; tert-butanol

Uses and Exposure Risk

tert-Butyl alcohol is used in the production
of tert-butyl chloride, tert-butyl phenol, and
isobutylene; in the preparation of artificial
musk; and in denatured alcohols.

Physical Properties

Colorless liquid (solid); mp 25.5°C (77.9°F);
bp 82.5°C (180.5°F); density 0.789 at 20°C
(68°F); miscible with water, alcohol, and
ether.

Health Hazard

tert-Butyl alcohol is more toxic than sec-
butyl alcohol but less toxic than the pri-
mary alcohol. However, its narcotic action
is stronger than that of n-butanol. Inhala-
tion may cause drowsiness and mild irritation
of the skin and eyes. Ingestion may produce
headache, dizziness, and dry skin.

Acute oral LDsq value (rats): 3500 mg/kg

Exposure Limits

TLV-TWA 300 mg/m? (100 ppm) (ACGIH);
IDLH 8000 ppm.

Fire and Explosion Hazard

Flammable liquid, flash point 9°C (48°F);
autoignition temperature 478°C (892°F); pre-
sents a fire hazard in contact with heat or
flame; vapor forms explosive mixtures with
air, LEL. and UEL values 2.4 and 8.0% by
volume of air, respectively. It may react
violently with strong oxidizers.

Hazardous Reaction Products

When added to a cold aqueous solution
of NaOH and passing chlorine into the
mixture it forms tert-butyl hypochlorite,
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(CH3)3COCI (explosion hazard on exposure
to strong light, heat, and rubber; eye and
mucous membrane irritant). Other hazardous
products are fert-butyl ether (flammable) on
heating with dilute H,SOy4; and tert-butyl
acetate (toxic and irritant) on esterification
with acetic acid; and di-fert-butyl perox-
ide (explodes violently) on adding to a 2: 1
weight mixture of 78% H,SO4 and 50%
hydrogen peroxide.

Analysis

tert-Butyl alcohol may be analyzed by GC-
FID; and air analysis may be done by NIOSH
Method 1400 (see Section 4.5).

4.11 ISOBUTYL ALCOHOL

EPA Priority Pollutant under Solid and Haz-
ardous Waste Category; RCRA Hazardous
Waste Number U140

Formula C4HyOH; MW 74.1; CAS [78-83-1]
Structure and functional group:

CH;.
_CH—CH,—OH
CH;

Primary —OH
Synonyms: 2-methyl-1-propanal; isobutanol;
isopropyl carbinol

Uses and Exposure Risk

Isobutanol is widely used in the production
of isobutyl acetate for lacquers, isobutyl
phthalate for plasticizers; as a solvent for
plastics, textiles, oils, and perfumes; and as
a paint remover.

Physical Properties

Colorless liquid with mild odor; mp —108°C
(—162.4°F), bp 18.1°C (64.58°F): vapor
pressure 8.8 torr at 25°C (77°F); density
0.8018 at 20°C (68°F); moderately soluble

in water, 7.5 g/mL at 30°C (86°F), soluble
in alcohol, ether, and acetone.

Hazardous Reaction Products

Isobutanol forms isobutylamine (toxic — ery-
thema and blistering) with NHj; isobutyl
chlorocarbonate, (CH3),CH—CH,—COOCI
(eye and mucous membrane irritant) with
phosgene; and isobutyraldehyde (flammable)
on air oxidation at 300°C (572°F) in the pres-
ence of Cu.

Health Hazard

Inhalation causes eye and throat irritation and
headache. Ingestion may cause depression of
the central nervous system. It is an irritant
to the skin, causing cracking. Target organs
are the eyes, skin, and respiratory system.

LDs, value, oral (rabbits): 3750 mg/kg

Exposure Limits

TWA 300 mg/m® (100 ppm) NIOSH, 150
mg/m? (50 ppm) (ACGIH); IDLH 8000 ppm.

Fire and Explosion Hazard

Flammable liquid, flash point 27.5°C (81.5°F);
autoignition temperature 415°C (780°F);
vapor forms explosive mixtures with air in the
range 1.2—10.9% by volume in air at 100°C
(212°F).

Analysis

Isobutanol may be analyzed by GC-FID and
GC/MS techniques. Air analysis may be per-
formed by NIOSH Method 1401. GC/MS
volatile organic analysis using a purge and
trap or thermal desorption technique may be
suitable for analyzing isobutanol in water,
soil, and solid wastes (U.S. EPA 1986,
Method 8240) (see Section 4.6). Characteris-
tic mass ions from electron-impact ionization
are 41, 42, 43, and 47.
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Formula CsH;;OH; MW 88.15

Amyl alcohols occur in several isomeric
forms, most of which are flammable and
slightly toxic. These isomers, with their syn-
onyms, CAS number, and some physical
properties are presented in Table 4.1.

Uses and Exposure Risk

Amyl alcohols are used as solvents for resins
and gums; as diluents for lubricants, printing
inks, and lacquers; and as frothers in ore
flotation process. Amyl xanthates are used
as ore collectors in the mining industry.

Physical Properties

Amyl alcohols are colorless liquids with
the characteristic odor of alcohol. Neopentyl
alcohol is a solid [mp 52°C (125°F)]. Amyl
alcohols are slightly soluble in water but mix
readily with most organic solvents. Other
properties are listed in Table 4.1.

Health Hazard

Inhalation of isoamyl alcohol can cause
coughing and irritation of the eyes, nose,
and throat. Ingestion may produce narcosis,
headache, and dizziness. Cracking of skin
may result from the contact. Prolonged con-
tact with isoamyl alcohol can cause dysuria,
nausea, and diarrhea. The toxic effects of
other isomers in humans are unknown. On
the basis of animal studies, it appears that at
high concentrations all these isomers could
be narcotic and cause eye irritation.

Exposure Limits

No threshold limit values have been as-
signed to amyl alcohol isomers. For isoamyl
alcohol, TLV-TWA is set at 360 mg/m?
(100 pm), STEL at 450 mg/m® (125 ppm)
(ACGIH), and the IDLH level is 7000 ppm
(NIOSH).
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Fire and Explosion Hazard

These are flammable compounds. The flash
point data are presented in Table 4.1. The
flammability of 2-methyl-2-butanol (tert-
amyl alcohol) is greater than that of other
isomers. The vapors of all isomers form
explosive mixtures with air. The LEL and
UEL values for isoamyl alcohol are 2.4 and
10.5% by volume in air, respectively. Reac-
tions with strong oxidizing substances may
be vigorous to violent.

Storage and Handling

These compounds should be stored and
shipped in stainless steel, aluminum, and
lined steel tanks. The tanks should be purged
with dry inert gas to expel air, which may
form flammable mixture. Handling of large
amounts should be performed using proper
protective wear and keeping away from
flame.

Analysis

Amyl alcohol isomers may be analyzed by
GC-FID on a column suitable for alcohols
(e.g., Carbowax 1500). A capillary column
should be effective in the separation of
isomers. Isoamyl alcohol in air may be
measured by sampling the air on charcoal,
eluting the analyte with a CS,/isopropyl
alcohol mixture, and analyzing by GC-FID.

4.13 CYCLOHEXANOL

Formula C¢H;;OH; MW 100.16; CAS [108-
93-0]
Structure and functional group:

e

The —OH group is secondary

Synonyms: cyclohexyl alcohol; hexahydro-
phenol; hydroxycyclohexane; hexalin; hy-
dralin; anol; adronal; naxol
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Uses and Exposure Risk

Cyclohexanol is used for the production
of adipic acid and caprolactam for making
nylon. Its phthalate derivatives are used for
plasticizers. It is used as a stabilizer for soaps
and detergents; as a solvent for lacquers,
varnishes, and shellacs; and as a dye solvent
for textiles.

Physical Properties

Colorless viscous liquid or a sticky solid with
a mild smell of camphor; hygroscopic; mp
25.15°C (77.27°F); bp 161.1°C (321.98°F);
density 0.924 at 20°C (68°F); solubility:
moderately soluble in water, 4.3/100 g at
30°C (77.27°F) (86.°F), readily mixes with
most organic solvents and also with waxes,
resins, gums, and many oils.

Health Hazard

Cyclohexanol is moderately toxic. Target
organs are the eyes, skin, and respiratory
system. At high concentrations cyclohex-
anol absorbed through the skin may possibly
injure the brain, kidney, and heart.

LDsy value, single oral dose (rats): 2060
mg/kg

LDs, value, single intravenous dose (mice):
270 mg/kg

Inhalation of vapors may cause irrita-
tion of the eyes, nose, and throat. However,
because of its low vapor pressure (1.12 torr
at 25°C), the health hazard due to inhala-
tion is low. Ingestion can cause nausea,
trembling, and gastrointestinal disturbances.
Repeated skin contact may produce erythema
and edema.

Exposure Limits
TLV-TWA 200 mg/m? (50 ppm) (ACGIH);
IDLH 3500 ppm (NIOSH).

Fire and Explosion Hazard

Combustible liquid; flash point (open cup)
67.2°C (154°F); autoignition temperature

300°C (572°F); vapor forms explosive mix-
tures with air; LEL 2.4% by volume in air,
UEL data not available.

Analysis

Cyclohexanol may be analyzed by GC-FID
using Carbowax 20 M on Chromosorb sup-
port or an equivalent column. It may be
analyzed colorimetrically by reaction with
p-hydroxybenzaldehyde in sulfuric acid (ab-
sorbance maxima at 535 and 625 nm). Cyclo-
hexanol in air (working range 15—150 mg/m?)
may be measured by sampling 10 L of air
on charcoal, desorbing the adsorbent in a
CS,/isopropyl alcohol mixture, and analyz-
ing the eluant by GC-FID, using the column
10% SP-1000 on Supelcoport (NIOSH 1984,
Method 1402). 10% FFAP on Chromosorb
may be used as an alternative column.

4.14 METHYLCYCLOHEXANOL

Formula CH3C¢H;0OH; MW 114.19; CAS
[25639-42-3]
Structure and functional group:

OH
OH OH
CH;
CH; CH;
o-isomer m-isomer p-isomer

mixture of o-, m-, and p-isomers, —CHj
group in 2-, 3-, or 4-position, —OH is
secondary

Synonyms: hexahydrocresol;
methyl phenol; methyl hexalin

hexahydro-

Uses and Exposure Risk

Methylcyclohexanol is used as a blending
agent in textile soaps as an antioxidant in
lubricants, and as a solvent for lacquers.



Physical Properties

Colorless viscous liquid with a weak coconut
oil odor; bp 155-175°C (311-347°F);
density 0.919-0.945; soluble in alcohol and
ether.

Health Hazard

Methylcyclohexanol is mildly toxic. Inhala-
tion may produce mild irritation of the eyes
and the respiratory system, and headache.
Studies in rabbits showed that this compound
could cause rapid narcosis and convulsion at
sublethal doses. The minimum lethal dose by
oral administration was 2000 mg/kg. Severe
exposure may produce narcosis in humans.
Skin absorption may cause dermatitis.

Exposure Limits

TWA-TWA 235 mg/m? (50 ppm) (ACGIH),
470 mg/m*® (100 ppm) (NIOSH); IDLH
10,000 ppm (NIOSH).

Fire and Explosion Hazard

Noncombustible liquid; incompatible with
strong oxidizers.

Analysis

The air is sampled over charcoal and des-
orbed by methylene chloride, and the eluant
is analyzed by GC-FID.

4.15 1,2-ETHANEDIOL

Formula C,H4(OH),; MW 62.07; CAS [107-
21-1]

Structure: HO—CH,—CH,—OH

Synonyms: ethylene glycol; 1,2-dihydroxy-
ethane; ethylene dihydrate; ethane-1,2-diol

Uses and Exposure Risk

Ethylene glycol is used as an antifreeze in
heating and cooling systems (e.g., automobile
radiators and coolant for airplane motors).
It is also used in the hydraulic brake fluids;
as a solvent for paints, plastics, and inks; as
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a softening agent for cellophane; and in the
manufacture of plasticizers, elastomers, alkyd
resins, and synthetic fibers and waxes.

Physical Properties

Colorless syrupy liquid; odorless; sweet taste;
hygroscopic; boils at 197.6°C (387.68°F);
freezes at —13°C (8.6°F); density 1.1135 at
20°C (68°F); soluble in water, alcohol, ace-
tone, acetic acid, and pyridine, slightly soluble
in ether, and insoluble in benzene, chloroform,
and petroleum ether.

Health Hazard

The acute inhalation toxicity of 1,2-ethane-
diol is low. This is due to its low vapor
pressure, 0.06 torr at 20°C (68°F). Its sat-
uration concentration in air at 20°C (68°F)
is 79 ppm and at 25°C (77°F) is 131 ppm
(ACGIH 1986). Both concentrations exceed
the ACGIH ceiling limit in air, which is
50 ppm. In humans, exposure to its mist or
vapor may cause lacrimation, irritation of
throat, and upper respiratory tract, headache,
and a burning cough. These symptoms may
be manifested from chronic exposure to
about 100 ppm for 8 hours per day for sev-
eral weeks.

The acute oral toxicity of 1,2-ethanediol is
low to moderate. The poisoning effect, how-
ever, is much more severe from ingestion
than from inhalation. Accidental ingestion of
80—-120 mL of this sweet-tasting liquid can
be fatal to humans. The toxic symptoms in
humans may be excitement or stimulation,
followed by depression of the central nervous
system, nausea, vomiting, and drowsiness,
which may, in the case of severe poison-
ing, progress to coma, respiratory failure, and
death. When rats were administered sublethal
doses over a long period, there was deposi-
tion of calcium oxalate in tubules, causing
uremic poisoning.

LDsq value, oral (rats): 4700 mg/kg

Ingestion of 1,2-ethanediol produced re-
productive effects in animals, causing
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fetotoxicity, postimplantation mortality, and
specific developmental abnormalities. Muta-
genic tests proved negative. It tested negative
to the histidine reversion—Ames test.

Exposure Limits

Ceiling limit in air for vapor and mist
50 ppm (~125 mg/m?) (ACGIH); TWA 10
mg/m> (particulates) (MSHA).

Fire and Explosion Hazard

Noncombustible liquid; flash point (open
cup) 115°C (240°F); autoignition tempera-
ture 398°C (748°F). The reactivity of this
compound is low. Its reaction with concen-
trated sulfuric or nitric acids is vigorous
(exothermic).

Analysis

1,2-Ethanediol may be analyzed by GC-FID
using any column that is generally suitable
for alcohols. HPLC and GC/MS techniques
are also suitable.

4.16 1,4-BUTANEDIOL

Formula C4Hg(OH),; MW 90.1; CAS [110-
63-4]

Structure and functional group: HO—CH,—
CH,—CH,;—CH;—OH, primary —OH
groups

Synonyms: tetramethylene glycol; 1,4-butyl-
ene glycol; 1,4-dihydroxybutane

Uses and Exposure Risk

1,4-Butanediol is used to produce polybuty-
lene terephthalate, a thermoplastic polyester;
and in making tetrahydrofuran, butyrolac-
tones, and polymeric plasticizers.

Physical Properties

Colorless liquid; bp 228°C (442.4°F); mp
20.1°C (68.18°F); density 1.017 at 20°C

(68°F); soluble in water, alcohol, and ace-
tone, insoluble in aliphatic hydrocarbons and
benzene.

Health Hazard

The acute toxic effects are mild. 1,4-Butane-
diol is less toxic than its unsaturate analogs,
butenediol and the butynediol. The oral
LDsg value in white rats and guinea pigs
is ~2 mL/kg. The toxic symptoms from
ingestion may include excitement, depression
of the central nervous system, nausea, and
drowsiness.

Fire and Explosion Hazard

Nonflammable liquid, flash point (open cup)
121°C.

Hazardous Reaction Products

With acid catalysts 1,4-butanediol cyclizes to
tetrahydrofuran (toxic); forms 1,4-dichloro-
butane with thionyl chloride and 1,4-dibromo-
butane with HBr. It forms bis(chloromethyl)
ether (toxic) with formaldehyde and HCI.

4.17 2-BUTENE-1,4-DIOL

Formula C4Hg(OH),; MW 88.1; CAS [110-
64-5]

Structure and functional group: HO—CH,—
CH=CH-CH,—OH, olefinic diol with
two primary hydroxyl groups

Synonyms: ethylene dicarbinol; dimethylol
ethylene

Uses and Exposure Risk

It is used to make agricultural chemicals
and the pesticide endosulfan; and as an
intermediate for making vitamin B.

Physical Properties

Colorless liquid; bp 234°C (453.2°F); mp
25°C 77.27°F) (trans-isomer), 4°C (39.2°F)
(cis-isomer); density 1.070; soluble in water,



alcohol, and acetone, insoluble in benzene
and aliphatic hydrocarbons.

Health Hazard

2-Butene-1,4-diol is a depressant of the Cen-
tral nervous system. Inhalation toxicity is
very low due to its low vapor pressure. The
oral LDsy value in rats and guinea pigs is
1.25 mL/kg. It is a primary skin irritant.

Fire and Explosion Hazard

Noncombustible liquid; flash point (open
cup) 128°C.

Hazardous Reaction Products

2-Butene-1,4-diol forms furan (narcotic)
when treated with dichromate in acidic solu-
tion. Dehydration of the cis-isomer over
acid catalysts yields 2,5-dihydrofuran (nar-
cotic). Halogens form substitution or addition
products, 4-halobutenols, or 2,3-dihalo-1,4-
butanediol. These are toxic compounds.
Ammonia or amine form pyrroline or its
derivatives (moderately toxic).

4.18 2-BUTYNE-1,4-DIOL

Formula C4H4(OH),; MW 86; CAS [110-
65-6]

Structure and functional group: HO—CH,—
C=C—CH;—OH, unsaturated diols with
two primary —OH groups

Synonyms: butynediol; acetylene dicarbinol;
dimethylolacetylene

Uses and Exposure Risks

2-Butyne-1,4-diol is used to produce butane-
diol and butenediol, in metal plating and
pickling baths, and in making the carbamate
herbicide Barban (Carbyne).

Physical Properties

Crystalline solid; mp 58°C (136.4°F); bp
248°C (478.4°F); specific gravity 1.114 at
60°C (140°F); soluble in water, ethanol,
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and acetone, sparingly soluble in ether, and
slightly soluble in benzene.

Health Hazard

2-Butyne-1,4-diol exhibits moderate to high
toxicity in test animals. It is about 10 times
more toxic than are the saturated C, diols.
The oral LDs value in rats is 0.125 mL/kg.
It causes irritation to the skin.

Fire and Explosion Hazard

Noncombustible solid, flash point (open cup)
152°C (305.6°F). It is stable at room temper-
ature. But the dry compound explodes in the
presence of certain heavy metal salts, such
as mercuric chloride. Heating with alkaline
solution may result in an explosion.

Hazardous Reaction Products

Halogen addition reactions form various
haloderivatives according to the conditions
of temperature and catalysts. Chlorination
and bromination produce mucochloric and
mucobromic acids, respectively (strong irri-
tants). HCI replaces one —OH group to form
2,4-dichloro-2-buten-2-ol (toxic). In the pres-
ence of a catalyst, copper or mercury salt, the
product is 3-chloro-2-buten-1,4-diol.

Storage and Handling

2-Butyne-1,4-diol can be stored in steel,
aluminum, nickel, glass, epoxy, and phenolic
liner containers. Rubber hose may be used
for transfer. Avoid contact with heavy metal
salt contaminants.

Analysis

The commercial aqueous solution is 34%
minimum butynediol; determined by bromi-
nation or refractive index; analyzed by GC-
FID.

4.19 2,3-NAPHTHALENEDIOL

Formula C;oHs(OH),; MW 160.17; CAS
[92-44-4]



154 ALCOHOLS

Structure and functional group:

OO
HO
Dicyclic aromatic compound with two

hydroxyl groups in ortho-positions
Synonym: 2,3-dihydroxynaphthalene

Uses and Exposure Risk

2,3-Naphthalenediol is used in cosmetics as
a component of oxidative hair dye. It is used
at a concentration of <0.1%.

Physical Properties

White crystalline solid; mp 163-164°C
(325.4-327.2°F); soluble in alcohol, ether,
benzene, and acetic acid.

Health Hazard

2,3-Naphthalenediol shows low toxicity and
mild irritant actions on the skin and eyes. The
oral LDsy value for rats of a 5% solution
in propylene glycol may be on the order
of 675 mg/kg (calculated by the method of
Weil). The intravenous LDsy value for mice
is 56 mg/kg. At 1% concentration, it caused
slight eye irritation in female albino rabbits
and exhibited erythemal response in guinea
pigs. At the 0.1% level (concentration in hair
dye), it had no reaction on human skin. This
compound was nonmutagenic in Salmonella
typhimurium strain tests.

There is very little information in the liter-
ature on the toxicity of 2,3-naphthalenediol.
Assessment by the CIR expert panel on the
safety of this compound as used in cosmet-
ics has been inconclusive (Cosmetic, Toiletry
and Fragrance Association 1987b).

Analysis

2,3-Naphthalenediol can be analyzed by
HPLC and GC-FID techniques.

4.20 MISCELLANEOUS ACETYLENIC
ALCOHOLS

These alcohols are characterized by an
acetylenic triple bond. Table 4.2 lists some
of these alcohols with their physical prop-
erties, commercial applications, and toxicity
data. Owing to the presence of the triple bond
and labile hydroxyl group(s), these alcohols
are easily susceptible to two general types of
reactions: addition to double bonds and sub-
stitution of hydroxyl groups forming several
toxic products.

The addition reactions are similar to
those of 2-propyn-1-ol (propargyl alcohol).
Hydrogenation gives alkenyl and alkyl alco-
hols. Oxidation produces ketones, mostly
toxic. Halogens, hydrogen halides, or thionyl
halides form dihaloalcohols.

Under normal conditions these com-
pounds are stable and do not decompose.
Most of these are noncombustible sub-
stances. Only 2-methyl-3-butyn-2-ol and 3-
methyl-1-pentyn-3-ol are flammable liquids
[flash point (open cup) 25° (77°F) and 38°C
(100.4°F), respectively].

4.21 BENZYL ALCOHOL

Formula C¢H;CH,OH; MW 108.13; CAS
[100-51-6]
Structure and functional group:

@CHQOH

First member of aromatic alcohol, primary
—OH

Synonyms: phenyl methanol; phenyl carbi-
nol; benzene carbinol; benzoyl alcohol;
a-hydroxytoluene; a-toluenol

Uses and Exposure Risk

Esters of benzyl alcohol are used in making
perfume, soap, flavoring, lotion, and oint-
ment. It finds application in color photogra-
phy; the pharmaceuticals industry, cosmetics,
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and leather dyeing; and as an insect repellent.
It occurs in natural products such as oils of
jasmine and castoreum.

Physical Properties

Colorless liquid with a mild sweet odor;
hygroscopic; bp 205.5°C; mp —15°C; density
1.044 at 25°C; soluble in water (4 g/100 mL),
readily mixes with alcohol, ether, and chloro-
form.

Health Hazard

Benzyl alcohol is a low acute toxicant with
a mild irritation effect on the skin. The
irritation in 24 hours from the pure com-
pound was mild on rabbit skin and moderate
on pig skin. A dose of 750 pg produced
severe eye irritation in rabbits. The tox-
icity of benzyl alcohol is of low order,
the effects varying with the species. Oral
intake of high concentrations of this com-
pound produced behavioral effects in rats.
The symptoms progressed from somnolence
and excitement to coma. Intravenous admin-
istration in dogs produced ataxia, dyspnea,
diarrhea, and hypermotility in the animals.

Adult and neonatal mice treated with
benzyl alcohol exhibited behavioral change,
including sedation, dyspnea, and loss of
motor function. Pretreatment with pyrazole
increased the toxicity of benzyl alcohol. With
disulfiram the toxicity remained unchanged.
The study indicated that the acute tox-
icity was due to the alcohol itself and
not to bezaldehyde, its primary metabolite
(McCloskey et al. 1986).

Exposure Limits

No exposure limit is set. Because of its
low vapor pressure and low toxicity, the
health hazard to humans from occupational
exposure should be very low.

Fire and Explosion Hazard

Noncombustible liquid; flash point (open
cup) 93°C (200°F); autoignition temperature
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436°C (816°F); vapor density 3.7 (air = 1);
vapor pressure 0.97 torr at 30°C (86°F).

4.22 HIGHER ALIPHATIC ALCOHOLS

These are the monohydric aliphatic alcohols
containing six or more C atoms, derived nat-
urally or by synthetic processes. The nat-
ural alcohols derived from oils, fats, and
waxes are also known as fatty alcohols.
Although some of these alcohols are of only
low toxicity, a brief discussion is presented
here because of their enormous applica-
tions. The alcohols containing 611 C atoms
are plasticizer-range alcohols used as their
ester derivatives to produce plasticizers and
lubricants. The detergent-range alcohols con-
tain 12 or more C atoms and are used in
making detergents and surfactants. They are
also used in cosmetics and food additive
applications.

These are saturated or unsaturated alco-
hols containing one hydroxyl group (pri-
mary). C¢—Cj, alcohols are sparingly
soluble in water; their solubility decreases
with carbon chain length. Higher alcohols are
insoluble in water. All the compounds are
miscible with ethanol, petroleum ether, and
many other organic solvents.

Health Hazard

The toxicity of these alcohols decreases with
the increase in their carbon number. n-
Hexanol shows very low toxic action in mice.
The oral LDsg value in rats is reported as
4200 mg/kg. C¢—Cjp alcohols caused eye
and skin irritation in rabbits. Cetyl alcohol
may cause depression of the central nervous
system. Isostearyl (C;7-), myristyl (Cy4-),
and behenyl (Cy,-) alcohols are all nontoxic
substances (Cosmetic, Toiletry and Fragrance
Association 1988).

Inhalation of cetyl alcohol vapors (26 ppm)
caused slight irritation of the eyes, nose,
and throat in test animals: mice, rats, and
guinea pigs. Exposure to a concentration of
2220 mg/m? resulted in death.



158 ALCOHOLS

The long-chain saturated and unsaturated
alcohols stearyl  (C;gH3;OH), oleyl
(C1gH350H), and octyl dodecanol
(CyoH4;OH) at high concentrations produced
minimal ocular and mild cutaneous irritation
in rabbits. No irritation effect was observed
on human skin. Acute oral toxicity studies in
rats indicate a very low order of toxicity of
undiluted stearyl alcohol and octyldodecanol
and 20% oleyl alcohol.

Based on the data available, these alcohols
are viewed as safe in the present practices
of use and concentration in cosmetics and
other applications (Cosmetic, Toiletry and
Fragrance Association 1985).
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ALDEHYDES

5.1 GENERAL DISCUSSION

Aldehydes are a class of organic compounds
containing the functional group —CHO and
are written structurally as

—C=0

Thus, the carbonyl group (—C=O0O) in an
aldehyde is bound covalently to a hydrogen
atom. Such a —CHO group may attach itself
covalently via the single valence electron
left on the carbon atom to form an array of
compounds with the general structure

i
R—C=0

where R is generally an alkyl (C,,Hp, 1) or an
aryl (aromatic) group. R could constitute any
other group, such as an unsaturated alkenyl
(C,Hy,) or alkynyl (C,Hj,_;) moiety, an
alicyclic such as a cyclohexyl (—C¢Hj)
radical, or a heterocyclic moiety, as in

=

N CHO
N

When R is a H atom, the aldehyde thus
formed will have two H atoms attached to
the carbonyl group, having a structure

i
H—C=0

This is formaldehyde, the simplest member
of the aldehyde family, the most abundant
and most hazardous of all the aldehydes. In
this chapter only those aldehydes that are
known to be toxic, corrosive or flammable
are discussed in detail. Compounds present-
ing a mild hazard but being used commer-
cially will only be mentioned briefly.

Aldehydes are intermediate products in
the conversion of primary alcohols to car-
boxylic acids, or vice versa:

oxidation

CH;CH,0H
(ethanol)

CH,CHO
reduction - (3cetaldehyde)

CH;COOH
reduction (@cetic acid)

oxidation
[—
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Toxicity

Like many other organic classes of com-
pounds, the low-molecular-weight aldehydes
are more toxic than the higher-molecular-
weight aldehydes. Formaldehyde, acrolein,
and acetaldehyde are the most toxic; those
containing five or more carbon atoms in
the alkyl chain are least toxic. The toxicity
decreases with increase in the carbon chain.
Thus decanal, CoH;9oCHO, is almost non-
toxic. Aromatic aldehydes are less toxic than
the low-molecular-weight aliphatic aldehy-
des. However, for heptanal and benzaldehyde,
both of which contain the same number of C
atoms, the latter, which is aromatic, is more
toxic, which may be attributed to the greater
number of reactive sites in the molecule.

The reactive site in any aldehyde is the
carbonyl group, which is susceptible to oxi-
dation and reduction processes. The toxic
metabolites of aldehydes are their oxida-
tion products, which are mostly, but not
exclusively, acids, the formation of which
is catalyzed by enzymes. The toxicity is
attributed to the fact that whether the alde-
hyde or its metabolite reacts with pro-
teins and hemoglobin-forming compounds,
the biological functioning is affected. Such
a reaction would depend on the presence
of other active sites in the aldehyde such
as C=C unsaturation, acid—base properties,
substituents, steric hindrance, and solubil-
ity. The latter two properties depend on the
chain length; thus the lower aldehydes are
more toxic than the higher ones. Similarly,
acrolein, with three carbon atoms but con-
taining additional reactive sites because of
its carbon-carbon unsaturation, is more toxic
than propionaldehyde with the same num-
ber of C atoms. As mentioned earlier, due
to its reactive sites in the ring in addition to
the —CHO functional group, benzaldehyde
should exhibit high toxicity. But this is not
so, because its solubility (octanol—water par-
tition coefficient) is low. Thus, the toxicity of
this compound is low.

Table 5.1 presents the toxicity data of
substituted cinnamaldehyde, based on the
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intraperitoneal LDs, values in mice (NIOSH
1986). A chloro substitution in the B-position
renders the molecule more toxic than it does
with a-substitution. This may be attributed
to the steric hindrance, however small, that
the chlorine atom may exert, thus preventing
the aldehyde group from participating in
any reaction. A further chloro or bromo
substitution, this time in the benzene ring
at the p-position, slightly increases the
toxicity. A similar effect was noted with
other electron-withdrawing groups in the p-
position, thus making the ring more reactive
toward electron-donor nitrogen and phos-
phorus atoms in the protein molecules. The
toxicity expected to result from a fluoro
substitution, however, is anomalous to the
experimental value and does not fit into
the foregoing explanation. More experimen-
tal data are required to propose a detailed
structure-related mechanism.

Among aldehydes, formaldehyde is a con-
firmed human carcinogen listed by IARC
(2006) under its Group 1 classification while
acetaldehyde has been classified under Group
2B as ‘probably carcinogenic to humans’.

Flammability

Low-molecular-weight aldehydes are highly
flammable, the flammability decreasing with
increasing carbon chain length. The less
volatile liquid aldehydes, such as, acetalde-
hyde and propionaldehyde will inflame if left
exposed to air on an absorbent surface. They
are oxidized readily, initially forming per-
oxy acids that can accelerate further oxida-
tion. On the basis of the flash point data, the
flammability of some of the lower aliphatic
aldehydes is as follows, in decreasing order:
formaldehyde (C;) > acetaldehyde (C;) >
propionaldehyde (C3) > acrolein (Cz-double
bond) > isobutyraldehyde (C4) > n-butyral-
dehyde (C4) > n-valeraldehyde (Cs) > cro-
tonaldehyde (C4-double bond). It may be
noted that for a given carbon number, sat-
urated aldehydes exhibit higher flammabil-
ity than those having olefinic double bonds.
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164 ALDEHYDES

TABLE 5.2 Autoignition Temperatures of Aldehydes

Autoignition

Temperature
Aldehyde Structure (°CI°F)
Formaldehyde HCHO
Acetaldehyde CH;CHO 175 (347)
Propionaldehyde CH;CH,CHO 207 (404.6)
Acrolein CH,=CH,CHO 234 (453.2)
n-Butyraldehyde CH;CH,CH,CHO 218 (424.4)
Isobutyraldehyde (CH3),CHCHO 196 (384.8)
Crotonaldehyde CH3;CH=CHCHO 232 (449.6)
n-Valeraldehyde CH;CH,CH,CH,CHO 222 (431.6)

Autoignition temperatures of these aldehy-
des reflect the same pattern, as presented
in Table 5.2. Flammability of an aldehyde
decreases with substitution in the alkyl
group. Acetaldehyde is extremely flammable,
with flash point (closed cup) —38°C
(—36.4°F) and vapor pressure 750 torr, while
its chloro-substituted product, chloroacetalde-
hyde, is a combustible liquid with a flash
point of 87.8°C (190.04°F) and a vapor pres-
sure of 100 torr.

Low aromatic aldehydes, on the other
hand, are combustible or nonflammable lig-
uids. With regard to their flammability and
formation of explosive mixtures with air,
they present a low hazard. They exhibit
relatively much higher flash points and
autoignition temperatures and lower vapor
pressures than do those of their aliphatic
counterparts.

Disposal/Destruction

Hazardous aldehydes are burned in a chemical
incinerator equipped with an afterburner and
scrubber. Current ongoing research suggests
that other methods may be applicable.
Mention will be made throughout the book of
various disposal methods. Some are described
under ketones (see Chapter 29), which may
as well be applicable as well to aldehydes.
A laboratory method based on potassium
permanganate oxidation is described under
the disposal/destruction of acetaldehyde (see
Section 5.3).

Analysis

The aldehyde functional groups can be tested
by classical wet methods. Individual aldehy-
des can be analyzed by various instrumental
techniques such as GC, HPLC, GC/MS, col-
orimetry, polarography, and FTIR. Of these,
GC, GC/MS, and HPLC are referred to
here because of their versatility and wide
application. Although an FID is commonly
employed in GC, a thermal conductivity
detector can also be suitable, especially for
lower aliphatic aldehydes. The advantage of
FID is that aqueous samples can be injected
straight into the column.

HPLC, GC/MS, and sometimes GC tech-
niques require the derivatization of aldehydes.
This is highly recommended for C, to C4 alde-
hydes. The advantages are that (1) retention
time is shifted (delayed), so that peaks do not
coelute with the solvents; (2) volatile com-
pounds are stabilized, so the loss due to evapo-
ration is reduced; and (3) when free aldehydes
are analyzed by GC/MS, electron-impact ion-
ization produces ions the same as those that
would result from the corresponding alcohols:
therefore, the mass selective detector cannot
distinguish between a low-molecular-weight
aldehyde and its alcohol. This drawback is
overcome by converting the aldehyde into its
derivative. There are several compounds that
can be used to derivatize an aldehyde. Some
of these are 2,4-dinitrophenylhydrazine, semi-
carbazine, thiosemicarbazine, oximes, and the



commercial Girard-T reagent, which is (car-
boxymethyl)trimethylammonium  chloride
hydrazide.

Trace determination of aldehydes in water
in the range 1-10 ppb can be carried out
effectively by an HPLC method. Takami
et al. (1985) reported a method using a
polytetrafluoroethylene PTFE sampling car-
tridge packed with a moderately sulfonated
cation-exchange resin charged with 2,4-
dinitrophenylhydrazine. The water sample
was passed through the resin. The 24-
dinitrophenylhydrazone derivatives of the
aldehydes were eluted with acetonitrile and
analyzed by HPLC with a 3-um octadecylsil-
ica ODS column. Other equivalent cartridges
and columns have been used.

Derivatives of aldehydes can be ana-
lyzed by TLC. Infrared (IR) spectra can
exhibit the presence of an aldehyde func-
tional group. Due to the stretching mode
of the C—H bond of the formyl group,
characteristic absorption near 2720 cm~! is
produced. Owing to the —CO stretching
mode, saturated aldehydes show absorption
in the region 1740-1720 cm~ !, o, B-olefinic
aldehydes in the region 1705-1685 cm™!,
and more conjugated systems in the region
1677-1664 cm™'.

5.2 FORMALDEHYDE

EPA Classified Toxic Waste, RCRA Waste
Number U122; DOT Label: Combustible
Liquid (aqueous solutions), UN 1198, UN
2209

Formula HCHO; MW 30.03; CAS [50-00-0]

Structure and functional group:

i
H—C=0

simplest member of aliphatic aldehydes

Synonyms: methanal; methyl aldehyde; met-
hylene oxide; methylene glycol; oxymeth-
ylene; oxymethane; paraform; morbicid;
formalin (the latter two are a solution of
37% by weight)

FORMALDEHYDE 165

Uses and Exposure Risk

Formaldehyde is used in the manufacture
of phenolic resins, cellulose esters, artificial
silk, dyes, explosives, and organic chemicals.
Other uses are as a germicide, fungicide, and
disinfectant; in tanning, adhesives, water-
proofing fabrics, and for tonic and chrome
printing in photography; and for treating skin
diseases in animals. In vitro neutralization
of scorpion venom toxicity by formalde-
hyde has been reported (Venkateswarlu et al.
1988).

Formaldehyde constitutes about 50% of
all aldehydes present in the air. It is one
of the toxic effluent gases emitted from
burning wood and synthetic polymeric sub-
stances such as polyethylene, nylon 6, and
polyurethane foams. Firefighters have a grea-
ter risk to its exposure. Incapacitation from
the toxic effluent gases is reported to occur
more rapidly from the combustion of syn-
thetic polymers than from that of natural
cellulose materials.

Formaldehyde is directly emitted into the
air from vehicles. It is released in trace
amounts from pressed wood products such
as particleboard and plywood paneling, from
old “sick” buildings, and from cotton and
cotton—polyester fabrics with selected cross-
link finishes. Formation of formaldehyde has
been observed in some frozen gadoid fish
due to enzymic decomposition of the addi-
tive trimethylamine oxide (Rehbein 1985).
Its concentration can build up during frozen
storage of fish (Leblanc and Leblanc 1988;
Reece 1985). It occurs in the upper atmo-
sphere, cloud, and fog; it also forms in
photochemical smog processes.

Health Hazard

Formaldehyde can present a moderate to
severe health hazard injuring eyes, skin, and
respiratory system. It is a mutagen, terato-
gen, and probably carcinogenic to humans.
It is a severe eye irritant. An amount of
0.1 mg/day caused severe eye irritation in
rabbits. In humans a 1-ppm concentration can
cause burning in the eyes. Its lachrymating
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effect on humans can become intolerable at
10 ppm in air. Exposure to 50 mg/day caused
moderate skin irritation in rabbits. Contact
with formaldehyde solution or its resins can
cause sensitization to dermatitis. Exposure by
humans at 1-2 ppm of formaldehyde in air
can exhibit the symptoms of itching eyes,
burning nose, dry and sore throat, sneezing,
coughing, headache, feeling thirsty, and dis-
turbed sleep.

Inhalation of a high concentration of
formaldehyde can lead to death. Animal
studies indicated that exposure to 700 ppm
for 2 hours was fatal to mice; cats died
of an 8-hours exposure. Chronic exposure
to a 40-ppm concentration was lethal to
mice, with symptoms of dyspnea, listless-
ness, loss of body weight, inflammation in
the nasal tissues, and pathological changes
in the nose, larynx, trachea, and bronchi.
In addition to this, pathological changes in
ovaries and uterus were observed in female
mice. Neurotoxicity studies indicate that
acute low-level exposure (5-20 ppm) for
3 h/day for 2 days can result in decreased
motor activity in rats associated with neu-
rochemical changes in dopamine [51-61-6]
and 5-hydroxytryptamine [50-67-9] neurons.
Similar to acrolein, formaldehyde can induce
nasal toxicity; short-term exposure to
6—15 ppm can cause respiratory epithelial
injury —the severity related to concentra-
tion (Monteiro-Riviere and Popp 1986). The
injury as detected from SEM and TEM
studies was not specific to cell but to the
area of exposure (Popp etal. 1986). In
a subchronic (13-week) inhalation toxicity
study of formaldehyde in rats, Woutersen
et al. (1987) reported that the compound
was hepatotoxic to rats only at >10 ppm
concentration. At 20 ppm concentration, the
treatment-related changes observed were
stained coats, yellowing of the fur, growth
retardation, and degeneration of nasal respi-
ratory epithelium.

Subacute oral toxicity of formaldehyde
and acetaldehyde in rats has been reported by
Til et al. (1988). In a drinking water study,

a dose level of 125 mg/kg formaldehyde
per day was fed to rats for 4 weeks. The
symptoms noted were yellow discoloration
of the fur, decreased protein and albumin
levels in their blood plasma, hyperkeratosis
in the forestomach, and gastritis. However,
no adverse effect was noted at a dose of
25 mg/kg/day. By comparison, only a low
toxicity was observed with acetaldehyde at a
dose of 675 mg/kg/day.

Upreti et al. (1987) studied the mecha-
nism of toxicity of formaldehyde in male rats
by intraperitoneal injection of '4C-labeled
HCHO. In 72 hours 41% of the dose was
eliminated through expired air and another
15% in urine. A significant level of radioac-
tivity was detected bound to subcellular
microsomal fractions, deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), protein,
lipid fractions of liver, and spleen tissues.
The study indicates that formaldehyde under-
goes rapid absorption and distribution in the
body.

Formaldehyde-induced mutation has been
studied in both human lymphoblasts and
Escherichia coli (Crosby et al. 1988). In
human lymphoblasts, it induced large losses
of DNA. In E. coli, varying concentrations
of formaldehyde produced different genetic
alterations.

Animal studies indicate that it can cause
cancer. There is sufficient evidence of its car-
cinogenicity in test species resulting from
its inhalation. It caused olfactory tumor.
Subcutaneous dosages produced skin tumors
at the sites of applications. Similar tumori-
genic properties of formaldehyde are expected
in humans. The evidence of its carcinogenic
behavior in humans, however, is limited.

Fire and Explosion Hazard

Formaldehyde in pure gas form is extremely
flammable, and the commercial aqueous solu-
tion can be moderately flammable — the gas
vaporizes readily from the solution. Flamm-
able data: bp of 37% solution 101°C (213.8°F)
(bp pure gas —19°C (—2.2°F)); flash point
(closed cup) for methanol-free 37% aqueous



solution with 15% methanol 50°C (122°F);
autoignition temperature 300°C (572°F); fire-
extinguishing agent: water spray, dry chemi-
cal, alcohol foam, or CO;; a water spray may
be used to flush and dilute the spills.
Formaldehyde forms explosive mixtures
with air in the range 7-73% by volume. It
explodes when heated with NO, at 180°C
(356°F), burns with explosive violence when
treated with a mixture of perchloric acid
and aniline, and explodes with concentrated
performic acid (peroxyformic acid),

H*%*O*O*H

Spillage

If there is a spill, use a water spray to reduce
the vapors. Use sand or other noncombustible
material to absorb the spill. Injection of
hydrogen peroxide is suggested as a remedial
measure against contamination of ground-
water from the spill (Staples 1988).

Disposal/Destruction

Formaldehyde is burned in a chemical incin-
erator. It may be destroyed by biodegrada-
tion at a concentration of 100-2300 ppm by
an activated sludge process (Bonastre et al.
1986).

Analysis

Formaldehyde can be analyzed by sev-
eral instrumental techniques, such as GC,
colorimetry, polarography, and GC/MS.
The GC method involves the passage of
air through a solid sorbent tube con-
taining 2-(benzylamino)ethanol on Chro-
mosorb 102 or XAD-2. The derivative,
2-benzyloxazolidine, is desorbed with isooc-
tane and injected into GC equipped with
an FID (NIOSH 1984, Method 2502). Car-
bowax 20M or a fused-silica capillary col-
umn is suitable. 2-Benzyloxazolidine peak is
sometimes masked under the peaks, due to
the derivatizing agent or its decomposition
and/or polymeric products. The isooctane
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solution of 2-benzyloxazolidine can readily
be analyzed by GC/MS without any interfer-
ence using a capillary DB-5 column (Patnaik
1989).

Alternatively, air is passed through 1-
um PTFE membrane and 1% sodium bisul-
fite solution. The solution is treated with
chromotropic and sulfuric acid mixture. The
color development due to formaldehyde is
measured by a visible spectrophotometer at
580-nm absorbance (NIOSH 1984, Method
3500). In polarography analysis, a Girard-T
reagent is wused. Formaldehyde forms
a derivative that is analyzed by sampled
direct current DC polarography (NIOSH
1984, Method 3501). Auel etal. (1987)
reported a similar electrochemical analysis
of industrial air using an iridium electrode
backed by a gas-permeable fluorocarbon-
based membrane.

Igawa et al. (1989) have reported analy-
sis of formaldehyde and other aldehydes in
cloud and fogwater samples by HPLC with
a postcolumn reaction detector. The alde-
hydes were separated on a reversed-phase
Cys column, derivatized with 3-methyl-2-
benzothiazolinone hydrazone, and detected at
640 nm.

Fluorescence-based liquid-phase analysis
for selective determination of formaldehyde
and other gases is reported (Dong and
Dasgupta 1987; Dasgupta 1987). In this
analytical method fluorescence of 3,5-
diacetyl-1,4-dihydrolutidine formed upon
reaction of formaldehyde with ammonium
acetate and 2,4-pentanedione is monitored
with a filter fluorometer. Draeger tubes used
to monitor formaldehyde concentrations in
air can give excessively high results (Balmat
1986).

5.3 ACETALDEHYDE

EPA Classified Toxic Waste; RCRA Waste
Number U001; DOT Label: Flammable
Liquid, UN 1089

Formula CH3;CHO; MW 44.05;
[75-07-0]

CAS
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Structure and functional group:

i
H;C—C=0

contains an aldehyde carbonyl group
(—CHO)

Synonyms: ethanal; acetic aldehyde; ethyl
aldehyde

Uses and Exposure Risk

Acetaldehyde is used in producing acetic acid,
acetic anhydride, cellulose acetate, synthetic
pyridine derivatives, pentaerythritol, tereph-
thalic acid, and many other raw materials.
Release of acetaldehyde from poly ethylene
terephthalate (PET) bottles into carbonated
mineral waters has been observed (Lorusso
et al. 1985); 180 ppm was detected in samples
kept for 6 months at 40°C (104°F).

Physical Properties

Colorless mobile liquid; pungent odor, fruity
smell when diluted; bp 20.8°C (69.44°F); mp
—121°C (—185.8°F); density 0.7846 at 15°C
(59°F), vapors heavier than air (vapor den-
sity 1.52); soluble in water, alcohol, ether,
acetone, and benzene.

Health Hazard

Acetaldehyde is moderately toxic through
inhalation and ingestion routes. Ingestion can
result in conjunctivitis, central nervous sys-
tem (CNS) depression, eye and skin burns,
and dermatitis. Large doses can be fatal.
Because of its metabolic link to ethanol,
its intoxication consequences are similar to
those of chronic ethanol intoxication.

Inhalation can produce irritation of the
eyes, nose, and throat, and narcotic effects.
High concentrations can cause headache,
sore throat, and paralysis of respiratory mus-
cles. Prolonged exposure can raise blood
pressure and cause a decrease in red and
white blood cells. A 4-hour exposure to 1.6%
acetaldehyde in air was lethal to rats (ACGIH
1986).

The functional groups —NH,, —OH, and
—SH in the three-dimensional protein mole-
cules are susceptible to —CHO attack. Acet-
aldehyde can therefore bind to liver protein
and hemoglobin to form stable adducts.
Such covalent binding probably alters the
biological functions of protein and hemoglo-
bin and thus contributes to its toxicity.
Rats subjected to inhalation of acetaldehyde
for 21 days showed the presence of such
“bound” aldehyde adducts in their intracellu-
lar medium. A control experiment on unex-
posed rats, however, showed similar adducts,
but at a low concentration. This could prob-
ably have formed from trace aldehyde gen-
erated from intestinal microbial fermentation
of alcohols.

In a study on chronic inhalation toxicity
of acetaldehyde on rats, the compound was
found to effect increased mortality, growth
retardation, and nasal tumors (Woutersen
et al. 1986). The study indicates that acetal-
dehyde is both cytotoxic and carcinogenic to
the nasal mucosa of rats. Investigating the
toxicity of tobacco-related aldehydes in cul-
tured human bronchial epithelial cells, Graft-
strom et al. (1985) reported that acetaldehyde
was weakly cytotoxic, less so than acrolein
and formaldehyde.

Exposure Limits

TLV-TWA 180 mg/m? (100 ppm) (ACGIH),
360 mg/m*® (200 ppm) (NIOSH); STEL
270 mg/m? (150 ppm); IDLH 10,000 ppm.

Fire and Explosion Hazard

Acetaldehyde is highly flammable, flash
point (closed cup) —38°C (—36.4°F) (Merck
1989);  autoignition  temperature 175°C
(347°F); vapor pressure 750 torr at 15°C
(59°F). Its low flash point and autoigni-
tion temperature, coupled with high vapor
pressure, make it a dangerous fire and explo-
sion hazard. Explosive limits of mixtures
with air are 4—-60% by volume. Active sur-
faces may ignite and detonate fuels contain-
ing acetaldehyde. It is susceptible to forming
peroxide, which can catch fire or explode.



Hazardous Reaction Products

Acetaldehyde polymerizes on treatment with
mineral acids such as H,SO4, HCI, and
H3PO4 to form paraldehyde (toxic — causes
respiratory depression and cardiovascular
collapse) at ambient temperature, and met-
aldehyde (toxic to the intestine, kidney,
and liver) at low temperature (subambi-
ent). It forms ethyl acetate (irritant, narcotic)
with aluminum ethoxide catalyst; peracetic
acid (explodes at 110°C (230°F), corro-
sive) on oxidation with or without a cat-
alyst (cobalt salt); glyoxal (explodes with
air, irritant) on oxidation with HNO;3; or
selenious acid; acetaldehyde ammonia (eye
and mucous membrane irritant) with NHj3
and H, in the presence of Ni at 50°C
(122°F); chloroacetaldehyde (highly corro-
sive and strong irritant) with chlorine at
room temperature and with chloral (strong
irritant) at 80-90°C (176—194°F); acetyl
chloride (highly corrosive, dangerous eye
irritant, flammable and explosion hazard)
with chlorine in a gas-phase reaction; acetyl
bromide (eye irritant, violent reaction with
water) on bromination; 1,1-dichloroethane
(toxic —irritant) with PCls; and phosgene
(highly toxic, fatal at high concentrations)
with CCly in the presence of anhydrous
AICl3. It decomposes above 400°C (752°F),
forming CO and methane.

Disposal/Destruction

Acetaldehyde is burned in a chemical incin-
erator equipped with an afterburner and
scrubber. It may be disposed of in a drain
(not recommended, highly volatile) in small
amounts, <100 g at a time, mixed with 100
volumes of water, as it is biodegradable.

In the laboratory it may be destroyed
by KMnO, oxidation (National Research
Council 1983). To an aqueous solution of
0.1 mol aldehyde, excess KMnQOy solution is
added slowly. The mixture is refluxed until
the purple color decolorizes. This is followed
by addition of some more KMnO, solution
and heating. It is cooled and acidified with
6 N H,SO,4. (Concentrated H,SO4 should
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not be mixed freely with KMnO4 as it
forms Mn, 07 — explosion hazard.) Sodium
bisulfite is added with stirring to reduce Mn
to its divalent state. When the purple color
disappears and the solid MnO, dissolves, the
mixture is washed down the drain with large
amounts of water.

Analysis

Acetaldehyde is analyzed by GC or HPLC.
The acetaldehyde Ilevel in blood and
liver can be estimated by forming its
derivative with 2,4-dinitrophenylhydrazine
and analyzing by HPLC. A GC-headspace
method using FID is equally suitable.
Other analytical methods include colorimetry
using thymol blue on silica gel, and
derivatizing to 2,4-dinitrophenylhydrazone
or semicarbazone followed by polarography
or paper chromatography. It can be tested by
wet methods such as reduction of Fehling’s
solution and Tollens’ reagent; mercurimetric
oxidation; sodium bisulfite/iodometry; and
argentometric titration. Its presence in air can
be estimated quantitatively by converting it
to its derivative, 2,4-dinitrophenylhydrazone,
and analyzing by HPLC using a UV detector.
Analysis in air by NIOSH (1984) Method
3507 involved bubbling 6-60 L of air
through a Girard-T solution at pH 4.5
and measuring the derivative at 245 nm
(HPLC/UV detector). The working range is
170-670 mg/m?* (18—372 ppm).

Jones et al. (1985) estimated the concentra-
tion of acetaldehyde in blood from analysis in
breath. The method is based on liquid —air par-
tition coefficients of acetaldehyde determined
by GC-FID. Jones et al. (1986) reported a GC-
headspace method for its analysis in wine.
Habboush et al. (1988) have reported the anal-
ysis of acetaldehyde and other low-molecular-
weight aldehydes in automobile exhaust gases
by GC-FID.

5.4 ACROLEIN

EPA priority pollutant; EPA Classified Acute
Hazardous Waste, RCRA Waste Number
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P003; DOT Label: Flammable Liquid and
Poison, UN 1092

Formula C,H3;CHO; MW 56.07; CAS [107-
02-8]

Structure and functional group:

i
CH,=CH—C=0

—CHO (aldehyde carbonyl), simplest mem-
ber of the class of unsaturated aldehydes
Synonyms: 2-propenal; 2-propen-1-one; allyl
aldehyde; acrylaldehyde; acraldehyde;

ethylene aldehyde; aqualin; biocide

Uses and Exposure Risk

Acrolein is used as an antimicrobial agent
to prevent the growth of microbes against
plugging and corrosion, to control the aquatic
weed and algae, in slime control in paper
manufacturing, as a tissue fixative, and in
leather tanning.

Because of its widespread use it occurs
in the environment —in air and water. After
formaldehyde it is the second most abundant
aldehyde, constituting 5% of total aldehydes
in air. Acrolein is one of the toxic gases
produced in a wood or building fire or when
polyethylene or other polymer substances
burn (Morikawa 1988; Morikawa and Yanai
1986). Firefighters are at greater risk of
exposure to this gas.

Physical Properties

Colorless volatile liquid; bp 53°C (127.4°F);
mp —87°C (124.6°F); density 0.8427 at 20°C
(68°F); moderately soluble in water, readily
mixes with alcohol and ether.

Health Hazard

Acrolein is a highly toxic compound that
can severely damage the eyes and respiratory
system and burn the skin. Ingestion can cause
acute gastrointestinal pain with pulmonary
congestion.

LDs, value, oral (mice): 40 mg/kg

Acrolein is a strong lachrymator and a
nasal irritant. Direct contact of liquid in the
eyes may result in permanent injury to the
cornea. Inhalation can result in severe irrita-
tion of the eyes and nose. A concentration of
0.5 ppm for 12 minutes can cause intolerable
eye irritation in humans. In rats, exposure to
a concentration of 16 ppm acrolein in air for
4 hours was lethal.

Acrolein can be absorbed through the
skin; the spillage of liquid can cause severe
chemical burns. Skin contact may lead to
chronic respiratory disease and produce
delayed pulmonary edema. Subcutaneous
administration of acrolein produced degen-
eration of fatty liver and a general anesthetic
effect.

LDsq value, subcutaneous (mice): 30 mg/kg

On the basis of the available data, a
concentration of 68 and 55 ppb may be
toxic to aquatic life in fresh and salt water,
respectively (U.S. EPA 1980). A concen-
tration as low as 21 ppb may produce
chronic toxicity to freshwater aquatic life.
Acrolein is reported to be more toxic to
aquatic organisms than are phenol, chloro-
and nitrophenols, aniline, o-xylene, and other
toxic compounds (Holcombe et al. 1987).
Rainbow trout, spinally transected, were
exposed to an acutely toxic aqueous con-
centration of acrolein to monitor their res-
piratory —cardiovascular responses. A steady
increase was recorded in their cough rate.
The ventilation rate, oxygen utilization, and
heart rate steadily fell throughout their period
of survival.

In a study on inhalation toxicity in rats,
Crane et al. (1986) observed that the expo-
sure to 1 atm of acrolein vapors caused
physical incapacitation. The animals lost the
ability to walk and expired. In a study on
cytotoxicity of tobacco-related aldehydes to
cultured human bronchial epithelial cells,
acrolein was found to be more toxic than
formaldehyde (Graftstrom et al. 1985). Both
compounds induced DNA damage.



Certain sulfur compounds, such as dithio-
threitol [3483-12-3] and dimercaptopropanol
[59-52-9], reacted with acrolein to reduce its
toxicity (Dore et al. 1986). Such protection
against its toxicity was observed in isolated
rat hepatocytes.

Exposure Limits

TLV-TWA 0.25 mg/m?® (0.1 ppm) (ACGIH
and OSHA); STEL 0.8 mg/m® (0.3 ppm);
IDLH 5 ppm (NIOSH).

Fire and Explosion Hazard

Highly flammable; flash point (open cup)
—18°C (—0.5°F) (Aldrich 1989), closed cup
—36°C (—33°F); vapor pressure 214 torr at
20°C (68°F); vapor density 1.93 (air = 1);
vapor may travel a considerable distance to
a source of ignition and flash back; autoigni-
tion temperature 234°C (453°F) (unstable);
fire-extinguishing agent: “alcohol” foam, dry
chemical, or CO;; use a water spray to keep
the fire-exposed containers cool, to flush
and dilute the spill, and to disperse the
vapor.

Vapor forms an explosive mixture with air
in the range 2.8-31.0% by volume of air.
It undergoes self-polymerization, liberating
heat. It polymerizes at elevated temperatures.
Closed containers may rupture violently as a
result of polymerization. The reaction may
become extremely violent in contact with
alkaline substances such as caustic soda,
amines, or ammonia. Contact with acid
can result in polymerization, liberating heat.
However, the reaction is not as violent as that
with caustic soda or caustic potash.

Storage and Handling

Acrolein should be stored under an inert atmo-
sphere below 38°C (100.4°F). Steel, ceramic,
glass, Teflon, silicone rubber, and containers
with baked phenolic coatings are suitable for
storage (NFPA 1986). Copper, zinc, or mate-
rials of polyethylene or other organic coat-
ings should not be used. Hydroquinone or
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4-methoxyphenol is added to acrolein to
inhibit its polymerization. It should be stored
at a pH value of 5-6, adjusted with acetic
acid. In case of acid or alkali contamination,
a buffer solution should be added.

Disposal/Destruction

Acrolein is destroyed by controlled burn-
ing in an incinerator. It is also destroyed by
biodegradation after being treated with dilute
NaOH or sodium bisulfite solution. Acrolein
and other toxic pollutants from industrial
laundry wastewater can be removed by treat-
ment involving lime coagulation, carbon
adsorption, and ultrafiltration (Van Gils and
Pirbazari 1985).

Analysis

Acrolein in water can be analyzed by a purge
and trap GC method, using a flame ionization
detector (U.S. EPA 1984, Method 603).
A column containing Porapak QS (80/100
mesh) or Chromosorb 101 (60/80 mesh) may
be suitable. Wastewater and hazardous waste
samples can be analyzed by GC/MS (U.S.
EPA 1984, Methods 624 and 1624 and U.S.
EPA 1986 Method 8240/SW-846) on any
column suitable for volatile organics. Char-
acteristic ions are 56, 55, and 54 (electron-
impact ionization).

Acrolein in air in the range 0.12—
1.5 mg/m® can be analyzed by NIOSH
(1984) Method 2501. Air is passed over
a solid sorbent tube containing 2-(hydroxy-
methyl)piperidine on XAD-2. It is converted
to 9-vinyl-1-aza-8-oxabicyclo[4.3.0]nonane,
desorbed with toluene and analyzed by GC
with a nitrogen specific detector. 5% SP-
2401-DB on Supelcoport (100—120 mesh) is
a suitable column.

5.5 PROPIONALDEHYDE

DOT Label: Flammable Liquid, UN 1275

Formula C,H;CHO; MW 58.08; CAS [123-
38-6]
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Structure and functional group:

i
H;C—CH,—C=0

reactive site: carbonyl (—C=Q0) group
Synonyms: propyl aldehyde; propionic alde-
hyde; propanal; methyl acetaldehyde

Uses and Exposure Risk

Propionaldehyde is used in the production
of propionic acid, propionic anhydride, and
many other compounds. It is formed in the
oxidative deterioration of corn products, such
as corn chips. It occurs in automobile exhaust
gases.

Physical Properties

Colorless liquid with a fruity but suffo-
cating odor; bp 48.8°C (119.86°F); freezes
at —81°C (113.8°F); density 0.806 at 20°C
(68°F); soluble in  water (17%),
alcohol, and ether.

Health Hazard

Propionaldehyde is a mild irritant to human
skin and eyes. The irritation effect from
40 mg was severe in rabbits’ eyes. The toxic-
ity of this compound observed in test animals
was low. Subcutaneous administration in rats
exhibited the symptoms of general anesthetic
effect, convulsion, and seizure. Inhalation
toxicity was determined to be low. A con-
centration of 8000 ppm (19,000 mg/m?) in
air was lethal to rats.

LDsq value, oral (rats): 1400 mg/kg
LDsg subcutaneous (rats): 820 mg/kg

Fire and Explosion Hazard

Highly flammable; flash point (open cup)
<—7°C (<19°F); vapor density 2.0 (air = 1);
vapor heavier than air and can travel a con-
siderable distance to an ignition source and
flash back; autoignition temperature 207°C
(405°F). Fire-extinguishing agent: “alcohol”

foam, CO,, or dry chemical; use a water
spray to dilute the spill.

Propionaldehyde forms an explosive mix-
ture with air in the range 2.9-17% by vol-
ume of air. Reactions with strong oxidizers
and alkaline substances can be exothermic.

Disposal/Destruction

Propionaldehyde is destroyed by burning in a
chemical incinerator equipped with an after-
burner and scrubber. Permanganate oxidation
is a suitable laboratory method of destruction
(see Section 5.3).

Analysis

Propionaldehyde is analyzed by GC-FID,
using Carbowax 20 or any equivalent col-
umn. It is converted into a derivative of
2,4-dinitrophenylhydrazone and analyzed by
HPLC at 254 nm or by GC/MS.

5.6 CROTONALDEHYDE

EPA Classified Toxic Waste, RCRA Waste
Number U053; DOT Label: Flammable
Liquid, UN 1143

Formula C;H;CHO; MW 70.09; CAS [4170-
30-3] ([123-73-9] for the trans-isomer,
trans-2-butenal)

Structure and functional group:

H
|
H;C—CH=CH—C=0
reactive sites: olefinic double bond and the
—CHO group

Synonyms: 2-butenal; propylene aldehyde;
B-methyl acrolein; crotonic aldehyde

Uses and Exposure Risk

Crotonaldehyde is used in the manufacture of
butyl alcohol, butyraldehyde, and in several
organic synthesis.

Physical Properties

Colorless liquid turning pale yellow on con-
tact with air or light; pungent suffocating



smell; bp 102°C (215.6°F); freezes at —76.5°C
(—105.7°F); density 0.8531 at 20°C (68°F);
mixes readily with water and most organic
solvents.

Health Hazard

Crotonaldehyde causes severe irritation of
the eyes, nose, lungs, and throat. Exposure
to a concentration of 12 mg/m® in air for
10 minutes can cause burning of the lungs
and throat in humans. The symptoms of
inhalation toxicity in rats were excitement,
behavioral change, convulsion, and death.
The same symptoms were observed when
crotonaldehyde was administered subcuta-
neously.

LCs value, inhalation (rats): 4000 mg/m?/
30 minutes

LDsq value, subcutaneous (rats): 140 mg/kg

Crotonaldehyde is less toxic than acrolein
or formaldehyde. The toxic symptoms, how-
ever, were similar to those of acrolein. The
cis-isomer of crotonaldehyde is mutagenic; it
caused cancer in test animals. Oral adminis-
tration of 2660 mg/kg for 2 years produced
tumor in the liver in rats. Evidence of car-
cinogenicity in humans is not yet confirmed.

Exposure Limits

TLV-TWA 6 mg/m? (2 ppm)(ACGIH); IDLH
400 ppm (NIOSH).

Fire and Explosion Hazard

Highly flammable, flash point (open cup)
12.8°C (55°F) and 53°C (127.4°F) for 93%
commercial grade; vapor pressure 30 torr at
20°C (68°F); autoignition temperature 232°C
(450°F); vapor density 2.4 (air = 1). It can
ignite under normal temperature conditions;
flashback fire risk. It forms explosive mix-
tures with air within the range of 2.1-15.5%
by volume. Explosive polymerization reac-
tion can occur at high temperatures or in
contact with alkaline compounds such as
caustic alkalies, amines, or NHj3. It presents
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a peroxide hazard. There is a report of
an explosion during its reaction with 1,3-
butadiene under pressure. Fire-extinguishing
agent: foam, dry chemical, or CO;; in small
fires, a water spray may be partially effective.

Disposal/Destruction

Crotonaldehyde can be analyzed by GC-FID,
HPLC, and GC/MS after derivatizing with
oxazolidine.

Analysis

Crotonaldehyde can be analyzed by GC-FID,
HPLC, and GC/MS after derivatizing with
oxazolidine.

5.7 n-BUTYRALDEHYDE

DOT Label: Flammable Liquid, UN 1129

Formula C;H,CHO; MW 72.1; CAS [123-
72-8]

Structure and functional group:

1
H;C—CH,—CH,—C=—0

reactive site: (—C=0) group
Synonyms: n-butanal; butyric aldehyde

Uses and Exposure Risk

n-Butyraldehyde is used to make rubber
accelerators, synthetic resins, and plasticiz-
ers; and as a solvent.

Physical Properties

Colorless liquid with a pungent odor; bp
75.7°C (168.26°F); mp —99°C (—146.2°F);
density 0.817 at 20°C (68°F); soluble in
alcohol, ether, and acetone, slightly soluble
in water.

Health Hazard

n-Butyraldehyde is a mild skin and eye irri-
tant. The liquid in 100% pure form produced
moderate irritation on guinea pig skin. The
irritation resulting from 20 mg in 24 hours
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on rabbit eye was moderate. A higher dose
could produce severe irritation.

Toxicity of n-butyraldehyde is very low.
The effect is primarily narcotic. No toxic
effect, however, was observed in mice from 2-
hour exposure at a concentration of 44.6 g/m?>.
At a higher concentration, 174 g/m*® for
30 minutes, it exhibited a general anesthetic
effect on rats. Subcutaneous administration
of a high dose, >3 g/kg, produced the same
effect, affecting the kidney and bladder.

Exposure Limit

No exposure limit is set for n-butyraldehyde.

Fire and Explosion Hazard

Highly flammable; flash point (closed cup)
—7°C (19°F); vapor density 2.48 (air = 1);
the vapor is heavier than air and can travel
a considerable distance to a source of igni-
tion and flash back; autoignition tempera-
ture 218°C (424°F); fire-extinguishing agent:
foam, dry chemical, or CO;; use a water
spray to flush the spill and disperse the
vapors.

n-Butyraldehyde forms an explosive mix-
ture with air, with LEL and UEL values of
1.9% and 12.5% by volume of air, respec-
tively. It generates heat when mixed with
concentrated acids.

Analysis

GC, total ion current (TIC), GC/MS, and
HPLC techniques are employed for analysis
after derivatizing n-butyraldehyde.

5.8 ISOBUTYRALDEHYDE

DOT Label: Flammable Liquid, UN 2045

Formula C;H;CHO; MW 72.1; CAS
[78-84-2]

Structure and functional group:

active site: carbonyl (—C=0) group

Synonyms: isobutanal; 2-methyl-1-propanal;
isobutyric aldehyde; isobutyl aldehyde;
2-methyl propionaldehyde; valine alde-
hyde

Uses and Exposure Risk

Isobutyraldehyde is used in the synthesis
of cellulose esters, resins, and plasticizers;
in the preparation of pantothenic acid and
valine; and in flavors.

Physical Properties

Colorless liquid with a pungent smell; bp
64.5°C (148.1°F); mp —66°C (—86.8°F); den-
sity 0.794; soluble in water (11 g/100 mL),
ether, acetone, and chloroform.

Health Hazard

Isobutyraldehyde is a moderate skin and eye
irritant; the effect may be slightly greater
than that of n-butyraldehyde. An amount
totaling 500 mg in 24 hours produced severe
skin irritation in rabbits; 100 mg caused
moderate eye irritation.

The toxicity of isobutyraldehyde deter-
mined on test animals was very low. Exposure
to 8000 ppm (23,600 mg/m?) for 4 hours was
lethal to rats.

LDsq value, oral (rats): 2810 mg/kg

Fire and Explosion Hazard

Extremely flammable; flash point (closed
cup) —18°C (—1°F); vapor density 2.5 (air =
1); vapors can travel some distance to an
ignition source and flash back; autoignition
temperature 196°C (385°F). Fire-extinguish-
ing agent: “alcohol” foam, dry chemical, or
CO;; use a water spray to disperse the vapors
and to keep fire-exposed containers cool.
Vapor—air mixture is explosive. The LEL
and UEL values in air are 1.6% and 10.6%
by volume of air, respectively.

Disposal/Destruction

Isobutyraldehyde is burned in a chemical
incinerator equipped with an afterburner and
scrubber.



Analysis

Isobutyraldehyde is derivatized and analyzed
by GC, GC/MS, or HPLC (see Section 5.3).

5.9 n-VALERALDEHYDE

DOT Label: Flammable Liquid, UN 2058

Formula C4HoCHO; MW 86.1; CAS [110-
62-3]

Structure and functional group:

H
|
H3C*CH2*CH2*C:O

reactive site: carbonyl group (—C=0)

Synonyms: n-pentanal; valeric aldehyde;
amyl aldehyde; butyl formal

Uses and Exposure Risk

n-Valeraldehyde is used for food flavoring
and in resin and rubber products.

Physical Properties

Colorless liquid, bp 103°C (217.4°F); freezes
at —91.5°C (—132.7°F); density 0.8095 at
20°C (68°F); slightly soluble in water but
mixes readily with alcohol and ether.

Health Hazard

n-Valeraldehyde is a moderate skin and
eye irritant. At a high concentration the
irritation may be severe; 100 mg/day was
severely irritating on rabbits’ eyes. Pure lig-
uid caused severe irritation to guinea pig
skin. The systemic toxicity of valeraldehyde
is very low.

LDsq value, skin (rabbits): 4857 mg/kg
LDsq value, oral (rats): 3200 mg/kg

Inhalation toxicity is very low. Exposure to
4000 ppm for air was lethal to rats.

Exposure Limit

TLV-TWA 175 mg/m3 (50 ppm) (ACGIH
and OSHA).
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Fire and Explosion Hazard

Highly flammable; flash point (open cup)
12°C (54°F); autoignition temperature 222°C
(432°F); vapor density 3 (air = 1). Vapor—air
mixture is explosive. Fire-extinguishing
agent: dry chemical, foam, or CO,.

Disposal/Destruction

n-Valeraldehyde is burned in a chemical
incinerator equipped with an afterburner and
scrubber.

Analysis

n-Valeraldehyde can be analyzed by GC-
FID using Carbowax 20M on Chromosorb
or equivalent column or by GC/MS. An
aldehyde functional group can be tested
by wet methods (see Section 5.3). Air
analysis is performed by passing air
through a solid sorbent tube containing
10% 2-(hydroxymethyl)piperidine on XAD-
2. The derivative valeraldehyde oxazolidine
(9-butyl-1-aza-8-oxabicyclo[4.3.0]nonane) is
desorbed with toluene and analyzed by GC-
FID (NIOSH 1984, Suppl. 1989, Method
2536).

5.10 CHLOROACETALDEHYDE

EPA Classified Acute Hazardous Waste,
RCRA Waste Number P023; DOT Label:
Poison, UN 2232

Formula CICH,CHO; MW 78.5; CAS [107-
20-0]
Structure and functional group:

i
CICH—C=0

|
aldehyde carbonyl (—C=—O ) group,
chloro substitution in the methyl group
Synonyms: 2-chloroacetaldehyde; 2-chloro-

1-ethanal
Uses and Exposure Risk

Chloroacetaldehyde is used in the production
of 2-aminothiazole.
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Physical Properties

Clear colorless liquid with a pungent smell;
bp 85°C (185°F); density 1.068 at 20°C
(68°F); soluble in water, alcohol, and ether.

Health Hazard

Chloroacetaldehyde is a highly toxic and
corrosive compound that can injure the eyes,
skin, and respiratory system. Exposure to
its vapor at high concentrations can produce
severe irritation and impair vision. At low
concentrations, the vapor can cause irritation
and sore eyelids. Brief contact with 40%
aqueous solution can result in skin burn and
destruction of tissues. A 0.5% dilute solution
can still be irritating on skin.

Inhalation of its vapor at the 5-ppm level
can irritate the eyes, nose, and throat. Inges-
tion may result in pulmonary edema. Swal-
lowing a concentrated solution may be fatal.
The acute toxicity data are as follows:

LDs, value, intraperitoneal (rats): 2 mg/kg
LDsq value, oral (rats): 23 mg/kg
LDsq value, skin (rabbits): 67 mg/kg

This compound is a mutagen, testing pos-
itive in the Ames test.

Exposure Limits

Ceiling 3 mg/m® (1 ppm) (ACGIH); IDLH
250 ppm (NIOSH).

Fire and Explosion Hazard

Combustible; flash point (closed cup) 87.8°C
(190°F); flash point of 50% aqueous solution
53°C (128°F) (at this concentration it may
form insoluble hemihydrate); it forms an
explosive mixture with air. Reactions with
strong acids and oxidizers are exothermic.

Safety Precautions

When handling this compound, wear appro-
priate eye goggles, hand gloves, and pro-
tective clothing. Avoid skin contact with
solution >0.1%. Wash the contaminated skin
with soap and water.

Disposal/Destruction

Chloroacetaldehyde is burned in an incin-
erator equipped with an afterburner and
scrubber.

Analysis

Chloroacetaldehyde is analyzed by GC and
GC/MS techniques.

5.11 GLYOXAL

Formula C,H,0,; MW 58.04; CAS [107-
22-2]
Structure and functional group:

active sites: the two carbonyl (—C=0)
groups

Synonyms: ethanedial; 1,2-ethanedione; bi-
formal; biformyl; oxal; oxaldehyde; gly-
oxylaldehyde

Uses and Exposure Risk

Glyoxal is used in the production of textiles
and glues and in organic synthesis.

Physical Properties

Yellowish liquid, in the solid form — yellow
prism becoming white; vapors green; bp
50.4°C (122.72°F); mp 15°C (59°F); density
1.14; soluble in water (polymerizes), alcohol,
and ether.

Health Hazard

Glyoxal is a skin and eye irritant; the effect
may be mild to severe. Its vapors are irri-
tating to the skin and respiratory tract. An
amount of 1.8 mg caused severe irritation in
rabbits’ eyes. Glyoxal exhibited low toxicity
in test subjects. Ingestion may cause somno-
lence and gastrointestinal pain.

LDs, value, oral (guinea pigs): 760 mg/kg



Fire and Explosion Hazard

Noncombustible; polymerizes on standing
or when mixed with water; polymerization
is exothermic and can become violent if
uncontrolled; reactions with strong acids,
bases, and oxidizers can become violent;
vapor—air mixture is explosive.

Disposal/Destruction

Glyoxal is mixed with a combustible sol-
vent and burned in a chemical incinerator
equipped with an afterburner and scrubber.

Analysis

Glyoxal is derivatized and analyzed by GC,
HPLC, or GC/MS.

5.12 GLUTARALDEHYDE

Formula (CH;)3(CHO),; MW 100.1; CAS
[111-30-8]

Structure and functional group:

i i
0=C—CH,—CH,—CH,—C=0

an aliphatic dialdehyde; reactive sites are

the two carbonyl (—C=0) groups

Synonyms: 1,5-pentanedial; 1,5-pentanedi-
one; glutaral; glutaric dialdehyde; Cidex;
Sonacide

Uses and Exposure Risk

Glutaraldehyde is used as a cold sterilizing
disinfectant, as fixatives for tissues, in tan-
ning, and in cross-linking proteins.

Physical Properties

Colorless crystals; bp 187°C/368.6°F (decom-
poses); mp —6°C (21.2°F); density 1.062; sol-
uble in water, alcohol, ether, and other organic
solvents.

Health Hazard

Glutaraldehyde is a strong irritant to the nose,
eyes, and skin. In rabbits, 250 pg and 500 mg

BENZALDEHYDE 177

in 24 hours produced severe irritation in the
eyes and skin, respectively. The corrosive
effect on human skin of 6 mg over 3 days
was severe. However, the acute toxicity of
glutaraldehyde by the oral and dermal routes
is low to mild. Ohsumi and Kuroki (1988)
determined that the symptoms of acute tox-
icity of this compound were less severe
than those of formaldehyde. But the restraint
of growth was more pronounced in mice
treated with glutaraldehyde. An oral LDsg
value of 1300 mg/kg was reported for mice.
Inhalation of this compound can cause upper
respiratory tract irritation, headache, and ner-
vousness. Mice exposed at 33 ppm showed
symptoms of hepatitis.

Exposure Limit
Ceiling (ACGIH) 0.8 mg/m® (0.2 ppm).

Fire and Explosion Hazard

Not flammable; it does not present explosion
hazards.

Disposal/Destruction

Glutaraldehyde is dissolved in a combustible
solvent and burned in a chemical incinerator
equipped with an afterburner and scrubber.

Analysis

Glutaraldehyde is analyzed by GC-FID using
any column suitable for aldehyde; other ana-
lytical techniques are GC/MS and HPLC.

5.13 BENZALDEHYDE

Formula C¢HsCHO; MW 106.10; CAS [100-
52-7]
Structure and functional group:

Ot

—CHO group attached to benzene ring,
first member of aromatic aldehyde homol-
ogous series
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Synonyms: benzoic aldehyde; phenyl metha-
nal; oil of bitter almond; benzene carbalde-
hyde; benzene carbonal

Uses and Exposure Risk

Benzaldehyde is used as an intermediate
in the production of flavoring chemicals,
such as cinnamaldehyde, cinnamalalcohol,
and amyl- and hexylcinnamaldehyde for per-
fume, soap, and food flavor; synthetic peni-
cillin, ampicillin, and ephedrine; and as a
raw material for the herbicide Avenge. It
occurs in nature in the seeds of almonds,
apricots, cherries, and peaches. It occurs in
trace amounts in corn oil.

Physical Properties

Colorless liquid; bp 178°C (352.4°F); mp
—26°C (—14.8°F); density 1.046 at 20°C
(68°F); readily soluble in alcohol and ether,
moderately soluble in acetone and ben-
zene, and slightly soluble in water (0.6% at
20°C/68°F).

Health Hazard

Benzaldehyde exhibited low to moderate tox-
icity in test animals, the poisoning effect
depending on dosage. Ingestion of 50—60 mL
may be fatal to humans. Oral intake of a large
dose can cause tremor, gastrointestinal pain,
and kidney damage. Animal experiments
indicated that ingestion of this compound
by guinea pigs caused tremor, bleeding from
small intestine, and an increase in urine vol-
ume; in rats, ingestion resulted in somno-
lence and coma.

LDs, value, oral (guinea pigs): 1000 mg/kg
LDsq value, oral (rats): 1300 mg/kg

A 500-mg amount for a 24-hour period
resulted in moderate skin irritation in rab-
bits. Because of its low toxicity, high boil-
ing point, and low vapor pressure, the health
hazard to humans from exposure to benzalde-
hyde is very low.

Fire and Explosion Hazard

Combustible, flash point (open cup) 74°C
(165°F) and (closed cup) 64.5°C (148.1°F);
vapor pressure 0.97 torr at 26°C (78.8°F);
autoignition temperature 192°C (377°F). Fire-
extinguishing agent: water spray, dry chemi-
cal, foam, or CO,.

Benzaldehyde forms explosive mixture
with air; explosive limits are not reported.
It can explode when treated with performic
acid.

Storage and Handling

Benzaldehyde is stored in stainless steel,
glass, Teflon, or phenolic resin-lined con-
tainers.

Analysis

Benzaldehyde is analyzed by GC-FID or
GC/MS either in its pure form or as
a derivative with oxime, semicarbazone,
2,4-dinitrophenylhydrazone, or thiosemicar-
bazone.

5.14 CINNAMALDEHYDE

Formula CgH;CHO; MW 132.17; CAS [104-
55-2]
Structure and functional group:

H

|
@CHCHCO

unsaturated aromatic aldehyde; active sites

are the aldehyde carbonyl (—C=0) group,
olefinic double bond in the side chain, and
the positions in the benzene ring

Synonyms: cinnamal; cinnamic aldehyde; 3-
phenyl-2-propenal; 3-phenyl acrolein; zim-
taldehyde; cassia aldehyde

Uses and Exposure Risk

Cinnamaldehyde is used in flavor and per-
fumes. It occurs in cinnamon oils.



Physical Properties

Yellowish liquid with a strong smell of
cinnamon; bp 253°C (487.4°F); mp —7.5°C
(18.5°F); density 1.0497 at 20°C (68°F);
immiscible with water, soluble in alcohol,
ether, and chloroform.

Health Hazard

Cinnamaldehyde can cause moderate to sev-
ere skin irritation. Exposure to 40 mg in
48 hours produced a severe irritation effect
on human skin. The toxicity of this com-
pound was low to moderate on test sub-
jects, depending on the species and the toxic
routes. However, when given by oral route
in large amounts, its poisoning effect was
severe. Amounts greater than 1500 mg/kg
have produced a wide range of toxic effects
in rats, mice, and guinea pigs. The symptoms
were respiratory stimulation, somnolence,
convulsion, ataxia, coma, hypermotility, and
diarrhea.

LDs, value, oral (guinea pigs): 1150 mg/kg

Cinnamaldehyde is a mutagen. Its carcino-
genic effect is not established.

Fire and Explosion Hazard

Combustible liquid; flash point (¢rans-form)
71°C  (160°F). Fire-extinguishing agent:
“alcohol” foam, CO,, or dry chemical.

Disposal/Destruction

Cinnamaldehyde is mixed with a combustible
solvent and burned in a chemical incinerator
equipped with an afterburner and scrubber.

Analysis

A GC, GC/MS, or HPLC technique is suit-
able for analyzing cinnamaldehyde.

5.15 SALICYLALDEHYDE

C¢H4s(OH)CHO; MW CAS

[90-02-8]

122.13;
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Structure and functional group:

OH

an aldehyde and a phenolic —OH group
on the benzene ring

Synonyms: o-hydroxybenzaldehyde; 2-form-
ylphenol; salicylal

Health Hazard

Salicylaldehyde is a skin irritant; 500 mg/day
caused moderate irritation to rabbit skin. It
can have injurious effects on fertility. Stud-
ies on rats indicate that subcutaneous admin-
istration of salicylaldehyde in a high dose
of >400 mg/kg can produce developmental
abnormalities, fetal death, and postimplanta-
tion mortality.

The toxicity of this compound, however,
is low. No toxic symptoms were noted.

LDsq value, oral (rats): 520 mg/kg
LDs value, skin (rats): 600 mg/kg

Fire and Explosion Hazard

Combustible liquid; flash point 78°C (172°F);
fire-extinguishing agent: “alcohol” foam. The
range for its explosive limits in air is not
reported.

Disposal/Destruction

Salicylaldehyde is burned in a chemical
incinerator equipped with an afterburner and
scrubber.

Analysis

GC-FID, GC/MS, and HPLC techniques are
suitable for the analysis of salicylaldehyde.

5.16 MISCELLANEOUS ALDEHYDES

Many aldehydes other than those discussed
above can be hazardous. Such substances,
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190 ALDEHYDES

which contain the characteristic functional
group

—C=0

falling under the category of aldehyde, do
not necessarily show toxicity, corrosivity, or
flammability attributable exclusively to the
aldehyde functional group in the molecule.
For example, the toxicity may be gen-
erated from the halo substitution in the
molecule. However, for the sake of con-
venience, these are classified under aldehy-
des, even if their hazardous properties are
caused by the “toxic” or ‘“reactive” sites
present elsewhere in the molecule. Listed
in Table 5.3 are some of the aldehydes that
present moderate to severe health and/or fire
hazards. Also presented in the lists are com-
pounds of commercial use but with mild
to moderate hazards. CAS registry num-
bers, synonyms, structure, physical proper-
ties, health, and fire hazards are documented
in the table.

Safety, precautions, method of disposal,
and analyses, being somewhat similar, are
omitted. Burning in a chemical incinerator
equipped with an afterburner and scrubber
is recommended for disposal of these com-
pounds. The standard methods for the analyses
of these chemicals include GC-FID, GC/MS,
HPLC, and colorimetry techniques. Other
techniques, including FTIR and NMR, may
be applied wherever necessary for substantial
information on structure and for confirmation.
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ALKALIES

6.1 GENERAL DISCUSSION

Alkalies are water-soluble bases, mostly the
hydroxides of alkali- and alkaline-earth met-
als. Certain carbonates and bicarbonates also
exhibit basic properties, but they are weak
bases. These compounds react with acids to
form salts and water:

NaOH + HCl —— NaCl + H,0

Strong alkalies such as caustic soda and caus-
tic potash have a wide range of commercial
applications.

The health hazard from the concentrated
solutions of alkalies arises from their severe
corrosive actions on tissues. These com-
pounds are bitter in taste, corrosive to skin,
and are a severe irritant to the eyes. However,
such corrosive properties of alkalies vary
markedly from one compound to another
depending on the electropositive nature of
the metal. Thus, whereas caustic potash is
extremely corrosive, slaked lime or calcium
hydroxide is a mild irritant. The strength
of the base among the alkalies decreases

in the following order: rubidium hydroxide
> caustic potash > caustic soda > lithium
hydroxide > barium hydroxide > strontium
hydroxide > calcium hydroxide > potassium
carbonate > sodium carbonate > potassium
bicarbonate > sodium bicarbonate.

The bicarbonates of sodium and potas-
sium are very weak bases and their con-
centrated solutions are not corrosive to the
skin. Beryllium and magnesium hydroxides
are only slightly soluble in water and are very
weakly basic. While the corrosive actions of
the alkalies can be predicted from their basic-
ity strength, their toxicity is governed by the
metal ions (especially for the alkaline-earth
metal hydroxides). For example, while caus-
tic soda is a stronger base, and more corro-
sive than barium hydroxide, the latter is toxic
in a manner similar to other barium salts.

The hydroxides and carbonates of alkali-
and alkaline-earth metals are noncombustible.
The strong caustic alkalies, however, react
exothermically with many substances, includ-
ing water and concentrated acids, generating
heat that can ignite flammable materials.
The violent reactions of alkalies, resulting in
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194 ALKALIES

explosions, are listed in this chapter under the
individual compounds.

The hazardous alkali spills may be treated
effectively by methods involving neutraliza-
tion and solidification (Mandel et al. 1987).
The composition contains an organic acid,
clays of high and low absorbing types,
respectively, and a weak water-soluble acid
that may be applied to the spill in a soft
spray from a pressurized canister similar to a
fire extinguisher. Landfill leachate containing
high NH; concentrations may be destroyed
by biological treatment and oxidation (Ehrig
1984).

6.2 SODIUM HYDROXIDE

DOT Label: Corrosive Material, UN 1823
(for solid) and UN 1824 (for solution)
Formula NaOH; MW 39.998; CAS [1310-

73-2]
Synonyms: caustic soda; sodium hydrate;
soda lye; white caustic

Uses and Exposure Risks

Caustic soda is one of the most widely used
chemicals. It is used to neutralize acids; to
make sodium salts; to precipitate metals as
their hydroxides; in petroleum refining; in the
saponification of esters; in the treatment of
cellulose, plastics, and rubber; and in numer-
ous synthetic and analytical applications.

Physical Properties

White translucent crystalline solid (flakes or
beads); odorless; bitter in taste; hygroscopic;
mp 318°C (604°F); bp 1390°C (2534°F);
density 2.10 for pure solid and 1.53 for 50%
aqueous solution; highly soluble in water
(109 g/dL at 20°C (68°F)), aqueous solutions
highly alkaline (pH 13 for a 0.1 M solution).

Health Hazard

Sodium hydroxide is a highly corrosive sub-
stance that causes damage to human tissues.

Its action on the skin is somewhat different
from acid burns. There is no immediate pain,
but it penetrates the skin. It does not coagu-
late protein to prevent its further penetration,
and thus the caustic burn can become severe
and slow healing. Spilling of its concentrated
solutions into the eyes can result in severe
irritation or permanent injury.

It is toxic by ingestion as well as inhala-
tion of its dust. Although the oral toxicity of
a 5—10% solution of caustic soda was found
to be low in test animals, high dosages at
greater concentrations can cause vomiting,
prostration, and collapse. The oral lethal dose
in rabbits is 500 mg/kg (NIOSH 1986).

Sodium hydroxide dusts or aerosols are
irritating to the eyes, nose, and throat. Pro-
longed exposure to high concentrations in air
may produce ulceration of the nasal passage.

Exposure Limits

TLV-TWA air 2 mg/m® (OSHA); ceiling
2 mg/m® (ACGIH) and 2 mg/m3/15 min
(NIOSH).

Hazardous Reactions

The hazardous reactions of sodium hydrox-
ide may be classified under two categories:
(1) exothermic reactions, which cause a
noticeable rise of temperature and pressure in
a closed container, and (2) violent polymer-
ization reactions, causing explosions. Type 1
reactions include the neutralization of con-
centrated acids to form salts and water;
highly exothermic hydrate formation when
caustic soda is mixed with water; and reac-
tions with many alcohols and substituted
alcohols, such as chlorohydrins and cyanohy-
drins. These reactions can become violent if
large amounts of reactants are mixed rapidly.
Type 2 reactions involve violent base-
catalyzed polymerization of reactants causing
explosions. A base such as caustic soda may
catalyze the polymerizations of many organic
unsaturates. Violent explosions occurred when
caustic soda was mixed with acrolein, acry-
lonitrile, or allyl alcohol (NFPA 1986).



Sodium hydroxide reacts with trichloro-
ethylene, forming explosive mixtures of
dichloroacetylene. When heated with phos-
phorus pentoxide, a violent explosion can
result (Mellor 1946, Suppl. 1971). Phospho-
rus boiled with caustic soda solution can pro-
duce phosphine, which ignites spontaneously
in air. Amphoteric metals such as aluminum,
zinc, and tin react with sodium hydroxide,
generating hydrogen, which may form explo-
sive mixtures in air.

Storage and Shipping

Sodium hydroxide is stored in a dry place,
separated from acids, metals, and organic
peroxides, and protected against moisture. It
is shipped in bottles, cans, and drums.

Mild steel may be suitable as a material
of construction for handling caustic soda at
ambient temperature. At elevated tempera-
tures, >60°C (140°F), corrosion may occur.
Nickel and/or its alloys are most suitable
for caustic handling at all temperatures and
concentrations, including anhydrous molten
caustic up to 480°C (896°F) (Leddy et al.
1978). Polypropylene, fluorocarbon plastics,
and fiberglass/vinyl ester resins are being
used for many applications. Aluminum, tin,
zinc, and other amphoteric metals should not
be used in construction materials.

Analysis

Sodium hydroxide solutions are tested for
their total alkalinity by titration with stan-
dard acid. Alkaline dusts in air may be
estimated by flowing air through a 1-mm
poly(tetrafluoroethylene) membrane filter,
extracting the hydroxides with 0.01 N HCl
under nitrogen, followed by acid—base titra-
tion using a pH electrode (NIOSH 1984,
Method 7401). This method also measures
the total alkaline dusts in air that includes
caustic potash.

6.3 POTASSIUM HYDROXIDE

DOT Label: Corrosive Material, UN 1813
(solid) and UN 1814 (solution)

POTASSIUM HYDROXIDE 195

Formula KOH; MW 56.11; CAS [1310-58-3]

Synonyms: caustic potash; potassium hy-
drate; potassa

Uses and Exposure Risk

Potassium hydroxide is used in making liquid
soap and potassium salts, in electroplating
and lithography, in printing inks, as a mor-
dant for wood, and finds wide applications
in organic syntheses and chemical analyses.

Physical Properties

White deliquescent solid (lumps, rods, flakes,
or pellets); mp 360-380°C (680-716°F); bp
1320°C (2408°F); density 2.044; highly sol-
uble in water, alcohol, and glycerol, slightly
soluble in ether; highly alkaline, pH 13.5 for
a 0.56% solution.

Health Hazard

Potassium hydroxide is extremely corrosive
to tissues. Its corrosive action is greater than
that of sodium hydroxide. It gelatinizes tis-
sues to form soluble compounds that may
cause deep and painful lesions (ACGIH
1986). Contact with the eyes can damage
vision. Ingestion can cause severe pain in the
throat, vomiting, and collapse.

LDsq value, oral (rats): 365 mg/kg

Exposure to its dusts can cause irritation
of the nose and throat.

Exposure Limit

Ceiling in air 2 mg/m® (ACGIH).

Hazardous Reactions

Potassium hydroxide is noncombustible.
However, mixing it with water can produce
sufficient heat to ignite combustible materi-
als. Dissolution in water is exothermic due
to the formation of hydrates. Neutralization
with acids is exothermic, which may become
violent if large amounts in high concentra-
tions are mixed rapidly.
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Contact with amphoteric metals such as
aluminum, zinc, and tin generates hydrogen,
which is flammable, forming explosive
mixtures in air. When heated with tetra-
chloroethane or 1,2-dichloroethylene, potas-
sium hydroxide generates chloroacetylene,
a toxic gas that ignites spontaneously and
explodes in air.

Similar to caustic soda, caustic potash
can initiate base-catalyzed polymerizations
of acrolein, acrylonitrile, allyl alcohol, and
other organic unsaturates susceptible to poly-
merization, often resulting in explosions.

Most hazardous reactions of potassium
hydroxide are similar to those of caus-
tic soda and many are well documented
(NFPA 1986). Explosions occurred when
caustic potash was added to liquid chlo-
rine dioxide (Mellor 1946), nitrogen trichlo-
ride, N-nitrosomethyl urea in n-butyl ether
(NFPA 1986), and maleic anhydride (MCA
1960). Reaction with phosphorus yields
toxic and flammable gas phosphine, which
ignites spontaneously. Explosion may occur
if impure tetrahydrofuran is heated or dis-
tilled in the presence of concentrated caustic
potash solution.

Storage and Shipping

Caustic potash is stored in a dry place,
protected against moisture and water, and

isolated from acids, metals, organic perox-
ides, and flammable materials. Nickel, its
alloys, polypropylene, or fluorocarbon plas-
tics are suitable for use as construction mate-
rials for caustic potash handling. Aluminum,
zinc, tin, or their alloys should not be used
for such purposes. Potassium hydroxide is
shipped in bottles, barrels, drums, and tank
cars.

Disposal/Destruction

Potassium hydroxide is added slowly with
stirring to water at cold temperature, neutral-
ized with dilute acid, and flushed down the
drain.

Analysis

Titrations with standard acids are commonly
applied to test for the alkalinity of caustic
potash solutions. Air analysis for its dusts
may be performed by filtering air through
a PTFE membrane filter followed by acid
titration (NIOSH 1984, Method 7401; see
Section 6.2).

6.4 MISCELLANEOUS ALKALIES

See Table 6.1.

TABLE 6.1 Toxicity and Hazardous Reactions of Miscellaneous Alkalies

Compound/Synonyms/  Formula/

CAS No. MW Toxicity Hazardous Reactions

Lithium hydroxide LiOH Highly corrosive, very irritating Explosive polymerization
(lithium hydrate) 23.95 to skin and eyes; caustic may occur when in
[1310-65-2]; lithium LiOH-H,O effects similar to caustic contact with certain
hydroxide 41.97 soda but to a lesser extent; unsaturate organics;
monohydrate low toxicity; systemic strongly alkaline but less
[1310-66-3] toxicity similar to other com- caustic to sodium

pounds of lithium; DOT
Label: Corrosive Mat-
erial, UN 2679 (for anhy-
drous salt), UN 2680 (for
hydrate)

hydroxide; expected to
undergo many hazardous
reactions similar to
caustic soda
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Compound/Synonyms/  Formula/
CAS No. MW Toxicity Hazardous Reactions
Ammonium hydroxide NH,OH Highly caustic and Reacts violently with many
(aqueous ammonia, 35.06 corrosive; contact with silver salts, such as silver
aqua ammonia, eyes and skin can cause nitrate, silver oxide, silver
ammonia solution, severe irritation; perchlorate, and perman-
ammonia water) concentrated solutions ganate, causing explo-
[1336-21-6] emit ammonia, which can sions — attributed to the
cause lachrymation and formation of shock-
severe irritation of sensitive silver nitride or
respiratory tract and acute silver complexes; explo-
pulmonary edema (see sion may occur when its
Section 20.1); static 24-h reaction products with
median lethal tests with gold and mercury with
channel catfish indicated variable compositions are
that while ammonia was heated and dried; in
lethal with LCsy value of concentrated solution it
1.45 NH; N mg/L, NH,4 reacts with excess of
ion from NH,Cl was iodine to form nitrogen
essentially nontoxic to iodide, which may deton-
channel catfish at the ate on drying (Mellor
same pH (Sheehan and 1946, Suppl. 1964);
Lewis 1986); moderately produces flame and/or
toxic by ingestion; LDsg explosion when mixed
oral (rats): 350 mg/kg; with fluorine; reacts
DOT Label: Corrosive violently with dimethyl
Material, NA 2672 (for sulfate (NFPA 1986);
12—-44% ammonia exothermic reactions
content) occur when its concen-
trated solution is mixed
with concentrated acids
Rubidium hydroxide RbOH Stronger base and more Exothermic reactions with
(rubidium hydrate) 102.48 caustic than caustic concentrated acids and
[1310-82-3] potash; highly corrosive water; violent
to tissues; acute oral polymerization of certain
toxicity (probably an organic unsaturates may
effect of the cation), Rb occur when in contact
is lower than caustic with its solutions;
potash LDsq oral (rats): produces flammable gases
586 mg/kg; DOT Label: phosphine, chloroacety-
Corrosive Material, UN lene, and hydrogen on
2677 (solid), UN 2678 reactions with phosphor-
(solution) us, 1,2-dichloroethylene,
and metals such as
aluminum, zinc, and tin,
respectively
Barium hydroxide Ba(OH), Highly alkaline, corrosive to  Reaction with phosphorus
(barium hydrate, 171.38 skin; strong irritant to may yield toxic and

caustic baryta)
[17194-00-2]

eyes; moderately toxic to
test animals; toxicity

flammable gas, phos-
phine; causes explosive

(continued)
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TABLE 6.1 (Continued)

Compound/Synonyms/  Formula/

CAS No. MW Toxicity Hazardous Reactions
similar to other barium decomposition of maleic
compounds anhydride; may undergo

violent reactions typical
to strong alkalies

Calcium hydroxide Ca(OH), Can cause moderate skin Reacts with phosphorus to

(slaked lime, calcium 74.10 and eyes irritation; vapors form phosphine, which
hydrate) [1305-62-0] can cause irritation to ignites spontaneously in
respiratory tract; no air; reacts with nitro-
report on its acute or alkanes forming salts,
chronic toxicity; LDs which in dry state
oral (mice): 7300 mg/kg; decomposes violently;
TLV-TWA 5 mg/m’ causes explosive decom-
(ACGIH) position of maleic anhy-
dride; violent base-
catalyzed polymerization
of acrolein and acrylo-
nitrile may occur when
mixed with its concen-
trated solutions

Potassium carbonate K,CO;3 Irritant to skin and eyes; Exothermic reaction with

(dipotassium 138.21 oral toxicity low to very concentrated sulfuric

carbonate pearl ash, low; LDs, oral (rats): acid; and chlorine tri-

potash) [584-08-7] 1870 mg/kg fluoride; decomposed
with fluorine, produces
incandescence (Mellor
1946)

Sodium carbonate Na,CO; Mild irritant to skin and Explosion occurred in
(dipotassium 105.99 eyes; no toxic effect from contact with red hot

carbonate, crystol
carbonate, soda ash)

oral intake; LDs, oral
(rats): 4100 mg/kg;

aluminum (NFPA 1986);
reacts with fluorine

[497-19-8] breathing dusts may decomposing to incande-
cause lung irritation scence (Mellor 1946);
liberates heat when mixed
with concentrated acids
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ALKALOIDS

7.1 GENERAL DISCUSSION

Alkaloids comprise a broad class of organic
compounds, generally nitrogenous plant prod-
ucts that are basic in character and that
exhibit marked physiological action. These
substances occur throughout the plant king-
dom, in about 40 classes of plants. Some
alkaloids are also found in animals, insects,
marine organisms, and microorganisms. The
general characteristics of alkaloids are as fol-
lows. First, alkaloid molecules contain at least
one atom of nitrogen, usually in a hetero-
cyclic ring. In addition, these compounds may
contain nitrogen atoms in amine or imine
functional groups. The alkaloids are mostly
tertiary bases. A few are secondary bases
or quaternary ammonium salts. The basicity
varies from strong to very weak. Second, in
nature, alkaloids are generally found in the
form of salts or combined with tannin. Third,
most alkaloids are optically active. Fourth,
being basic, alkaloids react readily with min-
eral or organic acids to form salts.

Within the foregoing broad definition
and chemical properties, there are nearly
10,000 alkaloids, the nitrogenous natural

products, with a wide diversity of structures,
have been obtained from leaves, stems, roots,
barks, and seeds of plants or from animals
or microorganisms. Many alkaloids may be
produced by synthetic routes.

Because of their marked pharmacologic
activities, many alkaloids are used in
medicines. Alkaloids have been in use for
thousands of years in medicines and potions,
as euphoric substances and hallucinogens,
and as poisons. Table 7.1 lists some of the
known alkaloids, their plant origin, and their
skeletal ring structures.

Toxicity

All alkaloids are toxic compounds. However,
the degree of toxicity varies widely. Some
are extremely toxic compounds, and a good
number of these are mild toxicants. The
extremely toxic alkaloids include coniine,
aconitine, amanitins, chaksine, saxitoxin, and
surugatoxin; strychnine, nicotine, cytisine,
reserpine, and emetine are examples of
moderate to highly poisonous alkaloids.
Atropine, pilocarpine, quinine, lobeline,
ephedrine, and yohimbine are some of the
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TABLE 7.1 Principal Plant Alkaloids and Their Structural Heterocyclic Rings
Alkaloid Principal Skeletal Ring/Structural
Type/Source Alkaloids Unit
Tobacco Nicotine
Anabasine =
N
A
N
Pyridine—pyrrolidine
or
/ |
X ~
N N
Pyridine—piperidine
Cocoa Cocaine _CHj;
belladonna Atropine N
Scopolamine dw
Tropane
Opium Morphine
Codeine
Thebaine ’
Heroin O
‘ NH
Epoxymorphinan or
iminoethanophenanthrofuran
Papaverine
@)
Isoquinoline
Hemlock Coniine
Coniceine
N
H
Pyrimidine
Cinchona Quinine
Cinchonine
Quinidine

N
H
N

Quinoline—pyrimidine

(continued)
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TABLE 7.1
Alkaloid Principal Skeletal Ring/Structural
Type/Source Alkaloids Unit
Ergot Lysergamide COOH
LSD
Ergonovine |
N\
CH;
HN |
Lysergic acid
Rauwolfia Reserpine
Deserpidine
Resci . N
escinnamine N
Yohimbine
Yohimban
Strychnos Strychnine
Brucine
I
Indole unit, part of the
condensed ring systems
Ipecac Emetine
Cephaeline
N
Benzoquinolizine
Lupinous Lupinine N
Sparteine N
Cytisine
N
Octahydroquinolizine
and/or diazocine
Cocoa Caffeine
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TABLE 7.1 (Continued)
Alkaloid Principal Skeletal Ring/Structural
Type/Source Alkaloids Unit
Autumn crocus Colchicine
Benzoheptalene; no heterocyclic ring; the alkaloid
is an amide derivative
Peyote Mescaline No heterocyclic ring, an amine derivative
Mushroom Amanitins j\_/@
N
Presence of an indole unit in a complex structure
Muscazone HN
Muscimol k | 1J
Ibotenic acid 0 ~o
Oxazole Isooxazole
Aconite Aconitine Five-, six-, and seven-membered fused cyclic
Feraconitine rings; N atom is outside the ring

known alkaloids used in medicine and are
toxic at excessive doses.

Probably the most important alkaloids
are some of the potent habit-forming nar-
cotic and hallucinogenic substances extracted
from coca, opium, and peyote cactus plants.
These include cocaine, morphine, heroin,
and mescaline. LSD, an amide derivative of
lysergic acid, first synthesized three decades
ago, is among the most potent psychedelic
drugs. Halo derivatives of mescaline are sev-
eral times as potent as mescaline.

Alkaloids in this chapter are arranged
according to their plant origin and chem-
ical structures. Compounds from the same
species have similar heterocyclic structures,
differing only in functional groups or sub-
stituents attached to the rings. Although
the pharmacologic properties are the same
among alkaloids of the same species, the
degree of toxicity may differ widely. In cer-
tain cases, compounds of the same family
with the same skeletal structure may show
additional toxic effects of a different type.

Thebaine, the methoxy derivative of mor-
phine, is also a habit-forming substance,
but its primary toxic effects are similar to
those of strychnine, a convulsant poison,
rather than narcosis. Also, there are alkaloids
having different structures but similar toxic
actions. Lobeline, a lobelia alkaloid, which
has a piperidine nucleus, shows pharmaco-
logic action similar (but less potent) to that
of nicotine, a tobacco alkaloid that has a pyri-
dine—pyrrolidine ring system. The structure,
occurrence, physical properties, and toxicity
of some important alkaloids are presented in
the following sections.

Analysis

Since most alkaloids are basic, they form salts
with dilute mineral or organic acids. The pres-
ence of alkaloids in plants may be tested by
using a metal iodide reagent such as potassium
mercuric iodide or potassium bismuth iodide.
A precipitate formation occurs. But these
tests can give false results in the presence of
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proteins and coumarins. Ergot alkaloids pro-
duce blue color with Ehrlich’s reagent, which
is amixture of p-dimethylaminobenzaldehyde
in sulfuric acid. Indole alkaloids form distinct
colors with ceric ammonium sulfate reagent.

Individual compounds may be analyzed
by GC or HPLC techniques. Perrigo and
associates (1985) have described the use of
dual-column fused-silica capillary gas chro-
matography for drug screening. A fused-
silica DB 1 capillary column using dual
nitrogen—phosphorus and flame ionization
detectors have enabled the analysis of 188
compounds. High reproducibility has been
reported (Lora-Tamayo et al. 1986) by the
capillary system in the analysis of these
drugs and their metabolites, based on reten-
tion indexes and retention times relative to
diazepam.

HPLC is by far the most common analyt-
ical technique. Jinno and coworkers (1988)
have described rapid identification of poi-
soned human fluids by reversed-phase liquid
chromatography. Using diode-array detectors,
solutes in urine and plasma can be identified
to 10 ppm concentration with a high degree
of certainty (Engelhardt and Koenig 1989).
Computer-assisted HPLC analysis using a
multiwavelength UV detection system has
been applied to analyze several toxic drugs
qualitatively and quantitatively to permit clin-
ical diagnosis in cases of multiple drug inges-
tion (Hayashida et al. 1990; Jinno et al. 1990).

Alkaloids may be identified from their
mass spectra and analyzed by GC/MS.
Molecular ions and the characteristic ions
of skeletal units may aid in structure
elucidations.

Strychnine, used as a pesticide, is the
only alkaloid having a NIOSH method for
air analysis (NIOSH 1984, Method 5016).
An air volume of 70-1000 L is passed
over a 37-mm glass fiber and desorbed with
5 mL of mobile phase containing aqueous
1-heptane sulfonic acid and acetonitrile and
analyzed by HPLC using UV detection at
254 nm. The column contains Bondapak C18
of particle size 10 nm.

TOBACCO ALKALOIDS

Toxicity and Carcinogenesis of
Tobacco Components

Among the tobacco alkaloids, nicotine and
anabasine are the major components. All
tobacco alkaloids are toxic. The toxicity of
nicotine and anabasine is discussed below
under separate headings. There are also other
harmful substances that are not alkaloids.
These include nitrosamines, neophytadiene,
solanesol, polyphenols, hydrocarbons, and
steroids.

Aoyama and Tachi (1989) investigated
the acute toxicity caused by chewing
tobacco. Loose-leaf chewing tobacco (6 g)
was extracted with artificial saliva (8 mL)
for an hour and centrifuged. Ingestion of
1 mL of extract caused 100% mortality in
mice. The LDsy value estimated was 14 g
of chewing tobacco leaves per kilogram of
mouse body weight.

Accidental ingestion of dried tobacco
leaves caused nausea, vomiting, perspiration,
and dizziness to this author (Patnaik 1990).
The dose is estimated to be about 3 mg/kg,
and the effect lasted about 6 hours. Such
symptoms may be manifested especially after
first-time intake.

Rao and Chakraborty (1988) have stud-
ied the effects of solvent extractions on
the chemical composition of tobacco. Water
extractions significantly reduced the levels
of nicotine, reducing sugar and polyphenols.
Extractions with methanol reduced the con-
tent of solanesol, neophytadiene, hydrocar-
bons, and steroids. The solvent extractions
did not alter the structural identity of the
tobacco. There were no significant cellular
changes.

Certain compounds in tobacco are known
to cause cancer. Among these are the N-
nitrosamines and certain hydrocarbons. The
alcohol extract of the chewing variety of
tobacco tested mutagenic in a Salmonella
typhimurium test (Shah et al. 1985). Admin-
istration of the extract in mice resulted in an
increased incidence of lung and liver tumors.



The two major carcinogenic N-nitrosamines
in tobacco are N’-nitrosonornicotine (NNN)
[16543-55-8] and 4-(methylnitrosoamino)-1-
(3-pyridyl)-1-butanone (NNK) [64091-91-4].
The structures of these compounds are as
follows:

N (0]
A
C—CH,—CH;

of lactating rats (La Voie et al. 1987). NNK
formed in tobacco smoke has been found to
induce lung, liver, and nasal cavity tumors in
rats (Belinsky et al. 1986). NNK, NNN, and
N’-nitrosoantabine are present in ppm con-
centrations in many tobacco products and in
nanogram amounts in tobacco smoke (Nair
et al. 1989). Whereas both NNN and NNK
induced tumors of the lung, forestomach,
and liver, they failed to induce oral tumors
in mice (Padma et al. 1989). A subcuta-
neous cumulative dose of 50-300 mg/kg
NNK developed tumors in the respiratory
tract, nasal cavity, adrenal glands, pancreas,
and liver in Syrian golden hamsters (Correa
et al. 1990). The carcinogenic hydrocarbons
found in tobacco smoke are primarily the two
aromatics benz[a]pyrene and benzene.

The toxicity of tobacco smoke may be
decreased by treatment with dilute potassium
permanganate solution (Rosenthal 1989).
Nascent oxygen from KMnO may oxidize
the nicotine and tar components of a smoke
stream. Zinc oxide and ferric oxide are
found to reduce or eliminate the carcinogens
in tobacco smoke (Hardy and Ayre 1987).
Amonkar and coworkers (1989) found
that hydroxychavicol, a phenolic component
of betel leaf, showed protective action
against the tobacco-specific carcinogens
NNN and NNK. The authors suggest that this
compound may reduce the risk of oral cancer

GENERAL DISCUSSION 205

The carcinogenic hydrocarbon found in
tobacco is benz[a]pyrene (see Chapter 26).
The carcinogens mentioned above are present
in both cigarette smoke and tobacco. Studies
show that these compounds may be trans-
ferred from circulating blood into the milk

CH;

|
CH,—N—N=0 (NNK)

with tobacco chewers. Hydroxychavicol
exhibited an antimutagenic effect against the
mutagenicity of N-nitrosamines in both
the Ames Salmonella/microsome assay and
the micronucleus test using Swiss male mice.

7.2 NICOTINE

EPA Designated Toxic Waste, RCRA Waste
Number P075; DOT Label: Poison B, UN
1654

Formula CigH4N,; MW 162.26; CAS [54-

Oy

Structure:
N CH;

Contains a pyridine and a pyrrolidine ring
Synonyms: 3-(1-methyl-2-pyrrolidinyl)pyrid-
ine; 1-methyl-2-(3-pyridyl)pyrrolidine; S-
pyridil-o-N-methylpyrrolidine; black leaf

Uses and Exposure Risk

Nicotine is one of the principal constituents
of tobacco. It occurs in the dried leaves
of Nicotiana tabacum and Nicotiana rustica
to the extent of 2—8%. Exposure risk to
this alkaloid arises from smoking, chewing,
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or inhaling tobacco. Nicotine and its salts
are used as insecticides and fumigants, in
tanning, and in medicine.

Physical Properties

Colorless to pale yellow, oily liquid; turns
brown on exposure to light or air; faint odor
of pyridine; burning taste; hygroscopic; boils
at 247°C (476.6°F) with decomposition at
745 torr; vapor pressure 0.0425 torr at 20°C
(68°F); density 1.0097 at 20°C (68°F); sol-
uble in water and organic solvents; aqueous
solution alkaline (pH of 0.05 M solution 10.2);
reacts with acids to form water-soluble salts.

Health Hazard

Nicotine is a highly toxic compound. It stim-
ulates neuromuscular junctions and nicotinic
receptors, causing depression and paraly-
sis of autonomic ganglia. Exposure routes
are ingestion, absorption through skin, or
inhalation (smoking or inhaling tobacco).
The acute toxic symptoms in humans
include nausea, vomiting, salivation, mus-
cular weakness, twitching, and convulsions.
The symptoms of confusion, hallucinations,
and distorted perceptions have also been
noted in humans. Death may occur from res-
piratory failure. The lethal dose is approx-
imately 40 mg/kg. Chronic poisoning from
occupational exposure may exhibit symp-
toms of vomiting and diarrhea. Fatal cases
due to occupational poisoning are unusual.

Nicotine administered in animals produced
toxic symptoms that include somnolence,
change in motor activity, ataxia, dyspnea,
tremor, and convulsions.

LDsq values, intraperitoneal (rats): 14.5 mg/kg
LDs, values, oral (rats): 50 mg/kg

Kramer and coworkers (1989) investigated
the effect of nicotine on the accumulation of
dopamine in synaptic vesicles prepared from
mouse cerebral cortex or bovine striatum. It
was found to be a weak inhibitor of dopamine
accumulation.

The role of nicotine in tobacco car-
cinogenesis is not yet fully understood
(see the preceding section, “Tobacco Alka-
loids”). Nicotine is a precursor of N’-
nitrosonornicotine [16543-55-8], which is a
suspected lung carcinogen (Hoffmann et al.
1985). Nicotine-derived N-nitrosoamines
contribute significantly to carcinogenesis
caused by tobacco. However, there is no
evidence in animals or humans of cancers
caused by nicotine itself. Berger and cowork-
ers (1987) have found a beneficial effect of
perinatal nicotine administration in decreas-
ing the tumors of the neuorogenic system
induced by N-methylnitrosourea [684-93-5]
in Sprague-Dawley rats. Although nicotine
is noncarcinogenic, it acts as a cofactor
in carcinogenesis induced by 7,12-dimethyl
benz[a]anthracene in male Syrian golden
hamsters (Chen and Squier 1990).

Nicotine produced teratogenic effects in
test animals, causing postimplantation mor-
tality, fetal death, and developmental abnor-
malities. Nicotine and its primary metabolite
cotinine exhibited teratogenic potential with
Xenopus frog embryo teratogenesis assay
(Dowson et al. 1988).

Nicotine tested negative in the Neu-
rospora crassa—aneuploidy and histidine
reversion—Ames tests for mutagenicity.

Exposure Limit

TLV-TWA air 0.5 mg/m* (ACGIH, MSHA,
and OSHA).

7.3 ANABASINE

Formula C;oH14N>; MW 162.24; CAS [494-
52-0]
Structure:

Contains a pyridine and a piperidine ring



Synonyms: 2-(3-pyridyl)piperidine; 3-(2-pi-
peridyl)pyridine; neonicotine

Uses and Exposure Risk

Anabasine occurs in the tobacco species
Nicotiana glauca, Anabasis aphylla L.,
Chenopodiaceae, and Solanaceae. It is used
as an insecticide and as a metal anticorrosive
agent.

Physical Properties

Colorless liquid; boils at 271°C (519.8°F);
freezes at 9°C (48.2°F); soluble in water and
most organic solvents.

Health Hazard

The acute toxic symptoms include increased
salivation, confusion, disturbed vision, pho-
tophobia, nausea, vomiting, diarrhea, respi-
ratory distress, and convulsions. It causes
respiratory muscle stimulation similar to that
caused by lobeline. An oral lethal dose in
dogs is 50 mg/kg. A subcutaneous lethal
dose in guinea pigs is 10 mg/kg.

7.4 LOBELINE

Formula Cy,H»7NO,; MW 337.47; CAS
[90-69-7]

Structure:
o [ 1
0Ly
TROPANE ALKALOIDS
7.5 COCAINE

Formula C;7H;1NO4; MW 303.35; CAS
[50-36-2]
Structure:

LOBELINE 207

Contains a piperidine ring

Synonyms: 2-(6-(2-hydroxy-2-phenylethyl)-
1-methyl-2-piperidyl)-1-phenylethanone;
2-(6-B-hydroxyphenylethyl)-1-methyl-2-
piperidyl)acetophenone; 8,10-diphenyllo-
belionol

Uses and Exposure Risk

Lobeline is the principal lobelia alkaloid.
It occurs in the seeds and herb of Indian
tobacco (Lobelia inflata and Lobeliaceae). It
is used as a respiratory stimulant. Its sulfate
salt is used in antismoking tablets.

Physical Properties

Crystalline solid; melts at 130°C (266°F);
slightly soluble in water, dissolves readily in
hot alcohol, ether, chloroform, and benzene.

Health Hazard

The structure of lobeline is different from
those of nicotine and anabasine. It does not
have a pyridine ring, similar to the latter
two alkaloids. However, its pharmacologic
action is similar to but less potent than that
of nicotine. Like anabasine, it is a respira-
tory stimulant. The toxic symptoms include
increased salivation, nausea, vomiting, diar-
rhea, and respiratory distress.

LDsq value, intravenous (mice): 6.3 mg/kg

OCOCH;5

belongs to the class of tropane alkaloids



208 ALKALOIDS

Synonyms: benzoylmethylecgonine; 2-8-
carbomethoxy-3-8-benzoxytropane; 3-tro-
panylbenzoate-2-carboxylic acid methyl
ester; 3-B-hydroxy-1-a-H,5-«-H-tropane-
2-B-carboxylic acid methyl ester benzoate;
[-cocaine; B-cocaine

Uses and Exposure Risk

Use of cocaine is known since early times.
It occurs in the South American coca leaves.
Chewing of leaves mixed with lime was a
common practice among natives, who trav-
eled great distances without experiencing
fatigue (Cordell 1978). Cocaine is obtained
by extraction of coca leaves. It is also pre-
pared by methylation and benzoylation of the
alkaloid, ecgonine. The dilute aqueous solu-
tions of its hydrochloride is used as a topical
anesthetic in ophthalmology. Cocaine and its
derivatives are controlled substances listed
in the U.S. Code of Federal Regulations
(Title 21, Parts 321.1 and 1308.12, 1987).

Health Hazard

The physiologic responses from the use
of cocaine in humans are euphoria and
excitement, making it a habit-forming
substance. Such addictive potential has also
been observed in rats (Hartman 1978). High
doses can produce confusion, hallucinations,
delirium, convulsions, hypothermia, and
respiratory failure. It is a toxicant to the
cardiovascular and central nervous systems.
The acute poisoning symptoms, in addition
to those stated above, are nausea, vomiting,
abdominal pains, and dilation of the pupils.

Cocaine may be inhaled, smoked, or
injected. Low to average inhalation doses
range between 20 and 150 mg. Ether refined
powder is more potent than the unrefined
substance. It may also be refined by other
chemical treatments. The lethal doses in
humans as reported in the literature are
widely varying. A dose of 1-1.5 g may be
fatal to humans.

LDsg value, oral (mice): 99 mg/kg

Bozarth and Wise (1985) compared the
toxicity of cocaine with that of heroin
in rats, resulting from intravenous self-
administration. The animals were given
unlimited access to both compounds. Ani-
mals self-administering cocaine showed a
loss of 47% of their body weight and deterio-
ration of general health; 90% of the subjects
died in 30 days. Whereas heroin showed sta-
ble drug self-administration that increased
gradually, causing 36% mortality, cocaine
showed excessive self-administration. The
study showed that cocaine was much more
toxic than heroin when rats were given
unlimited access to intravenous drugs.

Langner and coworkers (1988) have
reported arteriosclerotic lesions in rabbits
resulting from repeated injection of cocaine.
These data indicate that the abuse of cocaine
may cause damage to the aorta, resulting
in the premature onset of cardiovascular
disease and its complications. Intravenous
administration of doses of 1 and 2 mg/kg
demonstrated dose-dependent increases in
systolic, diastolic, mean arterial, and pulse
pressures in pregnant and nonpregnant ewes
(Woods et al. 1990). The study showed
that pregnancy increased the cardiovascular
toxicity caused by cocaine. In squirrel
monkeys, an increase in blood pressure was
noted, along with increases in dopamine,
epinephrine, and nonepinephrine plasma
concentrations (Nahas et al. 1988). Hoskins
and coworkers (1988) investigated diabetes
potentiation of cocaine toxicity in rats. The
study shows that diabetic subjects are at
special risk to the toxicity and lethality of
this alkaloid.

Rosenkranz and Klopman (1990) have
predicted the carcinogenic potential of
cocaine in rodents. There is no substantial
evidence of its carcinogenic action. Exposure
is linked to the risk of transplacental cancer
induction in the developing human fetus.

Conners and associates (1989) have
investigated interactive toxicity of cocaine
with phenobarbitol, morphine, and ethanol
in organ-cultured human and rat liver slices.



The study indicated that cocaine combined
with any of these substances showed greater
toxicity than that observed with single
components. A similar interactive additive
effect with alcohol on maternal and fetal
toxicity in Long-Evans rats has been reported
(Church et al. 1988). In general, alcohol and
cocaine in combination with drugs poses a
greater risk to pregnancy than that of either
compound alone.

Many anticonvulsant drugs have been
studied for their efficacy against cocaine-
induced toxicity. Pretreatment with diazepam
or phenobarbitol prevented seizure and death
from intoxication with cocaine in rats (Derlet
and Albertson 1990a). N-Methyl-p-aspartate,
valproic acid, and phenytoin showed partial
protection against cocaine-induced seizures.
In another paper, Derlet and associates
(1990) reported that diazepam and pro-
pranolol pretreatment afforded protection
against cocaine-induced death. Pretreat-
ment with clonidine (0.25 mg/kg), prazosin
(5-20 mg/kg), propranolol (8-32 mg/kg),
or labetalol (40 mg/kg) protected rats against
intraperitoneal LDgg values of cocaine
(70 mg/kg) (Derlet and Albertson 1990b).
These substances interact with «- or pS-
adrenoreceptors. A combination of these
agents did not provide more protection
than that provided by single agents. Trouve
and Nahas (1986) reported the antido-
tal action of nitrendipine [39562-70-4]
against cardiac toxicity and the acute
lethal effects of cocaine. These investiga-
tors report that simultaneous administration
of nitrendipine (0.00146 mg/kg/min) and
cocaine (2 mg/kg/min) increased the survival
time of rats from 73 minutes to 309 minutes
and the lethal dose of the alkaloid from
146 mg/kg to 618 mg/kg.

7.6 ATROPINE

Formula C7H,3NO3; MW 289.41; CAS [51-
55-8]
Structure:
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N—CH;
H
: _CoHs
OCOCE
CH,0H

Synonyms: dI-hyoscyamine; o«-(hydroxy-
methyl) benzeneacetic acid 8-methyl-8-
azabicyclo  [3.2.1] oct-3-yl  ester;
2-phenylhydracrylic acid 3-a-tropanyl ester;
dl-tropanyl 2-hydroxy-1-phenylpropionate,
tropine tropate; dI-tropyltropate

Uses and Exposure Risk

Atropine is the racemic form of the alka-
loid /-hyoscyamine. The latter is a com-
mon tropane alkaloid found in solanaceous
plants, such as belladonna (Atropa bel-
ladonna), henbane (Hyoscyamus niger), and
the deadly nightshade (Datura stramonium).
During extraction, /-hyoscyamine is readily
racemized to atropine, which does not occur
naturally in more than traces.

Atropine is used medicinally as an anti-
cholinergic and antispasmodic agent. It is
applied in ophthalmological treatment and is
used as an antidote against organophosphorus
insecticide and nerve gases (see Chapters 39
and 47). Exposure risks may arise for infants
and young children from ophthalmological
treatments involving atropine application.

Health Hazard

Although atropine is a known antidote
against several toxic substances, its overdose
can cause severe poisoning. As with other
tropane alkaloids, atropine competitively
blocks muscarinic acetylcholine receptor
sites. This results in dilation of the pupil
of the eye (mydriatic effect), dryness of the
mucous membranes, especially of the mouth,
and inhibition of activity of sweat glands
(parasympatholytic action). At toxic doses,
it causes palpitation, speech disturbance,
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blurred vision, confusion, hallucinations, and
delirium. Overdoses may produce depression
of the central nervous system, convulsions,
and paralysis. The oral LDsg value in rats is
within the range 600 mg/kg.

7.7 SCOPOLAMINE

Formula C7H,;NOy4; MW 303.39; CAS [51-
34-3]

Structure:
N—CH;
(@)
H
. _CeHs
OCOCE
CH,OH

Synonyms: /-scopolamine; 6,7-epoxytropine
tropate; scopine tropate; hyoscine; 6-8-
7-B-epoxy-3-a-tropanyl S-(—)-tropate; 9-
methyl-3-oxa-9-azatricycle[3.3.1.0>4] non-
7-yl ester

Uses and Exposure Risk

Scopolamine is found in the leaves of Datura
metel L., D. meteloides L., and D. fastuosa
var. alba (Cordell 1978). It is used as a
sedative, a preanesthetic agent, and in the
treatment of motion sickness (Merck 1989).

Physical Properties

Colorless viscous liquid; decomposes on
standing; forms a crystalline monohydrate;
moderately soluble in water (10 g/100 g at
20°C 68°F), dissolves readily in hot water,
alcohol, ether, acetone, and methylene chlo-
ride; slightly soluble in petroleum ether, ben-
zene, and toluene. It is readily hydrolyzed
when mixed with acids and alkalies.

Health Hazard

The toxic effects are similar to atropine. The
symptoms at toxic doses are dilation of the

pupils, palpitation, blurred vision, irritation,
confusion, distorted perceptions, hallucina-
tions, and delirium. However, the mydriatic
effect is stronger than that of many other
tropane alkaloids. Scopolamine is about three
and five times more active than hyocyamine
and atropine, respectively, in causing dilation
of the pupils. Its stimulating effect on the
central nervous system, however, is weaker
than that of cocaine but greater than that
of atropine. The oral LDs, value in mice is
within the range of 1200 mg/kg.

The histidine reversion—Ames test for
mutagenicity gave inconclusive results.

OPIUM ALKALOIDS
7.8 MORPHINE

Formula C17H;9NO3; MW 285.33; CAS [57-
27-2]
Structure:

‘ N—CHj
HO

Synonyms: 7,8-didehydro-4,5-a-epoxy-17-
methylmorphinan-3,6-a-diol;  4a,5,7a,8-
tetrahydro-12-methyl-9H -9,9¢-iminoetha-
nophenanthro(4,5-bcd)furan-3,5-diol;
morphium

Uses and Exposure Risk

Morphine is the most important opium alka-
loid, found in the poppy plant (Papaver som-
niferum L.). It is obtained by extracting the
dried latex of poppy. It is also obtained from
opium, which is an air-dried milky exudate of
the same plant produced by incising unripe
capsules. Opium contains about 9-14% of
morphine. It is used in medicine for its nar-
cotic analgesic, anesthetic, and pain-relief
actions.



Physical Properties

White crystalline or amorphous powder;
obtained as short orthorhombic needles
or prisms from alcohols; melts at 197°C
(386.6°F); decomposes at 254°C (489.2°F);
darkens on exposure to light; almost insol-
uble in water [0.02 g/100 g at 20°C (68°F],
slightly soluble in ethanol, chloroform, ether,
and benzene; dissolves in alkali solutions.

Health Hazard

Morphine is a habit-forming substance lead-
ing to strong addiction. It exhibits acute
toxicity of several types and complexity.
Morphine simultaneously produces depress-
ing and stimulating actions on the central
nervous system. Depression of the cen-
tral nervous system results in drowsiness
and sleep. Large doses may produce coma
and lowering of heart rate and blood pres-
sure. Initial doses of morphine may produce
stimulant action, inducing emesis, which
can cause nausea and vomiting. Subse-
quent doses may block emesis. The variety
of effects on the central nervous system
are manifested by behavioral changes rang-
ing from euphoria and hallucinations to
sedation. Repeated dosing enhances tol-
erance and dependence, with increasingly
larger doses needed to produce the effect
of euphoria. Thus any abrupt termination
to morphine intake after chronic use may
lead to physiological rebound (Hodgson
et al. 1988). Haffmans and associates (1987)
reported the combating action of phelor-
phan against morphine addiction in chronic
morphine-dependent rats. Administration of
phelorphan (158 mmol/2 mL), an inhibitor
of enzymes involved in the biodegradation of
enkephalins, affected the withdrawal symp-
toms in the addicted animals.

Severe morphine poisoning may result in
respiratory failure after fainting fits, accom-
panied by coma and acute miosis. It exerts
effects on the gastrointestinal tract, decreas-
ing the spasmotic reflexes in the intestinal
tract, thus resulting in constipation.
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LDsq value, oral (mice): 524 mg/kg
LDsq value, subcutaneous (mice): 220 mg/kg

A fatal dose in humans may be about
0.5-1g.

Girardot and Holloway (1985) have inves-
tigated the effect of cold-water immersion
on analgesic responsiveness to morphine in
mature rats of different ages. This study indi-
cates that chronic stress affects the reactivity
to morphine in young mature rats but not in
old rats.

Studies show that when coadministered
with morphine, certain substances potenti-
ated morphine’s toxicity or mortality in rats.
These substances include gentamicin [1403-
66-3] (Hurwitz et al. 1988), and doxoru-
bicin (Adriamycin) [23214-92-8] (Innis et al.
1987).

Stroescu and coworkers (1986) have
reported the influence of the body’s elec-
trolyte composition on the toxic effect of mor-
phine. In mice, depletion of body sodium
ion increased the toxicity, which was found
to decrease by sodium loading. Glutathione
depletors such as cocaine, when coadmin-
istered with an opiate such as morphine or
heroin, may enhance hepatotoxicity in humans
(McCartney 1989). Such a potentiation effect
has been explained by the authors as being a
result of depletion of endogenous glutathione,
which conjugates with morphine to prevent
toxic interaction with hepatic cells.

Ascorbic acid and sodium ascorbate have
been reported to prevent toxicity of morphine
in mice (Dunlap and Leslie 1985). Sodium
ascorbate (1 g/kg) injected intraperitoneally
10 minutes before morphine (500 mg/kg)
protected the animals against mortality due
to respiratory depression. These investiga-
tors postulated that ascorbate antagonized the
toxicity of morphine by selectively affecting
the neuronal activity.

7.9 CODEINE

Formula C;gH,;NO5; MW 299.36; CAS [76-
57-3]
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Structure:

CH;0

N—CH;
HO

the methyl ether of morphine

Synonyms:  7,8-didehydro-4,5-a-epoxy-3-
methoxy-17-morphinan-6-¢-ol; morphine-
3-methyl ether; methylmorphine; morphine
monomethyl ether; N-methylnorcodeine

Uses and Exposure Risk

Codeine is used in medicine for its narcotic
analgesic action. It is used as a sedative in
cough mixtures. Codeine occurs in opium
from 0.7% to 2.5%. It is prepared from
morphine by methylating the phenolic —OH
group of the morphine. It is also obtained by
extraction of opium.

Physical Properties

White crystalline powder; obtained as mono-
hydrate in the form of orthorhombic rods
or tablets from water; dehydrates at 80°C
(176°F); melts at 155°C (311°F); sublimes
under high vacuum; slightly soluble in water
[0.8 g/100 g at 20°C (68°F)], readily soluble
in most organic solvents; aqueous solution
alkaline (pH of a saturated solution 9.8).

Health Hazard

The toxic effects due to codeine are similar
but less toxic than those of morphine
and other opium alkaloids. An overdose
can cause respiratory failure. It is a weak
depressant of the central nervous system.
It also exhibits stimulant action. Toxic
symptoms from high dosages may include
drowsiness, sleep, tremors, excitement, and
hallucinations. It may also produce gastric
pains and constipation. An oral LDs value in

rats is 427 mg/kg. The habit-forming effects
of codeine are lower than those associated
with morphine.

Nagamatsu and coworkers (1985) have
reported in vitro formation of codeinone
from codeine by rat or guinea pig liver
homogenate. Codeinone may be a metabolic
intermediate in the presence of nicotinamide
adenine dinucleotide (NAD). Its acute toxi-
city in mice was determined to be 30 times
higher than that of codeine.

7.10 THEBAINE

Formula C;9H;1NO3;; MW 311.37; CAS
[115-37-7]
Structure:

the methyl enol ether of codeinone
Synonyms: 6,7,8,14-tetradehydro-4,5-c-ep-

oxy-3,6-dimethoxy-17-methylmorphinan;

paramorphine; morphine-3,6-dimethyl ether

Uses and Exposure Risk

Thebaine is present in opium at 0.3—1.5%.
It is extracted from opium or from latex of
the plant Papaver bracteatum, in which it is
present at up to 26%. It is used to produce
codeine.

Physical Properties

Orthorhombic crystals; sublimes; melts on
rapid heating at 193°C (379.4°F); slightly
soluble in water [0.068 g/100 g at 20°C
(68°F)], moderately soluble in hot alcohol,
chloroform, pyridine, and benzene; aqueous
solution alkaline (pH of saturated solution
is 7.6).



Health Hazard

Although thebaine has a morphine- or
codeine-like structure, its pharmacology
action is somewhat different. It is a con-
vulsant poison like strychnine, rather than
a narcotic. High doses can cause ataxia and
convulsion.

LDsq value, intraperitoneal (mice): 42 mg/kg

Thebaine is a habit-forming compound. It
is a controlled substance (opiate) listed under
U.S. Code of Federal Regulations (Title 21
Part 1308.12, 1985).

7.11 HEROIN

Formula C,1H»3NO3;; MW 369.45; CAS
[561-27-3]
Structure:

A diacetyl derivative of morphine

Synonyms: 7,8-didehydro-4,5-«-epoxy-17-
methylmorphinan-3,6-¢-diol diacetate;
morphine diacetate; diacetylmorphine;
acetomorphine

Uses and Exposure Risk

Heroin does not occur in opium. It is made
from poppy extract. Acetylation of morphine
with acetic anhydride or acetyl chloride
produces heroin. Heroin is not generally used
clinically. Its illicit use in the street has been
rampant.

Physical Properties

Orthorhombic plates or tablets crystallized
from ethyl acetate; turns pink on long
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exposure to air, emiting acetate odor; mp
173°C (343.4°F); practically insoluble in
water [0.06 g/100 g at20°C (68°F)]; solubility
in ether, alcohol, and chloroform is 1, 3.2,
and 66 g/dL of solvent, respectively, at 20°C
(68°F).

Health Hazard

Heroin is a strongly habit-forming drug. It
is more potent than its parent compound,
morphine, and much more potent than
opium. The toxic effects are similar to
those of morphine. An overdose can cause
respiratory failure. It is a depressant and
a stimulant of the central nervous system,
showing a wide range of effects, ranging
from drowsiness to distorted perceptions
and hallucinations. Toxicological problems
from an overdose of heroin may also lead
to coma and pinpoint pupil. The toxicity
of heroin may be enhanced when it is
coadministered with cocaine. Administration
of a narcotic antagonist such as naloxone or
naltrexone may be performed for therapy.
A subcutaneous lethal dose in rabbits may
be 180 mg/kg. Heroin may produce harmful
reproductive effects in animals and humans.
It is a controlled substance (opiate) listed
under the U.S. Code of Federal Regulations
(Title 21, Part 329.1, 1308.11, 1987).

7.12 PAPAVERINE

Formula CyoH; NO4; MW 339.38; CAS [58-
74-2]

Structure:
OCH;,
OCH;
CH;
CH;0 | Sy
CH;0 Z

An opium alkaloid of benzylisoquinoline
type
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Synonyms:
thyl)-6,7-dimethoxyisoquinoline;
methoxy-1-veratrylisoquinoline

1-((3,4-dimethoxyphenyl)me-
6,7-di-

Uses and Exposure Risk

Papaverine occurs in opium to the extent of
0.8—1.0%, commonly associated with narco-
tine. It is used as a smooth muscle relaxant
and in medicine for its vasodilator action on
the blood vessels in the brain. It is effective
against asthma.

Physical Properties

White crystalline powder; obtained as
orthorhombic prisms from an alcohol—ether
mixture; melts at 147°C (296.6°F); sublimes
under vacuum; insoluble in water; soluble in
acetone, glacial acetic acid, and benzene.

Health Hazard

Papaverine is an inhibitor of cyclic nucleotide
phosphodiesterase, producing vasodilatory
effect. The acute toxic effects relative to
phenanthrene-type opium alkaloids (e.g.,
morphine, heroin) are low and the symptoms
are not the same. Papaverine is neither a nar-
cotic nor an addictive substance. Excessive
doses may produce drowsiness, headache,
facial flushing, constipation, nausea, vomit-
ing, and liver toxicity.

The LDs( data reported in the literature
show variation. An oral LDsy value in rats is
on the order of 400 mg/kg.

ERGOT ALKALOIDS

Ergot alkaloids are derived from the fungus
Claviceps purpurea, which grows on rye and
other grains. These alkaloids are extracted
from ergot produced parasitically on rye.
These compounds may also be produced
by partial or total synthesis. There are four
different classes of ergot alkaloids: clavine

types, lysergic acids, lysergic acid amides,
and ergot peptides. These alkaloids exhibit a
wide range of physiological actions, which
may arise from their partial agonist or
antagonist effects at amine receptor sites,
causing complex effects on cardiovascular
function, suppression of prolactin secretion,
and increase in uterine motility. Although
many of these alkaloids are highly toxic,
some are of great therapeutic value. Their
medicinal applications include treatment
of Parkinson disease, hemorrhage, and
migraine. Discussed below are individual
alkaloids of high toxicity. The acute
poisoning effects of ergot include nausea,
vomiting, diarrhea, thirst, rapid and weak
pulse, confusion, and coma. The chronic
toxicity signs are gastrointestinal disturbance
and gangrene.

Lysergic acid, produced by hydrolysis
of ergot alkaloids, is biologically inactive,
but many of its derivatives are toxic or
hallucinogens.

7.13 LSD

Formula C20H25N30; MW 323.48; CAS [50-
37-3]
Structure:

A diethylamide derivative of D-lysergic
acid.

Synonyms: 9,10-didehydro-N, N-diethyl-6-
methylergoline-8-8-carboxamide; N, N-
diethyllysergamide; p-lysergic acid diethy-
lamide; LSD-25; lysergide; delysid
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Uses and Exposure Risk

LSD is obtained by partial synthesis from
D-lysergic acid. It is also produced by
microbial reaction of Claviceps paspali over
the hydroxylethylamide. It is a well-known
hallucinogen and a drug of abuse, listed as
a controlled substance in the U.S. Code of
Federal Regulations (Title 21, Part 1308.11,
1987). It is used as an antagonist to serotonin
and in the study and treatment of mental
disorders.

Physical Properties

Crystalline solid; melts at 80-85°C
(176—185°F); soluble in alcohol and pyridine.

Health Hazard

LSD is a strong psychedelic agent. The
effects in human are excitement, eupho-
ria, hallucinations, and distorted perceptions.
It alters the thinking process, producing
illusions and loss of contact with real-
ity. In humans, a dose (intramuscular)
of 0.7-09 mg/kg or an oral dose of
2.5-3.0 mg/kg may produce the -effects
above. Other symptoms may include nausea,
vomiting, dilation of pupils, restlessness, and
peripheral vascoconstriction. However, there
is no reported case of overdose death. In rab-
bits, somnolence, ataxia, and an increase in
body temperature were the symptoms noted
at the LDs (intravenous) doses at 0.3 mg/kg.

LDs, value, intravenous (mice): 46 mg/kg

LDsy value, subcutaneous (guinea pigs):
16 mg/kg

7.14 MISCELLANEOUS LYSERGIC
ACID AMIDES WITH HALLUCINOGEN
ACTIVITY

MLD 41

Formula C,H»;N;0; MW 337.51; CAS
[4238-85-1]

Structure:
CN(C,Hs),
N
H
H;C—N

Synonyms: D-1-methyl lysergic acid diethy-
lamide; 9,10-didehydro-N, N-diethyl-1,6-
dimethylergoline-8-B-carboxamide

Toxicity

Hallucinogen. In humans an oral dose of
3 ng/kg may produce hallucinogen effects.

ALD-52

Formula C22H27N302; MW 365.52; CAS
[3270-02-8]

Structure:
D
CN(C,Hs),
N
CH;
H
CH;—C—

Synonyms: D-1-acetyl lysergic acid diethy-
lamide; 1-acetyl-9,10-didehydro-N, N-di-
ethyl-6-methylergoline-8-8-carboxamide

Toxicity

Hallucinogen. An oral dose of 1 pg/kg has
been reported to cause hallucinogen effects
(NIOSH 1986).



216 ALKALOIDS
MLA 74

Formula C19H23N30; MW 309.45; CAS
[7240-57-5]
Structure:

_N
CH;

Synonyms: D-1-methyl lysergic acid mono-
ethylamide; 9,10-didehydro-1,6-dimethyl-
N-ethylergoline-8-8-carboxamide

Toxicity

Hallucinogen. The effects in humans may
occur from an oral dose of 25 pg/kg (NIOSH
1986). The intravenous LDs, value in rabbits
is 9 mg/kg.

LAE 32

Formula C;gsH;1N3;O; MW 29542; CAS
[478-99-9]
Structure:

Synonyms: D-lysergic acid monoethylamide;
9,10-didehydro-N-ethyl-6-methylergoline-
8-pB-carboxamide

Toxicity

Hallucinogen. Psychedelic effects in humans
result from an oral dose of 20 pug/kg (NIOSH
1986).

DAM 57
Formula C;gH,N3;O; MW 295.42; CAS

[4238-84-0],
Structure:

N
CH,4
H

Synonyms:  9,10-didehydro-6-methylergo-
line-8-B-carboxamide; ergine; LA

Toxicity

Hallucinogen. The toxic dose in humans may
be 14 pg/kg.

7.15 ERGONOVINE

Formula C;gH»3N30,; MW 325.45; CAS
[60-79-7]
Structure:

HN

Synonyms: 9,10-didehydro-N-(«-(hydroxy-
methyl)ethyl)-6-methylergoline-8-S8-car-



boxamide; N-(1-(hydroxymethyl)ethyl)-p-
lysergomide;  D-lysergic  acid-1,2-pro-
panolamide; ergobasine; ergometrine

Uses and Exposure Risk

Ergonovine is a water-soluble lysergic acid
derivative that occurs in ergot. It is used as an
oxytocic agent. Its maleate derivative is used
in the treatment of postpartum hemorrhage.

Physical Properties

Crystalline solid, obtained as fine needles
or solvated crystals from benzene or ethyl
acetate; melts at 162°C (323.6°F); solution
alkaline, pK 6.8; soluble in water, alcohol,
acetone, and ethyl acetate.

Health Hazard

The toxicity of ergonovine is low to moder-
ate. The toxic symptoms include excitability,
respiratory depression, cyanosis, and convul-
sions. The intravenous LDs, value in mice is
144 mg/kg.

7.16 METHYLERGONOVINE

Formula C,;0H»5N30,; MW 339.48; CAS
[113-44-8]
Structure:

H CH)CH;
/—CH,OH
CONH

N

CH
H 3

HN

Synonyms: 9,10-didehydro-N-(«-(hydroxy-
methyl)propyl)-6-methylergoline-8-8-car-
boxamide; d-lysergic acid-dI-hydroxy-
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butylamide-2; methylergobasine; meth-

ergine

Uses and Exposure Risk

This compound is a homologue of ergono-
vine. It is used in the treatment of postpartum
hemorrhage.

Physical Properties

Shiny crystals; melts at 172°C (341.6°F);
moderately soluble in water, dissolves read-
ily in alcohol and acetone.

Health Hazard

The toxic effects due to methylergonovine in
humans include nausea, vomiting, dizziness,
and hypertension. The oral and intravenous
LDsq values in mice are 187 and 85 mg/kg,
respectively.

CINCHONA ALKALOIDS
7.17 QUININE
Formula CpoHyuN>O,; MW 326.21; CAS

[130-95-0],
Structure:

Synonyms: 6'-methoxycinchonan-9-ol; 6-
methoxycinchonine; «-(6-methoxy-4-qui-
nolyl)-5-vinyl-2-quinuclidine  methanol;
(—)-quinine
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Uses and Exposure Risk

Quinine occurs in the dried stems or root
barks of cinchona (Cinchona ledgeriana
Moens). It is used in the treatment of malaria.
It is also used as an analgesic and antipyretic
agent.

Physical Properties

White crystalline solid; bitter in taste; melts
at 177°C (350.6°F); pH of saturated aque-
ous solution 8.8; produces blue fluorescence;
slightly soluble in water (0.05 g/100 mL)
at 20°C (68°F), dissolves readily in alco-
hols and chloroform. Quinine forms three
stereoisomers: epiquinine, quinidine, and
epiquinidine.

Health Hazard

The toxicity of quinine is characterized by
cinchonism, a term that includes tinnitus,
vomiting, diarrhea, fever, and respiratory
depression. Other effects include stimula-
tion of uterine muscle, analgesic effect,
and dilation of the pupils. Severe poisoning
may produce neurosensory disorders, causing
clouded vision, double vision, buzzing of the
ears, headache, excitability, and sometimes
coma (Ferry and Vigneau 1983). Death from
quinine poisoning is unusual. Massive doses
may be fatal, however.

LDsq value, oral (guinea pigs): 1800 mg/kg

7.18 QUINIDINE

Formula: CygHpsN,O,; MW 324.46; CAS
[56-54-2]

Structure: Quinidine is a stereoisomer of
quinine (see Section 7.17).

Synonyms: S-quinine; (+)-quinidine

Uses and Exposure Risk

Quinidine occurs in cinchona bark to about
0.25-0.3% and also in cuprea bark. It is

present in quinine sulfate mother liquor. It
is formed by isomerization of quinine. It
is used in the prevention of certain cardiac
arrhythmias.

Physical Properties

White crystalline solid; bitter taste; mp
174°C (345.2°F); blue fluorescence; slightly
soluble in water, soluble in alcohols and
chloroform.

Health Hazard

Quinidine is more potent than quinine in its
action on the cardiovascular system. Over-
doses may cause lowering of blood pressure.
Gastric effects are lower than quinine. Toxic-
ity is lower relative to quinine; subcutaneous
lethal dose in mice is 400 mg/kg against
200 mg/kg for quinine.

7.19 CINCHONINE

Formula C;gH{1NO,; MW 249.26; CAS
[118-10-5]
Structure:

Similar to quinine, except there is no
methoxy group at position 6 in the ring

Uses and Exposure Risk

Cinchonine occurs in most varieties of cin-
chona bark (Cinchona micrantha and Rubi-
aceae). It is used as an antimalarial agent.



Physical Properties

White prismatic crystals; bitter in taste; melts
at 265°C (509°F); insoluble in water, mod-
erately soluble in boiling alcohol, slightly
soluble in chloroform and ether.

Health Hazard

The toxic effects from high doses of cincho-
nine include tinnitus, vomiting, diarrhea, and
fever. The toxic effects noted in rats were

Synonyms: (38,168,17,188,20c)-11,17-di-
methoxy-18-((3,4,5-trimethoxybenzoyl)-
oxy)yohimban-16-carboxylic acid methyl
ester; 3,4,5-trimethoxybenzoyl methyl re-
serpate; austrapine; sandril; serpasil, ser-
pine

Uses and Exposure Risk

Reserpine occurs in the roots of Rauwolfia
serpentina and other Rauwolfia species, such
as R. micrantha, R. canescens, and R. vom-
itoria Hook. It is used therapeutically as an
antihypertensive agent and a tranquilizer. Its
use has been reduced significantly because of
toxic side effects.

Physical Properties

Crystalline prismatic solid; decomposes at
264°C (507.2°F); weakly alkaline, pK 6.6;
slightly soluble in water, dissolves readily in
chloroform, glacial acetic acid, ethyl acetate,
and benzene; produces fluorescence; solu-
tions turn yellow on standing.

OCH;
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excitement, change in motor activity, and
convulsions. An intraperitoneal LDs, value
in rats is 152 mg/kg.

RAUWOLFIA ALKALOIDS
7.20 RESERPINE

Formula C33H4N>Og9; MW 608.75; CAS
[50-55-5]
Structure:

OCH;
OCH;
OCH;

Health Hazard

Reserpine produces sedative, hypotensive,
and tranquilizing effects. This is due to its
actions of causing depletion of monoamines
from presynaptic nerve terminals in cen-
tral and peripheral nervous systems. The
adverse side effects are drowsiness, night-
mare, depression, excessive salivation, nau-
sea, diarrhea, increased gastric secretion,
abdominal cramps, and hypotension.

LDs value, intraperitoneal (mice): 5 mg/kg
LDsq value, oral (mice): 200 mg/kg

There is some evidence of its carcinogenic
actions in animals and humans. Reserpine
given orally torats caused tumors in skin, liver,
and blood. In humans it may cause skin cancer.
Incidence of breast cancers have been found
to be high in women treated with reserpine.

7.21 RESCINNAMINE

Formula C3sH4»N>Og9; MW 634.79; CAS
[24815-24-5]
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Structure:

trimethoxycinnamate derivative of methyl
reserpate

Synonyms: 3.4,5-trimethylcinnamoylmethyl
reserpate; rescamin; anaprel

Uses and Exposure Risk

Rescinnamine occurs in the roots of a num-
ber of Rauwolfia species. Therapeutically, it
is used as an antihypertensive agent.

Physical Properties

Crystalline solid, crystallized as needles from
benzene; melts at 238°C (460.4°F); insoluble
in water, moderately soluble in methanol,
benzene, and chloroform.

Health Hazard

The pharmacological properties of rescin-
namine are similar to those of reserpine, but

OCH;

Synonyms: 17a-methoxy-188((3,4,5-trime-
thoxybenzoyl)oxy)-38,20c«-yohimban-16

OCH;
OCH;

the side effects are low. It acts as a sedative
and hypotensive. A dose of 0.25 mg/day may
produce the effect of sleepiness in humans.
Excessive doses may produce depression,
nightmare, nausea, diarrhea, and hypoten-
sion.

LDsq value, oral (rats): 1000 mg/kg

The carcinogenicity of rescinnamine in
animals or humans is unknown.

7.22 DESERPIDINE

Formula C32H33N208; MW 57872, CAS
[131-01-1]
Structure:

OCH;
OCH;
OCH;

B-carboxylic acid methyl ester; 11-des-
methoxy reserpine; canescine; tranquinil



Uses and Exposure Risk

Deserpidine is found and extracted from
the roots of Rauwolfia canescens L., and
Apocyanaceae. Therapeutically, it is used as
an antihypertensive agent.

Physical Properties

Crystalline solid; exists in three crystalline
forms; mp 228-232°C (442.4-449.6°F); sol-
uble in chloroform and methanol, insoluble
in water; pK 6.68 in saturated solution of
40% methanol in water.

Health Hazard

The pharmacological properties of deserpi-
dine are similar to those of reserpine, causing
sedation and tranquilization. Toxic effects
from high doses include drowsiness, depres-
sion, nausea, diarrhea, abdominal cramps,
and hypotension. It is less toxic than reser-
pine. However, the poisoning effects may be
greater than those of other Rauwolfia alka-
loids, such as rescinnamine. An oral LDsq
value in mice is 500 mg/kg.

There is some evidence of its carcino-
genic actions in animals and humans. Rats
given oral doses of 54 mg/kg over 77 weeks
developed blood tumor. In humans, it may
produce tumors in skin and appendages.
Cancer-causing properties of deserpidine,
however, are not yet fully established.

7.23 YOHIMBINE

Formula C,; HysN,O3; MW 354.49; CAS
[146-48-5]
Structure:
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An indole-derived alkaloid

Synonyms: (16«,17x)-17-hydroxyyohimban-
16-carboxylic acid methyl ester; corynine;
aphrodine; quebrachine

Uses and Exposure Risk

Yohimbine occurs in Corinanthe johimbe
K. and Rubiaceae trees. It is also found
in the roots of Rauwolfia serpentina L.
and Apocyanaceae. Its derivatives are
used therapeutically as adrenergic blocking
agents.

Physical Properties

Orthorhombic needles; melts at 235°C
(455°F); slightly soluble in water, soluble in
alcohol, chloroform, and hot benzene.

Health Hazard

Pharmacologically, yohimbine is an adren-
ergic blocking agent. It exhibits hypoten-
sive and cardiostimulant activities. Poisoning
from excessive doses may become severe,
causing convulsions and respiratory failure.

LDsq value, intraperitoneal (mice): 16 mg/kg
LDs value, oral (mice): 37 mg/kg

ACONITE ALKALOIDS
7.24 ACONITINE

Formula C3sH47NO;;; MW 645.72; CAS
[302-27-2]
Structure:

ch
OCH;

Synonyms: 16-ethyl-1,16,19-trimethoxy-4-
(methoxymethyl)aconitane-3,8,10,11,18-
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pentol 8-acetate 10-benzoate; aconitane;
acetyl benzoyl aconine

Uses and Exposure Risk

Aconitine occurs to the extent of 0.4—0.8%
in dried tuberous roots of aconite or monks-
hood (Aconitum napellus L. and Ranun-
culaceae) found in India, North America,
and Europe. It is used to produce heart
arrhythmia in experimental animals and as
an antipyretic agent.

Physical Properties

Crystalline solid obtained as hexagonal plates
from chloroform; melts at 204°C (399.2°F);
aqueous soln. alkaline; slightly soluble in
water [0.033 g/100 mL at 20°C (68°F)],
moderately soluble in ethanol and ether, but
dissolves readily in chloroform and benzene.

Health Hazard

Aconitine is among the most toxic alkaloids
known. Toxic doses are close to therapeutic

Synonyms: (lo,3¢,6c,140,168)-20-ethyl-1,
6,16-trimethoxy-4-(methoxy ethyl)aconi-
tane-3,8,13,14-tetrol 8-acetate 14-(3,4-di-
methoxybenzoate); pseudoaconitine; nepa-
line; veratroylaconine

Uses and Exposure Risk

Feraconitine occurs in the tubers of Indian
aconite (bish or Aconitum ferox), found in
India and Nepal. It is used in arrow poisoning
for hunting. Clinically, it is used in treating
rheumatism.

doses, and in humans as little as 2 mg
may cause death (Ferry and Vigneau 1983).
An oral lethal dose of 28 mg/kg has also
been recorded (NIOSH 1986). The toxic
symptoms at low doses may be excitement,
drowsiness, and hypermotility. The first sign
of poisoning from ingestion is a tingling,
burning feeling on the lips, mouth, gums,
and throat (Hodgson et al. 1988). This is
followed by nervous disorders, anesthesia,
loss of coordination, vertigo, hypersalivation,
nausea, vomiting, and diarrhea. Toxic actions
of aconitine are very rapid. The crystalline
form of this compound is much more toxic
than the amorphous aconitine. At a lethal
dose, death may result from cardiorespiratory
failure. Procaine may be an effective antidote
against aconitine poisoning.

LDsq value, oral (rat): 1 mg/kg

7.25 FERACONITINE

Formula C36Hs51NOjp; MW 689.78; CAS
[127-29-7]
Structure:

OCH;

Physical Properties

White crystalline, amorphous, or syrupy sub-
stance; salts are optically active; melts at
214°C (417.2°F); insoluble in water, soluble
in alcohol, ether, and chloroform.

Health Hazard

Feraconitine is a highly toxic alkaloid. The
acute toxic effects are similar to those of
aconitine. The symptoms from ingestion
are drowsiness, nervous disorders, weakness,



loss of coordination, vertigo, nausea, vomit-
ing, and diarrhea, progressing to bradycardia.
Death may result even from small doses,
due to cardiac depression. LDs, data for this
compound are not available.

HEMLOCK ALKALOIDS
7.26 CONIINE

Formula C;sH{7N; MW 127.26; CAS [458-
88-8]
Structure:

@CH —CH,—CH
N 2 2 3

H

Synonyms: 2-propylpiperidine; S-propylpi-
peridine; cicutine; conicine

Uses and Exposure Risk

Coniine is present in all parts of the plant
poison hemlock (Conium maculatum). 1t is
the first alkaloid to be synthesized and struc-
ture determined. Because of its high toxicity,
its clinical application is very limited.

Physical Properties

Colorless liquid; darkens on exposure to
light and air; polymerizes; boils at 166°C
(330.8°F); melts at —2°C (28.4°F); alka-
line, pK, 3.1; density 0.845 at 20°C (68°F);
slightly soluble in water and chloroform,
readily soluble in most organic solvents.

Health Hazard

Coniine is a highly toxic alkaloid. The
toxic symptoms from ingestion are weakness,
drowsiness, nausea, vomiting, muscle con-
traction, and labored breathing. A high dose
can cause convulsions, cyanosis, asphyxia,
and death. Chronic ingestion of coniine pro-
duced adverse reproductive effects and spe-
cific developmental abnormalities in cattles.
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LDsq value, oral (mice): 100 mg/kg

7.27 y-CONICEINE

Formula CgH5sN; MW 125.24; CAS [1604-
01-9]
Structure:

@CH —CH,—CH
N 2 2 3

Synonyms: 2,3,4,5-tetrahydro-6-propylpyrid-
ine; 2-n-propyl-3.,4,5,6-tetrahydropyridine

Uses and Exposure Risk

y-Coniceine occurs in the seeds of poison
hemlock (Conium maculatum L. or Umbel-
liferae). It is produced by reduction of
coniine.

Physical Properties

Colorless liquid with characteristic odor sim-
ilar to coniine; boils at 171°C (339.8°F); den-
sity 0.875 at 15°C (59°F); alkaline; slightly
soluble in water, dissolves readily in organic
solvents.

Health Hazard

Acute oral toxicity of y-coniceine is greater
than that of coniine. The symptoms are simi-
lar. Ingestion may cause drowsiness, nausea,
vomiting, respiratory distress, convulsions,
cyanosis, and at high doses, death. An oral
LDsq value in mice is reported as 12 mg/kg
(NIOSH 1986).

STRYCHNOS ALKALOIDS
7.28 STRYCHNINE
EPA Designated Toxic Waste; RCRA Waste

Number P108; DOT Label: Poison B, UN
1692
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Formula C;;H»»N,0,; MW 334.40; CAS
[57-24-9]
Structure:

Synonym: strychnidin-10-one

Uses and Exposure Risk

Strychnine occurs in the seeds of strychnos
species (S. nux vomica L., S. Loganiaceae,
and S. ignatii Berg). The total alkaloid con-
tent in these plants is 2—3%. The compo-
sition of strychnine in these species ranges
between 1% and 3%. Strychnine is widely
known as a poison. Its therapeutic applica-
tions are very limited. It is used as a rodent
poison.

Physical Properties

White crystalline powder; highly bitter; melts
at 268°C (514.4°F); very slightly soluble
in water [0.016 g/100 mL at 20°C (68°F)],
moderately soluble in boiling alcohol, dis-
solves readily in chloroform, pH of a satu-
rated aqueous soln. 9.5.

Health Hazard

Strychnine is a highly toxic alkaloid. It
causes hypersensitivity to sensory stimuli.
It is a powerful convulsant. This results in
respiratory and metabolic acidosis (Hodg-
son et al. 1988). Death occurs from asphyxia
after a few seizures. Its convulsant actions
are attributed to the antagonism of the
inhibitory effects of glycine. It excites all
portions of the central nervous system. It
produces green-colored vision, which is an
effect of sensory disorders. Toxic symptoms
from continued medication with strychnine

include photophobia, muscular rigidity, stiff-
ness in joints, lassitude, and headache (von
Oettingen 1952, ACGIH 1986). Ingestion of
0.1 g may be fatal to humans.

LDsq value, oral (mice): 2 mg/kg

Intravenous administration of diazepam
is applied for the treatment of strychnine
poisoning.

Exposure Limit

TLV-TWA air 0.15 mg/m’ (ACGIH, MSHA,
and OSHA)

7.29 BRUCINE

EPA Designated Toxic Waste, RCRA Waste
Number P018; DOT Label: Poison B, UN
1570

Formula Cy3HN,O4; MW 394.51; CAS
[357-57-3]

Structure:

Synonyms: 2,3-dimethoxystrychnine; 10,11-
dimethoxy strychnine; 2,3- dimethoxystry-
chnidin-10-one

Uses and Exposure Risk

Brucine occurs in the seeds of strychnos
species (Strychnos nux vomica L. and other
species). It is used for denaturing alcohols
and oils; for separating racemic mixtures;
and as an additive to lubricants. It is also
used for colorimetric analysis of nitrate.
Therapeutically, it is used as a stimulant.



Physical Properties

White crystalline solid; very bitter in taste;
mp 178°C (352.4°F); hydrated crystals (tetra-
and dihydrates lose water at 100°C (212°F);
pH of saturated aqueous soln. 9.5; slightly
soluble in water (0.07 g/100 mL), dissolves
readily in alcohols and chloroform.

Health Hazard

The toxicity of brucine is similar to that of
strychnine. It is a very poisonous alkaloid. It
is a strong convulsant; excites all portions of
the central nervous system. Toxic symptoms
include headache, tremor, muscular rigidity,
and convulsions. Death may occur from
respiratory arrest after a few convulsions.

LDsq value, subcutaneous (mice): 60 mg/kg

LUPIN ALKALOIDS
7.30 CYTISINE

Formula C;;H14N,O; MW 190.27; CAS
[485-35-8]
Structure:

Contains quinolizidine nucleus

Synonyms: 1,2,3,4,5,6-hexahydro-1,5-meth-
ano 8H -pyrido-[1,2-a][1,5]diazocin-8-one;
sophorine; ulexine; baptitoxine

Uses and Exposure Risk

Cytisine occurs in the seeds of Cytisus labur-
num L. and other Leguminosae.

Physical Properties

Orthorhombic prisms crystallized from ace-
tone; melts at 152°C (305.6°F); aqueous solu-
tion strongly basic; soluble in water and
organic solvents.
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Health Hazard

Cytisine is highly toxic to humans and ani-
mals. Ingestions may cause nausea, vomiting,
and convulsions. Death may occur from res-
piratory failure.

LDsq value, oral (rats): 101 mg/kg

7.31 LUPININE

Formula C;oH;oNO; MW 169.27; CAS [486-
70-4]
Structure:

CH,OH

N
H

Synonyms: [-lupinine; (1R-trans)-octahydro-
2H -quinolizine-1-methanol

Uses and Exposure Risk

The [-form of lupinine occurs in seeds and
herb of Lupinus luteous L., Chenopodiaceae,
and other lupinus species. Its clinical appli-
cations are very limited.

Physical Properties

Crystalline solid, obtained as orthorhom-
bic prisms from acetone; melts at 69°C
(156.2°F); bp 270°C (518°F); strongly basic;
soluble in water and organic solvents.

Health Hazard

This alkaloid is moderately toxic. The toxic
action, however, is lower than that of cyti-
sine. Ingestion of high doses may produce
nausea, convulsions, and respiratory fail-
ure. The lethal dose in guinea pigs by the
intraperitoneal route is 28 mg/kg.

7.32 SPARTEINE

Formula C5Hy¢N,; MW 234.37; CAS [90-
39-1]
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Structure:

N
H

Synonyms: dodecahydro-7,14-methano-2H,
6H -dipyrido [1,2-a:1’,2'- e][1,5]diazocine;
lupinidine; 68,7«,9«,11a-pachycarpine; [-
sparteine

Uses and Exposure Risk

Sparteine occurs in yellow and black lupin
beans (Lupinus luteus L. and L. niger). It
also occurs in other Lupinus species as
well as in Cytisus and Spartium species.
Therapeutically, it is used as an oxytocic
agent.

Physical Properties

Viscous oily liquid; boils around 180°C
(356°F); density 1.02 at 20°C (68°F); strongly
basic, a 0.01 M soln. has pH 11.6; slightly
soluble in water (0.3 g/100 mL), dissolves
readily in alcohol, ether, or chloroform.

Health Hazard

Toxic actions of sparteine are similar to those
of coniine but are much less toxic than those
of coniine. The toxic symptoms in mice were
tremor, muscle contraction, and respiratory
distress. An intraperitoneal dose lethal to
guinea pigs is 23 mg/kg.

LDsq value, oral (mice): 220 mg/kg

IPECAC ALKALOIDS
7.33 EMETINE

Formula C;9H4N,04; MW 480.63; CAS
[483-18-1]

Structure:

"CH,CHj
b OCHj;
X
OCH;
Synonyms: 3-ethyl-1,3,4,6,7,11b-hexahydro-
9,10-dimethoxy-2-((1,2,3,4-tetrahydro-6,
7-dimethoxy-1-isoquinolyl)methyl)2H -

benzo [a]quinolizine; 6',7',10,11-tetra-
methoxymetan; cephaeline methyl ether

Uses and Exposure Risk

Emetine occurs in the ground roots of
ipecac (Uragoga ipecacuanha, Cephaelis
ipecacuanha, Uragoga acuminata, and Rubi-
aceae). Ipecacs are of two varieties, Brazilian
and Cartagena. The former contains about
1.2—1.5% emetine, and the latter constitutes
about 1.1-1.4% emetine. It is used as an
emetic to induce vomiting for the treatment
of poisoning. It is also used as an antiamebic.

Physical Properties

White amorphous powder with very bitter
taste; becomes yellow when exposed to light
or heat; melts at 74°C (165.2°F); aqueous
solutions alkaline; slightly soluble in water,
dissolves readily in most organic solvents.

Health Hazard

Emetine is a moderate to highly toxic alka-
loid. At toxic doses it affects the digestive,
neuromuscular, and cardiovascular systems,
causing nausea, diarrhea, vomiting, muscle
weakness, and lowering of blood pressure.
The poisoning effects are cumulative and
may be manifested as side effects at ther-
apeutic doses. The oral LDsy value in rats



is reported to be 68 mg/kg (NIOSH 1986).
Chronic exposure to this alkaloid and its
salts have resulted in conjunctivitis, epider-
mal inflammation, and asthma attacks in sus-
ceptible individuals (Cordell 1978).

7.34 CEPHAELINE

Formula CygH3sN,O4; MW 466.60; CAS
[483-17-0]
Structure:

- ’CHQCH3
. ,H
HN
OCH,
Synonyms: 7’,10,11-trimethoxymetan-6'-ol;
dihydropsychotrine; desmethylemetine

Uses and Exposure Risk

Cephaeline occurs in the ground roots of
ipecac along with emetine. The Brazil-
ian variety usually contains about 0.5%

OH
H3C.. - CHCH,OH
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cephaeline. It is used as an emetic and anti-
amebic reagent.

Physical Properties

Crystalline solid, obtained as needles from
ether; faintly bitter in taste; melts at 115°C
(239°F); insoluble in water, dissolves in
organic solvents and dilute mineral acids.

Health Hazard

The toxicity of cephaeline is lower than that
of emetine. The toxic effects are cumula-
tive. Ingestion of high doses may produce
hypotension, muscle weakness, and gastroin-
testinal problems, including nausea, vomit-
ing, and diarrhea.

MUSHROOM ALKALOIDS
7.35 AMANITINS

Among the highly toxic species of mush-
rooms are the Amanita species. The group
of amanitin alkaloids present in Amanita
phalloides are a-, -, and y-amanitins and
amanin. The former two types of alkaloids
occur to the extent of 4-5 mg/100 g. The
structure of o- and S-amanitin is as follows:

|
ITTH*CH*CO*NH*CH*CONH*(IZHZ

|
N CH—CH_

HO Co OH | C,Hs
\CH éH II{ (':O
2 NH
$Hg \NH—CO—(le—NH—co—éH
COR 2

a-amanitin: C39Hs4N;00;13S7, R=NH,
B-amanitin: C39Hs3N9O4S, R=OH
Amanitins are highly toxic alkaloids. The
fatal dose for humans is about 0.1 mg/kg.
The delayed toxic effects begin about

10—15 hours after ingestion. The symptoms
are salivation, vomiting, diarrhea, muscular
twitching, liver damage, lesions of the
kidneys, convulsions, hepatic coma, and
death.
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a-Amanitin [21150-20-9] LDs, value, intra-
peritoneally (mice): 0.1 mg/kg

B-Amanitin [21150-22-1] LDsq value, intra-
peritoneally (mice): 0.5 mg/kg

y-Amanitin [21150-23-2] LDsq value, intra-
peritoneally (mice): 0.2 mg/kg

e-Amanitin [21705-02-2] LDsy value, intra-
peritoneally (mice): 0.3 mg/kg

Amanin [21150-21-0] LDs; value, intraperi-
toneally (mice): 0.5 mg/kg

Certain species of poisonous mushrooms
contain toxic substances that are structurally
different from those mentioned above. These
toxic components are characterized by the
presence of oxazolidine heterocycles in their
structures. These are ibotenic acid [2552-55-
8], muscazone [2255-39-2], and muscimol
[2763- 96-4].

7.36 IBOTENIC ACID
Formula CsH¢N,O4; MW 158.11; CAS
[2552-55-8]
Structure:
HO
.
"0 (IZHNH2
COOH
Synonyms:  «-amino-2,3-dihydro-3-oxo-5-

isoxazoleacetic acid; a-amino-3-hydroxy-
5-isoxazoleacetic acid; amino-(3-hydroxy-
isoxazolyl) acetic acid

Ibotenic acid occurs in Amanita pan-
therina, Amanita muscaria L., and Agari-
caceae.

Physical Properties

Crystalline solid; forms monohydrate; mp
151°C (303.8°F) (anhydrous), 145°C (293°F)
(monohydrate); soluble in water and alcohol.

Health Hazard

Ibotenic acid is a potent neurologic amino
acid. It exhibits neuroexcitatory activity and
causes sedative actions on spinal neurons.
High doses can cause sleep, hallucinations,
distorted perceptions, and nausea. In humans
the symptoms above may be manifested from
ingestion of 6—8 mg of ibotenic acid.

LDsqg value, oral (mice): 38 mg/kg
LDsq value, intraperitoneal (mice): 15 mg/kg
7.37 MUSCAZONE

Formula CsHgN,O4; MW 158.11;
[2255-39-2]

CAS

Structure:
HN |
A
O O (liHNH3
COO
Synonyms:  «-amino-2,3-dihydro-2-oxo-5-

oxazoleacetic acid; a-amino-2-0x0-4-oxa-
zoline-5-acetic acid

Muscazone is a crystalline solid, decom-
poses above 190°C (374°F); sparingly solu-
ble in water.

Health Hazard

Muscazone is one of the potent neurologic
toxins of Amanita muscaria. The toxic
symptoms from high doses are similar to
those of ibotenic acid. The LDs, data for this
compound are not available.

7.38 MUSCIMOL

EPA Designated Toxic Waste, RCRA Waste
Number PO07

Formula C4H¢N,O,; MW 114.10; CAS
[2763-96-4]



Structure:

|
N |
0~ “CH,NH,

Synonyms: 5-(aminomethyl)-3(2H )-isooxa-
zolone; 3-hydroxy-5-aminomethylisooxa-
zole; agarin

Muscimol is found in Amanita muscaria
L. and Agaricaceae.

Physical Properties

Crystalline solid, melts at 175°C (347°F)
(decomposes).

Health Hazard

Muscimol is a toxic alkaloid of poisonous
mushroom species, producing neurologic
action. It is a potent depressant of the
central nervous system. The adverse health
effects from its ingestion include sleep,
hallucination, distorted perceptions, and
vomiting.

LDs, value, oral (mice): 17 mg/kg
LDs value, intraperitoneal (mice): 2.5 mg/kg

MISCELLANEOUS ALKALOIDS

7.39 MESCALINE

Formula C;;H{7NO3z; MW 211.29; CAS [54-
04-6]
Structure:

CH,CH,NH,

CH;0 OCH;

OCH;

Synonyms: 3.4,5-trimethoxyphenylethylam-
ine; 3,4,5-trimethoxybenzeneethanamine;
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1-amino-2-(3,4,5-trimethoxyphenyl) eth-
ane; mezcline

Uses and Exposure Risk

Mescaline occurs in peyote cactus, Lopho-
phora williamsii (Lemaire) Coulter, grown in
Mexico. It is used as a hallucinogen in Native
American religious ceremonies. It is also
used in medicine. It is a controlled substance
(hallucinogen) and listed in the U.S. Code of
Federal Regulations (Title 21, Part 1308.11,
1987).

Physical Properties

Crystalline solid; melts at 35°C (95°F); mod-
erately soluble in water, dissolves readily in
alcohol, benzene, and chloroform, slightly
soluble in ether; absorbs carbon dioxide from
air, forming carbonate.

Health Hazard

Mescaline is a psychedelic agent, caus-
ing hallucinations. It promotes psychosis in
predisposed individuals. The mechanism of
action probably involves its function as sero-
tonin 5-HT agonist (Nichols 1986). Toxic
symptoms include drowsiness, dilation of
pupil, hyperreflexia, and restlessness. These
symptoms progress with increasing doses,
resulting in euphoria, distorted perceptions,
and hallucinations. Such an illusion effect
in humans may be manifested from intra-
muscular administration of about 150 mg of
mescaline. The toxicity of this alkaloid, is
otherwise, moderate, rarely causing death
from overdose.

LDs value, intraperitoneal (mice): 315 mg/kg
LDsq value, oral (mice): 880 mg/kg
7.40 COLCHICINE

Formula C;,HysNOg; MW 399.48; CAS [64-
86-8]
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Structure:

--NHCOCH,

contains an amide functional group

Synonyms: N-(5,6,7,9-tetrahydro-1,2,3,10-
tetramethoxy-9-oxobenzo(x)heptalen-7-yl)
acetamide; N-acetyl trimethylcolchicinic
acid methylether; colcin

Uses and Exposure Risk

Colchicine is present in the poisonous autumn
crocus (meadow saffron). It is the major alka-
loid of Colchicum autumnale L. and Lili-
aceae. It was used in poison potions in the
ancient kingdom of Colchis (Greece). It is
used therapeutically as an antineoplast, for the
suppression of gout, and in the treatment of
Mediterranean fever. It is used in plant studies
for doubling chromosome groups.

Physical Properties

Pale yellow crystals or powder; darkens when
exposed to light; melts at 145°C (293°F);
moderately soluble in water [4.5 g/dL at 20°C
(68°F)], slightly soluble in ether and benzene,
dissolves readily in chloroform and ethanol;
aqueous solution is neutral.

Health Hazard

Colchicine is a highly toxic alkaloid. The
target organs are the lungs, kidney, gas-
trointestinal tract, and blood. The toxic
effects include drowsiness, nausea, hyper-
motility, diarrhea, lowering of body temper-
ature, lowering of blood pressure, tremors,
convulsions, and respiratory distress. Chronic
ingestion may cause aplastic anemia and
hemorrhage.

LDs, value, oral (mice): 5.9 mg/kg

Colchicine solution at 10,000 ppm con-
centration caused severe irritation when
applied repeatedly to rabbits’ eyes. Colchi-
cine produced teratogenic effects in test
animals. It caused fetal death, cytological
changes, and developmental abnormalities
in hamsters, rabbits, domestic animals,
and mice. It tested positive to in vitro
mammalian nonhuman micronucleus and
D. melanogaster — nondisjunction tests for
mutagenicity (U.S. EPA 1986; NIOSH
1986).

7.41 SAXITOXIN

Formula C;oH;7N;04; MW 299.34; CAS
[35523-89-8]

Structure:
H)N O
o) N _NH,
HN \f
A NH
HN" "N S ~on

Synonyms: 2,6-diamino-4-(((aminocarbonyl)
oxy)methyl)-3a,4,8,9-tetrahydro-(3aS-(3
a-o,4a,10aR))1H ,10H -pyrrolo(1,2-c)pur-
ine-10,10-diol; mussel poison; clam poison

Uses and Exposure Risk

Saxitoxin is an alkaloid of nonplant origin.
It is the neurotoxic constituent of dinoflagel-
lates (Gonyaulax catenella and G. excavata)
the so-called “red tide” found along the U.S.
coast. Shellfish, clams, and scallops consume
this and become extremely poisonous for
human consumption.

Physical Properties

Crystalline solid; soluble in water and me-
thanol; forms dihydrochloride with HCL.



Health Hazard

Saxitoxin is an extremely toxic substance.
It binds to sodium channels and the blocks
nerve membrane. In humans, ingestion of
this compound can produce tingling and
burning in the lip, tongue, face, and the
whole body within an hour. This is fol-
lowed by numbness, muscular incoordina-
tion, confusion, headache, and respiratory
failure. Death may occur within 12 hours.

LDsg value intraperitoneal (mice): 0.005
mg/kg
LDsq value oral (mice): 0.26 mg/kg

Intravenous administration of 1 mL of
1:2000 solution of prostigmine methylsulfate
has been reported to be effective against
saxitoxin poisoning (Hodgson et al. 1988).

7.42 PILOCARPINE

Formula C;;H;(N,O,; MW 208.25; CAS
[92-13-7]
Structure:

H H
; ; _CH
CH;CH; )\ J CH, l j\l
=
o0~ o N

Synonyms: 3-ethyldihydro-4-((1-methyllH -
imidazol-5-yl)methyl)-2(3H )-furanone; al-
mocarpine

3

Uses and Exposure Risk

Pilocarpine occurs in the leaves of various
species of pilocarpus. It is used as an antidote
for atropine poisoning and in ophthalmology
to produce contraction of the pupil.

Physical Properties

Colorless crystalline solid or an oil; melts at
34°C (93.2°F); dissolves in water, alcohol,
and chloroform; slightly soluble in ether and
benzene.

CAFFEINE 231

Health Hazard

Pilocarpine is a tropane alkaloid. Toxic
symptoms are characterized by muscarinic
effects. Toxic effects include hypersecretion
of saliva, sweat, and tears; contraction of the
pupils of the eyes; and gastric pain accom-
panied with nausea, vomiting, and diarrhea.
Other symptoms are excitability, twitching,
and lowering of blood pressure. High doses
may lead to death due to respiratory failure.
A lethal dose in humans is estimated within
the range of 150-200 mg.

7.43 CAFFEINE

Formula CgHgN4O,; MW 194.22; CAS [58-
08-2]
Structure:

Synonyms: 3,7-dihydro-1,3,7-trimethyl-1H -
purine-2,6-dione; 1,3,7- trimethylxanthine;
1,3,7-trimethyl-2,6-dioxopurine; methyl-
theobromine; guaranine; theine

Uses and Exposure Risk

Caffeine is consumed in coffee, tea, cocoa,
chocolate, and soft drinks. It occurs naturally
in the leaves of coffee, tea, and maté and in
cola nuts. It is used in medicine and found in
many drugs. It is used as a cardiac stimulant.

Physical Properties

White prismatic crystals; odorless; bitter in
taste; melts at 237°C (458.6°F); sublimes;
slightly soluble in water [2.2 g/100 mL at
20°C (68°F)], soluble in boiling water, chlo-
roform, tetrahydrofuran, and ethyl acetate,
slightly soluble in alcohol, ether, and
benzene.
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Health Hazard

Caffeine is a stimulant of the central nervous
system. It eliminates fatigue and drowsi-
ness. However, high doses cause gastroin-
testinal motility, restlessness, sleeplessness,
nervousness, and tremor. Acute poisoning
effects include nausea, vomiting, headache,
excitability, tremor, and sometimes, convul-
sive coma. Other symptoms may be respira-
tory depression, muscle contraction, distorted
perception, and hallucination. Ingestion of
15-20 g may be fatal to humans.

LDsq value, oral (mice): 127 mg/kg
LDsq value, oral (rabbits): 224 mg/kg

Animal studies indicate that caffeine at
high doses produces adverse reproductive
effects, causing developmental abnormali-
ties. It tested negative in the histidine rever-
sion—Ames and TRP reversion tests.
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AMINES, ALIPHATIC

8.1 GENERAL DISCUSSION

Amines are a class of organic compounds
that contain the functional group —NH;.
Thus the structure of an amine is R—NH,,
where R, in the case of an aliphatic amine,
is an alkyl group; or for aromatic amines is
an aryl group. Also, R may be an alkene or
alkyne group attached to the nitrogen atom
of the amine. In a broad definition, com-
pounds containing the structure R—NH—R’
(an imine), or R—E—NH2 (an amide), or

a diamine or triamine (containing two or
three amino groups, respectively) are clas-
sified as aliphatic amines. Alicyclic amines,
which exhibit hazardous properties similar
to those of simple alkyl amines, are also
grouped under aliphatic amines in this chap-
ter. Common amides such as formamide or
acetamide are relatively nonhazardous and
are not discussed. Aziridine and methyl aziri-
dine are three-membered heterocyclic imines
that exhibit toxic and flammable properties
similar to those of lower aliphatic amines.

These compounds are also discussed in this
chapter.

The toxicity of most aliphatic amines may
fall in the low to moderate category, except
for ethylenimine (aziridine), which is mod-
erate to high. Such classification of low,
moderate, or high is too simplistic, based
on the oral LDsy or inhalation LCsq values
for rodents. The health hazard from amines
arises primarily from their caustic nature. All
lower aliphatic amines are severe irritants to
the skin, eyes, and mucous membranes. Skin
contact can cause burns, while contact with
eyes can result in corneal injury and loss of
sight. All these compounds have a strong to
mild odor of ammonia, and their vapors pro-
duce irritation of the nose and throat. Greim
et al. (1998) have evaluated some com-
mon toxicological properties of several pri-
mary, secondary and tertiary amines — based
on structure-activity relationship — from the
toxicity data of related compounds.

Aliphatic amines, especially the lower
ones, are highly flammable liquids, many of
which have flash points below 0°C (32°F).
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Such flammability presents a greater threat in
handling these compounds than that of their
caustic and irritant nature. Being heavier than
air, the vapors of these substances present
the danger of flashback fire hazard when the
container bottles are opened near a source of
ignition.

The reactivity of aliphatic amines is low.
Strongly basic, these compounds react vig-
orously with concentrated mineral acids. The
explosion hazards from amines are very lim-
ited. They may promote base-catalyzed poly-
merization of many unsaturated organics.
Such reactions are exothermic and can be-
come violent if not controlled properly.
Reactions with perchloric acid, hypochlo-
rites, and chlorine may produce unstable
products that may explode.

Analysis

Aliphatic amines may be analyzed by GC
using a flame ionization detector. Aqueous
samples may be injected directly into the GC.
A nitrogen-specific detector is more sensitive
and can be used for nonaqueous solutions.
Analysis of dimethyl- and diethylamine
in air may be performed in accordance to
NIOSH Method 2010 (NIOSH 1984, Suppl.
1989). About 3-30 L of air at a flow rate
of 10-1000 mL/min is passed through a
silica gel (20/40 mesh, 150 mg front and
75 mg back) sorbent tube. The analytes are
desorbed with dilute sulfuric acid in 10%
aqueous methanol (3-h ultasonication) and
injected into a GC equipped with a FID. A
packed column, 4% Carbowax M over 0.8%
KOH on Carbosieve B (60/80 mesh) was
used in the NIOSH laboratory. A nitrogen-
specific detector may be used for amine
analysis instead of an FID, using a DB-5
fused-silica capillary column. This method
may be applied for the analyses of other
aliphatic amines in air and also for certain
ethanolamines (NIOSH 1984, Suppl. 1989,
Method 2007). Alternatively, ethanolamines
may be analyzed by NIOSH Method 3509
(NIOSH 1984, Suppl. 1989). These com-
pounds present in air (5—300 L of air) are

collected over an impinger containing 15 mL
of 2 mM hexanesulfonic acid and analyzed
by ion chromatography. Ethyleneimine in
air may be sampled using a midget fritted
glass bubbler containing Folin’s reagent and
analyzed by HPLC-UV at 254 nm (OSHA
1992). The method describes extraction with
chloroform, separation of the analyte on a
C-18 column, and elution with acetonitrile-
water (50%-50%).

8.2 METHYLAMINE

DOT Label: Flammable Gas (Anhydrous)/
Flammable Liquid, UN 1061 and UN 1235

Formula CH3;NH,; MW 31.07; CAS [74-
89-5]

primary amine, first member of a homologue
series of aliphatic amines

Synonyms: Methanamine;
mine; aminomethane

monomethyla-

Uses and Exposure Risk

Methylamine is used in dyeing and tanning;
in photographic developer, as a fuel additive,
and as a rocket propellant. It is also used
in organic synthesis and as a polymerization
inhibitor. It occurs in certain plants, such as
Mentha aquatica.

Physical Properties

Colorless gas with a strong odor of ammonia
at high concentrations and a fishy odor at
low concentrations; liquefies to a fuming
liquid at —6.8°C (19°F); freezes at —93.5°C
(—136°F); soluble in water, alcohol, and
ether.

Health Hazard

Methylamine is a strong irritant to the
eyes, skin, and respiratory tract. Kinney and
coworkers (1990) have studied its inhala-
tion toxicity in rats. Rats were exposed
to methylamine by nose-only inhalation for
6 h/day, 5 days/week for 2 weeks. Expo-
sure to 75 ppm caused mild nasal irritation;



250 ppm produced damage to respiratory
mucosa of the nasal turbinates. Exposure
to 750 ppm produced severe body weight
losses, liver damage, and nasal degenerative
changes.

Any adverse health effects in humans due
to methylamine, other than its irritant action,
is unknown.

LCso value, inhalation (mice): 2400 mg/kg/
2h

Exposure Limits

TLV-TWA 10 ppm (~12.3 mg/m*)(ACGIH,
MSHA, and OSHA); IDLH 100 ppm
(NIOSH).

Fire and Explosion Hazard

Flammable gas; the aqueous solutions are
also flammable, flash point of a 30% solu-
tion 1.1°C (34°F); the gas (vapor) is heavier
than air (1.1 times that of air) and can travel
a considerable distance to a source of igni-
tion and flashback; autoignition temperature
430°C (806°F); fire-extinguishing procedure:
shut off the flow of gas; in case its aque-
ous solution catches fire, use a water spray,
“alcohol” foam, dry chemical, or CO;; use
a water spray to keep fire-exposed contain-
ers cool.

Methylamine forms explosive mixtures
with air; the LEL and UEL values are
4.9% and 20.7% by volume in air, respec-
tively. Methylamine reacts explosively with
mercury. Violent reactions may occur when
mixed with nitrosyl perchlorate or maleic
anhydride.

Storage and Shipping

Methylamine is stored in a cool, well-
ventilated noncombustible area separated
from possible sources of ignition and
oxidizing substances and mercury. Its
solutions are stored in a flammable liquid
storage room or cabinet. The gas is shipped
in steel cylinders or tank cars; the liquid is
shipped in steel drums or tank cars.
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8.3 ETHYLAMINE

DOT Label: Flammable Liquid, UN 1036

Formula C,HsNH,; MW 45.10; CAS [75-
04-7]

Structure: CH;—CH,—NH,;, primary amine

Synonyms: ethanamine;
aminoethane

monoethylamine;

Uses and Exposure Risk

Ethylamine is used in the manufacture of
dyes and resins, as a stabilizer for rubber
latex, and in organic synthesis.

Physical Properties

Colorless liquid or gas with an odor of
ammonia; boils at 16.6°C (61°F); freezes
at —81°C (—113°F); density 0.689 at 15°C
(59°F); soluble in water, alcohol, and ether;
strongly alkaline.

Health Hazard

Ethylamine is a severe irritant to the eyes,
skin, and respiratory system. The pure liquid
or its highly concentrated solution can cause
corneal damage upon contact with eyes. Skin
contact can result in necrotic skin burns.

Rabbits exposed to 100 ppm ethylamine
for 7 h/day, 5 days/week for 6 weeks mani-
fested irritation of cornea and lung, and liver
and kidney damage (ACGIH 1986). A 4-hour
exposure to 3000 ppm was lethal to rats. The
acute oral and dermal toxicity of this com-
pound was moderate in test animals.

LDsq value, oral (rats): 400 mg/kg
LDsg value, skin (rabbits): 390 mg/kg

Exposure Limits

TLV-TWA 10 ppm (~18 mg/m®) (ACGIH,
MSHA, and OSHA): IDLH 4000 ppm
(NIOSH).

Fire and Explosion Hazard

Highly flammable liquid; flash point (closed
cup) < —17°C (<0°F); vapor pressure of
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liquid 400 torr at 2°C (35°F); vapor density
1.55 (air = 1), vapor is heavier than air and
can travel a considerable distance to a source
of ignition and flash back; autoignition tem-
perature 384°C (723°F); fire-extinguishing
agent: CO, or dry chemical; a water spray
may be used to keep fire-exposed containers
cool and to dilute the spill.

Ethylamine forms explosive mixtures with
air in the range 3.5-14.0% by volume in air.
Reaction with calcium or sodium hypochlo-
rites may produce explosive chloroamine.
Explosive reactions may occur if mixed with
nitrosyl perchlorate or with maleic anhy-
dride (NFPA 1986). It reacts vigorously with
concentrated mineral acid. It catalyzes the
exothermic polymerization of acrolein.

Storage and Shipping

Ethylamine should be stored in a flammable-
liquids storage room or cabinet. It should
be stored away from oxidizing materials and
sources of ignition. It is shipped in steel
cylinders or drums.

8.4 n-PROPYLAMINE

EPA Classified Toxic Waste, RCRA Waste
Number, U194; DOT Label: Flammable
Liquid, UN 1277

Formula C3H;NH,; MW 59.13; CAS [107-
10-8]

Structure: CH3;—CH,;—CH;—NH,, a primary
amine

Synonyms: 1-propylamine; mono-1-propyla-
mine; 1-aminopropane

Uses and Exposure Risk

n-Propylamine is used as an intermediate in
many organic reactions.

Physical Properties

Colorless liquid with strong ammoniacal
odor; density 0.719 at 20°C (68°F); boils at
48°C (118°F); freezes at —83°C (—117°F);

soluble in water, alcohol, and ether; strongly
alkaline.

Health Hazard

n-Propylamine is a strong irritant and a mod-
erately toxic substance. the toxic routes are
inhalation, ingestion, and absorption through
the skin. Contact of the liquid on the skin
can cause burns and possibly skin sensitiza-
tion. Irritation in the eyes from exposure to
high concentrations can be severe. It is a res-
piratory tract irritant, similar to ethylamine.
Inhalation of 2300 ppm of n-propylamine for
4 hours caused labored breathing, hepatitis,
and hepatocellular necrosis in rats. It is some-
what less toxic than ethylamine by oral and
dermal routes.

LCs value, inhalation (mice): 2500 mg/m?/
2 hr

LDs, value, oral (rats): 570 mg/kg
LDsq value, skin (rabbits): 560 mg/kg

Exposure Limit

No exposure limit has been set. Based on its
similarity to ethylamine in irritation and tox-
icity, a TLV-TWA of 10 ppm (~24 mg/m?)
should be appropriate.

Fire and Explosion Hazard

Highly flammable liquid; flash point (closed
cup) —37°C (—35°F); vapor density 2.0
(air = 1), vapor can travel a considerable dis-
tance to a source of ignition and flash back;
autoignition temperature 318°C (604°F); fire-
extinguishing agent: dry chemical, CO,, or
“alcohol” foam; water should be used to keep
fire-exposed containers cool and to flush and
dilute the spill.

n-Propylamine forms explosive mixtures
in air; LEL and UEL values are 2.0% and
10.4% by volume in air, respectively. There
is no report of explosion associated with this
compound. It is expected to exhibit violent
reactions characteristic of lower aliphatic
primary amines (see Section 8.3).



8.5 ISOPROPYLAMINE

DOT Label: Flammable Liquid, UN 1221

Formula C;H;NH,; MW 59.13; CAS [75-
31-0]
Structure:

CH;
“CH—NH,

cH{

a secondary amine

Synonyms: 2-propylamine; sec-propylamine;
2-propanamine; 2-aminopropane; monoiso-
propylamine

Uses and Exposure Risk

Isopropylamine is used as a dehairing agent
and as an intermediate in the preparation of
many organics.

Physical Properties

Colorless volatile liquid with an odor of
ammonia; density 0.694 at 15°C (59°F); boils
at 33-34°C (91-93°F); freezes at —101°C
(—149°F); soluble in water, alcohol, and
ether; strongly alkaline.

Health Hazard

Isopropylamine is a strong irritant to the
eyes, skin, and respiratory system. A short
exposure to 10—20 ppm can cause irritation
of the nose and throat in humans (Proctur
and Hughes 1978). Prolonged exposure to
high concentrations may lead to pulmonary
edema. Skin contact can cause dermatitis
and skin burns. Exposure to 8000 ppm for
4 hours was lethal to rats.

LDsq value, oral (mice): 2200 mg/kg

Exposure Limits

TLV-TWA 5 ppm (~12 mg/m®) (ACGIH,
MSHA, and OSHA); TLV-STEL 10 ppm
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(~24 mg/m®) (ACGIH); IDLH 4000 ppm
(NIOSH).

Fire and Explosion Hazard

Highly flammable liquid; flash point (closed
cup) —37°C (—35°F), open cup —26°C
(—15°F); vapor pressure 478 torr at 20°C
(68°F); vapor density 2.0 (air = 1), the vapor
is heavier than air and can travel some dis-
tance to a source of ignition and flashback;
autoignition temperature 402°C (756°F); fire-
extinguishing agent: dry chemical, CO,, or
“alcohol” foam; use water to keep fire-
exposed containers cool and to flush and
dilute the spill.

Isopropylamine forms explosive mixtures
with air in the range 2.0—10.4% by volume in
air. Vigorous reactions may occur with strong
acids and oxidizers. Contact with acrolein
may cause base-catalyzed polymerization,
which is highly exothermic.

8.6 n-BUTYLAMINE

DOT Label: Flammable Liquid, UN 1125

Formula C4H9NH,; MW 73.16; CAS [109-
73-9]

Structure: CH3;—CH,—CH,—CH,—NH,, a
primary amine

Synonyms: 1-butylamine; 1-butanamine; 1-
aminobutane; mono-zn-butylamine

Uses and Exposure Risk

n-Butylamine is used as an intermediate
for various products, including dyestuffs,
pharmaceuticals, rubber chemical, synthetic
tanning agents, and emulsifying agents. It is
used for making isocyanates for coatings.

Physical Properties

Colorless liquid with ammoniacal odor; den-
sity 0.733 at 25°C (77°F); boils at 78°C
(172°F); freezes at —50°C (—58°F); miscible
with water, alcohol, and ether; alkaline.
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Health Hazard

n-Butylamine is a severe irritant to the eyes,
skin, and respiratory tract. Contact of the
liquid with the skin and eyes can produce
severe burns. Irritation effect on rabbits’ eyes
was as severe as that produced by ethylamine
(ACGIH 1986). Exposure can cause irritation
of the nose and throat, and at high concen-
trations, pulmonary edema. Scherberger and
associates (1960) have reported erythema of
the face and neck occurring within 3 hours
after exposure to n-butylamine, along with a
burning and itching sensation.

n-Butylamine is more toxic than is either
n-propylamine or ethylamine. A 4-hour
exposure to 3000-ppm concentration in air
was lethal to rats. Toxic symptoms in animals
from ingestion include increased pulse rate,
labored breathing, and convulsions. Cyanosis
and coma can occur at near-lethal dose.

LDs, value, oral (rats): 366 mg/kg
LDsq value, skin (guinea pigs): 366 mg/kg

Exposure Limits

Ceiling 5 ppm (~15 mg/m®) (ACGIH,
MSHA, and OSHA); IDLH 2000 ppm
(NIOSH).

Fire and Explosion Hazard

Flammable liquid; flash point: (closed cup)
—14°C (6°F) (Aldrich 1990), —12°C (10°F)
(NFPA 1986; NIOSH 1984, Suppl. 1985):
(open cup) —1°C (30°F) (Merck 1989), 7°C
(45°F) (Scherberger et al. 1960); vapor pres-
sure 82 torr at 20°C (68°F); vapor density 3.0
(air = 1); the vapor is heavier than air and
can travel some distance to a source of igni-
tion and flash back; autoignition temperature
312°C (594°F); fire-extinguishing agent: dry
chemical, CO,, or “alcohol” foam; use water
to keep fire-exposed containers cool and to
flush and dilute any spill.

n-Butylamine forms explosive mixtures
with air within the range 1.7-9.8% by
volume in air. Its reactions with strong

acids or oxidizers can be vigorous. Con-
tact with acrolein may cause base-catalyzed
polymerization of the latter, which is highly
exothermic. n-Butylamine may exhibit vio-
lent reactions, characteristic of lower alipha-
tic primary amines (see Section 8.3).

8.7 CYCLOHEXYLAMINE

DOT Label: Flammable Liquid, Corrosive,
UN 2357

Formula CgH 1NH;; MW 99.20; CAS [108-
91-8]
Structure:

NH,

an alicyclic amine

Synonyms: cyclohexanamine; hexahydroben-
zenamine; aminocyclohexane; hexahydro-
aniline

Uses and Exposure Risk

Cyclohexylamine is used in the manufacture
of a number of products, including plasti-
cizers, drycleaning soaps, insecticides, and
emulsifying agents. It is also used as a cor-
rosion inhibitor and in organic synthesis.

Physical Properties

Colorless or yellowish liquid with a strong
fishy, amine odor; density 0.8645 at 25°C
(77°F); boils at 134.5°C (274°F); solidifies
at —17.7°C (0°F); miscible with water and
most organic solvents; forms an azeotropic
mixture with water containing 44% cyclo-
hexylamine, which boils at 96.5°C (205°F);
strongly basic.

Health Hazard

Cyclohexylamine is a severe irritant to the
eyes, skin, and respiratory passage. Skin



contact can produce burns and sensitization;
contact of the pure liquid or its concentrated
solutions with the eyes may cause loss of
vision.

The acute oral and dermal toxicity of
cyclohexylamine was moderate in test sub-
jects. The toxic effects include nausea, vom-
iting, and degenerative changes in the brain,
liver, and kidney. Inhalation of its vapors
at high concentrations may cause a narcotic
effect.

LDsq value, oral (rats): 156 mg/kg
LDsg value, skin (rabbits): 277 mg/klg

Cyclohexylamine may be mutagenic, the
test for which has so far given inconclusive
results. Administration of this compound
in animals produced a reproductive effect,
including embryotoxicity and a reduction
in male fertility. Intraperitoneal injection
of the amine in rats caused a dose-
dependent increase in chromosomal breaks.
Roberts and coworkers (1989) studied the
metabolism and testicular toxicity of cyclo-
hexylamine (a metabolite of cyclamate)
in rats and mice. Chronic dietary admin-
istration of 400 mg/kg/day for 13 weeks
showed decrease in organ weigh, histolog-
ical changes, and testicular atrophy in both
the Wistar and dark agouti DA rats, but to a
widely varying extent, while mice exhibited
no evidence of testicular damage.

There is no evidence of carcinogenicity
in animals or humans caused by cyclohexy-
lamine.

Exposure Limit

TLV-TWA 10 ppm (~40 mg/m?) (ACGIH).

Fire and Explosion Hazard

Flammable liquid; flash point (open cup)
32°C (90°F); autoignition temperature 293°C
(560°F); vapor density 2.4 (air =1); the
vapor is heavier than air and can travel a
considerable distance to a source of ignition
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and flash back. Fire-extinguishing agent: dry
chemical, CO,, or ‘“alcohol” foam; water
may be used to flush and dilute any spill and
to keep fire-exposed containers cool.

Cyclohexylamine vapors form explosive
mixtures with air; explosive limits data are
not available. Vigorous reactions may occur
when the amine is mixed with strong acids
or oxidizers.

8.8 DIMETHYLAMINE

EPA Classified Toxic Waste, RCRA Waste
Number U092; DOT Label: Flammable
Gas/Flammable Liquid (Aqueous), UN
1032, UN 1160

Formula C;HgNH; MW 45.10; CAS [124-
40-3]

Structure: CH;—NH—CH3, a primary amine

Synonym: N-methylmethanamine

Uses and Exposure Risk

Dimethylamine is used in the manufacture
of N-methylformamide, N-methylacetamide,
and detergent soaps; in tanning; and as an
accelerator in vulcanizing rubber. It is com-
mercially sold as a compressed liquid in
tubes or as a 33% aqueous solution.

Physical Properties

Colorless gas with a pungent fishy ammo-
niacal odor; liquefies at 7°C (44°F); freezes
at —96°C (—140°F); density of liquid 0.680
at 0°C (32°F); highly soluble in water, sol-
uble in alcohol and ether; aqueous solution
strongly alkaline.

Health Hazard

Dimethylamine is a strong irritant to the eyes,
skin, and mucous membranes. Spill of liquid
into the eyes can cause corneal damage and
loss of vision. Skin contact with the liquid
can produce necrosis. At sublethal concentra-
tions, inhalation of dimethylamine produced
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respiratory distress, bronchitis, pneumonitis,
and pulmonary edema in test animals. The
acute oral toxicity was moderate, greater than
for monomethylamine.

LCsg value, inhalation (rats): 4540 ppm/6 h
LDsq value, oral (mice): 316 mg/kg

Buckley and coworkers (1985) have inves-
tigated the inhalation toxicity of dimethy-
lamine in F-344 rats and B6C3F1 mice.
Animals exposed to 175 ppm for 6 h/day,
5 days/week for 12 months showed signifi-
cant lesions in the nasal passages. Rats devel-
oped more extensive olfactory lesions than
did mice. The study indicated that olfac-
tory sensory cells were highly sensitive to
dimethylamine. Even at a concentration of
10 ppm, the current threshold limit value,
the rodents developed minor lesions from
exposure.

Exposure Limits

TLV-TWA 10 ppm (~18 mg/m?) (ACGIH,
MSHA, and OSHA); IDLH 2000 ppm
(NIOSH).

Fire and Explosion Hazard

Flammable gas; the gas (vapor) is heavier
than air and can travel a considerable dis-
tance to a source of ignition and flash back;
autoignition temperature 402°C (755°F); fire-
extinguishing procedure: shut off the flow
of gas; use dry chemical, CO,, or “alcohol”
foam to extinguish fire involving its solution;
use a water spray for diluting and flushing
the spill and to keep fire-exposed contain-
ers cool.

Dimethylamine forms explosive mixtures
with air in the range between 2.8% and
14.4% by volume in air. Its reactions with
strong acids and oxidizers can be vigor-
ous; contact with acrolein may catalyze
violent exothermic polymerization. Dimethy-
lamine may react violently with chlorine and
hypochlorites. Explosive reaction may occur
in contact with mercury.

8.9 DIETHYLAMINE

DOT Label: Flammable Liquid, UN 1154

Formula C4H;o)NH; MW 73.16; CAS
[109-89-7]
Structure: CH3;—CH,—NH-CH,—CHj, a

primary amine
Synonyms: N,N-diethylamine; N-ethyletha-
namine; diethanamine

Uses and Exposure Risk

Diethylamine is used as a flotation agent;
in dyes and pharmaceuticals; and in resins.
It also finds applications in rubber and
petroleum industry.

Physical Properties

Colorless liquid with a strong ammonia
smell; density 0.707 at 20°C (68°F); boils
at 55°C (131°F); freezes at —50°C (—58°F);
soluble in water, alcohol, and most organic
solvents; strongly alkaline; forms a hydrate.

Health Hazard

Diethylamine is a strong irritant to the eyes,
skin, and mucous membranes. Contact of
the pure liquid or its concentrated solu-
tions with eyes can produce corneal damage.
Skin contact can cause necrosis. Exposure to
its vapors at 1000-ppm concentration pro-
duced lacrimation, muscle contraction, and
cyanosis in mice. Repeated exposures at
sublethal concentrations produced bronchi-
tis, pneumonitis, and pulmonary edema in
test animals. The acute oral toxicity was
moderate.

LCsp value inhalation (rats): 4000 ppm/4 h
LDsqo value oral (mice): 500 mg/kg
LDsq value skin (rabbits): 820 mg/kg

Lynch and associates (1986) investi-
gated subchronic inhalation toxicity of
diethylamine vapors in Fischer-344 rats.
Rats exposed to 240 ppm for 6.5 h/day,



5 days/week for 24 weeks developed sneez-
ing, tearing, and reddened noses and lesions
of the nasal mucosa. Animals exposed to
25 ppm did not show any of these signs. No
evidence of cardiotoxicity was observed.

Exposure Limits

TLV-TWA 10 ppm (~30 mg/m?) (ACGIH,
MSHA, and OSHA), 25 ppm (~75 mg/m?)
(NIOSH); TLV-STEL 25 ppm (ACGIH);
IDLH 2000 ppm (NIOSH).

Fire and Explosion Hazard

Highly flammable liquid; flash point (closed
cup) < —18°C (<0°F); vapor pressure 195
torr at 20°C (68°F); vapor density 2.5 (air =
1); the vapor is heavier than air and can
travel a considerable distance to a source of
ignition and flash back; autoignition tempera-
ture 312°C (594°F); fire-extinguishing agent:
dry chemical, CO,, or “alcohol” foam; use a
water spray to flush and dilute any spill and
disperse vapors.

The vapors of diethylamine form flamm-
able mixtures in air; LEL and UEL values
are 1.8% and 10.1% by volume in air,
respectively. Its reactions with strong acids
and oxidizers can be vigorous to violent. It
may undergo violent reactions that are typical
of lower aliphatic amines.

8.10 ETHYLENIMINE

EPA Classified Acute Hazardous Waste;
RCRA Waste Number P054; DOT Label:
Flammable Liquid and Poison, UN 1185

Formula C,H4NH; MW 43.08; CAS [151-
56-4]

Structure:

H
N

7N\

H,C——CH,

a three-membered heterocyclic compound,
properties are similar to those of aliphatic
amines
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Synonyms: aziridine; azirane; azacyclopro-
pane; aminoethylene; dimethylenimine

Uses and Exposure Risk

Ethylenimine is used in the manufacture of
triethylenemelamine and other amines.

Physical Properties

Colorless liquid with a strong odor of
ammonia; density 0.832 at 20°C (68°F); bp
56°C (132°F); solidifies at —74°C (—101°F);
infinitely soluble in water, soluble in most
organic solvents; aqueous solution strongly
alkaline.

Health Hazard

Ethylenimine is a highly poisonous com-
pound and a severe irritant to the skin, eyes,
and mucous membranes. A 20—25% aqueous
solution on contact with the eyes can cause
corneal opacity and loss of vision. Skin con-
tact with the pure liquid or its concentrated
solution can produce severe burns and skin
sensitization.

Ethylenimine is highly toxic by all routes
of exposure. Inhalation of its vapors can
cause eye, nose, and throat irritations and
difficulty in breathing. The toxic symptoms
noted from repeated exposures include chest
congestion, delayed lung injury, vomiting,
hemorrhage, and kidney damage. An 8-hour
exposure to 100 ppm in air proved fatal to
rabbits. The symptoms from acute oral toxic-
ity in humans may include nausea, vomiting,
dizziness, headache, and pulmonary edema.
Chronic toxic effects may result in kidney
and liver damage. The acute oral LDsy value
in rats was 15 mg/kg. Ethylenimine is also
absorbed through the skin, exhibiting poi-
soning effects similar to those of acute oral
toxicity.

It exhibited reproductive toxicity in ani-
mals, indicating paternal effects and specific
developmental abnormalities in the central
nervous system, eyes, and ears. Ethylenimine
is a mutagen, testing positive in the histi-
dine reversion—Ames test as well as in the
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in vitro cytogenetics—human lymphocyte,
Drosophila melanogaster—reciprocal translo-
cation, Saccharomyces cerevisiae gene con-
version, and other mutagenic tests. Animal
studies show sufficient evidence of carcino-
genicity. It may cause cancers in the lungs
and liver.

Exposure Limits

TLV-TWA (skin) 0.5 ppm (~1 mg/m?)
(ACGIH, OSHA, and MSHA); Poten-
tial Human Carcinogen in the workplace
(OSHA), Potential Carcinogen (NIOSH).

Fire and Explosion Hazard

Flammable liquid; flash point (closed cup)
—11°C (12°F); vapor pressure 160 torr at
20°C (68°F); vapor density 1.48 (air = 1);
the vapor is heavier than air and can travel
a considerable distance to a source of igni-
tion and flash back; autoignition tempera-
ture 322°C (612°F); fire-extinguishing agent:
dry chemical or “alcohol” foam; firefighting
should be done from an explosion-resistant
area; use water to flush and dilute any spill
and to keep fire-exposed containers cool.
Ethylenimine may polymerize under fire con-
ditions. The reaction is exothermic, which
may cause violent rupture of the container.

Ethylenimine vapors form explosive mix-
tures with air within a wide range, 3.3-46.0%
by volume in air. Undiluted ethylenimine
can undergo violent polymerization in the
presence of an acid. Reaction with chlorine
or hypochlorite forms 1-chloroethyleneimine,
which is an explosive compound. Its reac-
tion with concentrated mineral acids is vig-
orous and with strong oxidizers is vigorous to
violent.

Storage and Shipping

Ethylenimine is stored in a flammable lig-
uid storage room or cabinet isolated from
acids, and from combustible and oxidizing
substances. It is shipped in metal drums
or cans of <30-gallon capacity placed in

wooden boxes, cushioned with noncom-
bustible packing.

8.11 ETHYLENEDIAMINE

DOT Label: Corrosive, Flammable Liquid,
UN 1604

Formula C,H4(NH,),; MW 60.12; CAS
[107-15-3]

Structure: NH,—CH,—CH,—NH,

Synonyms: 1,2-ethanediamine; 1,2-ethylene-
diamine; 1,2-diaminoethane

Uses and Exposure Risk

Ethylenediamine is used as a stabilizer
for rubber latex, as an emulsifier, as an
inhibitor in antifreeze solutions, and in
textile lubricants. It is also used as a sol-
vent for albumin, shellac, sulfur, and other
substances.

Physical Properties

Colorless, viscous liquid with ammonia-like
smell; density 0.899 at 20°C (68°F); bp
116°C (240°F); vapor pressure 10.7 torr at
20°C; vapor density 2.1 (air = 1); freezes
at 8.5°C (47°F); soluble in water, alco-
hol, and benzene, slightly soluble in ether;
forms hydrate with water; aqueous solution
strongly alkaline; absorbs CO,.

Health Hazard

Ethylenediamine is a severe skin irritant, pro-
ducing sensitization, an allergic reaction and
blistering on the skin. Pure liquid on con-
tact with the eyes can damage vision. A
25% aqueous solution can be injurious to the
eyes. Inhalation of its vapors can produce
a strong irritation to the nose and respi-
ratory tract leading to chemical pneumoni-
tis and pulmonary edema. Such irritation in
humans with symptoms of cough and dis-
tressed breathing may be noted at concen-
trations of >400 ppm. Repeated exposure to
high concentrations of this substance in air



may cause lung, liver, and kidney damage.
The toxicity of this compound, however, is
much less than that of ethylenimine.

The acute oral toxicity value in animals
was low to moderate. An oral LD value in
rats is 500 mg/kg (NIOSH 1986).

LDsq value, skin (rabbits): 730 mg/kg

Exposure Limits

TLV-TWA 10 ppm (~25 mg/m3) (ACGIH,
MSHA, and OSHA); IDLH 2000 ppm
(NIOSH).

Fire and Explosion Hazard

Combustible liquid; flash point (closed cup)
34°C (93°F) (NFPA 1986; NIOSH 1984,
Suppl. 1985; Aldrich 1990), 41°C (110°F)
(Merck 1989); vapor pressure 10 torr at
20°C (68°F); autoignition temperature 385°C
(725°F); the vapor forms explosive mixtures
with air in the range 5.8—11.1% by vol-
ume in air. Ethylenediamine undergoes vig-
orous reactions when mixed with strong
acids, oxidizers, and chlorinated organic
compounds. An explosion occurred when
ethylenediamine was added dropwise to
silver perchlorate (NFPA 1986). Its per-
chlorate salt, ethylenediamine diperchlo-
rate, NH,CH,CH,;NH;(ClOy),, is a powerful
explosive.

8.12 MONOETHANOLAMINE

DOT Label: Corrosive Material, UN 2491

Formula C,H4(OH)NH,; MW 61.10; CAS
[141-43-5]

Structure: HO—CH,—CH,;—NH,; the amine
contains a primary alcoholic —OH group

Synonyms: ethanolamine; 2-aminoethanol;
B-aminoethyl alcohol; 2-hydroxyethyla-
mine; colamine

Uses and Exposure Risk

Monoethanolamine is used as a dispers-
ing agent for agricultural chemicals, in the
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synthesis of surface-active agents, as a soft-
ening agent for hides, and in emulsifiers,
polishes, and hair solutions.

Physical Properties

Colorless, viscous liquid with a mild ammo-
niacal odor; hygroscopic; density 1.018 at
20°C (68°F); bp 171°C (339°F); solidifies
at 10.3°C (50°F); miscible with water, alco-
hol, and acetone; strongly alkaline, pH 12.05
(0.1 N aqueous solution); absorbs CO5.

Health Hazard

Monoethanolamine causes severe irritation
of the eyes and mild to moderate irritation
of the skin. The pure liquid caused redness
and swelling when applied to rabbits’ skin.
The acute oral toxicity of this compound was
low in animals. The toxic symptoms included
somnolence, lethargy, muscle contraction,
and respiratory distress. The oral LDs values
showed a wide variation with species.

LDsq value, oral (rabbits): 1000 mg/kg

Monoethanolamine showed reproductive tox-
icity when administered at a dose of
850 mg/kg/day, causing 16% mortality to
pregnant animals (Environmental Health
Research and Testing 1987). This study also
indicated that monoethanolamine reduced the
number of viable litters but had no effect on
litter size, the birth weight, or percentage sur-
vival of the pups.

Exposure Limits

TLV-TWA 3 ppm (~7.5 mg/m?) (ACGIH,
MSHA, and OSHA); TLV-STEL 6 ppm
(~15 mg/m*) (ACGIH); IDLH 1000 ppm
(NIOSH).

Fire and Explosion Hazard

Combustible liquid; flash point (closed cup)
85°C (185°F); vapor pressure 0.4 torr at
20°C (68°F); autoignition temperature 410°C
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(770°F). The vapor forms explosive mixtures
with air; LEL value 5.5% by volume in air,
UEL data not available. Its reactions with
strong oxidizers and acids can be vigorous.

8.13 DIETHANOLAMINE

Formula C,Hg(OH),NH; MW 105.16; CAS
[111-42-2]

Structure: HO—CH,—CH,—NH-CH,—CH,
—OH; the amine contains two alcoholic
—OH groups

Synonyms: 2,2-iminodiethanol; 2,2’-dihy-
droxydiethylamine; 2,2’-iminobisethanol;
bis(2-hydroxyethyl)amine

Uses and Exposure Risk

Diethanolamine is used in the production of
surface-active agents and lubricants for the
textile industry; as an intermediate for rubber
chemicals; as an emulsifier; as a humectant
and softening agent; as a detergent in paints,
shampoos, and other cleaners; and as an
intermediate in resins and plasticizers.

Physical Properties

A viscous liquid or a deliquescent solid at
room temperature; mild odor of ammonia;
mp 28°C (82°F); bp 269°C (516°F); density
of liquid, 1.088 at 30°C (86°F); soluble in
water, alcohol, and acetone, insoluble in
ether, hydrocarbons, and carbon disulfide;
aqueous solution strongly alkaline, pH 11.0
(0.1 N solution).

Health Hazard

The irritant action of diethanolamine on the
eyes can be severe. Direct contact of the
pure liquid can impair vision. Irritation on
the skin may be mild to moderate. The
acute oral toxicity of this compound was
low in test animals. The toxic symptoms

include somnolence, excitement, and muscle
contraction.

LDsq value, oral (mice): 3300 mg/kg

The vapor pressure of diethanolamine is
negligibly low (<0.01 torr at 20°C (68°F)).
At ordinary temperature, this compound
should not cause any inhalation hazard. The
mists, fumes, or vapors at high temperatures,
however, can produce eye, skin, and respira-
tory tract irritation.

In contrast to monoethanolamine, dieth-
anolamine administered to mice at 1125 mg/
kg/day caused no change in maternal mortal-
ity, litter size, or percentage survival of the
pups (Environmental Health Research and
Testing 1987).

Exposure Limit

TLV-TWA 3 ppm (~13 mg/m3) (ACGIH).

Fire and Explosion Hazard

Noncombustible liquid; flash point >93°C
(>200°F); autoignition temperature 662°C
(1224°F). The reactivity of this compound
is low.

8.14 MISCELLANEOUS AMINES

Hazardous properties of some of the aliphatic
amines (including diamines, triamines, and
aziridines) are presented in Table 8.1. Amines
in general, as mentioned earlier, are strongly
caustic and can injure the cornea upon direct
contact. Skin contact can cause burns, which
may vary from severe to second degree or to
mild, depending on the carbon chain length.
The toxicity is low to moderate. The flamma-
bility decreases with an increase in the carbon
number. The reactivity of these compounds,
in general, is low. Outlined in Table 8.1 are
some of the amines used commercially that
are hazardous.
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AMINES, AROMATIC

9.1 GENERAL DISCUSSION

Aromatic amines constitute compounds con-
taining one or more amino (or imino) groups
attached to an aromatic ring. These amines
are similar in many respects to aliphatic
amines in reactions that are characteristics
of an —NH; functional group. However, the
presence of other groups in the ring, and
their electrophilic or nucleophilic nature or
size, often alter the course of the reactions
to a significant extent. These amines are
basic, but the basicity is lower to aliphatic
amines. Aromatic amines are widely used
in industry for making dyes, pharmaceuti-
cal products, plastics, and as intermediates
in many chemical syntheses, and as analyt-
ical reagents. High industrial consumptions
of these substances result in their release
into aquatic environment. Also, they are pro-
duced in the environment from abiotic and
biotic degradation of many nitroaromatics,
azo dyes, and possibly polyurethanes. Many
aromatic amines are also found in tobacco
smoke and in products generated during
cooking.

Toxicity

The health hazard from aromatic amines may
arise in two ways: (1) moderate to severe
poisoning, with symptoms ranging from
headache, dizziness, and ataxia to anemia,
cyanosis, and reticulocytosis; and (2) cancer
causing, especially cancer of the blad-
der. Many amines are proven or suspected
human carcinogens. Notable among these
are benzidine, o-tolidine, dianisidine, «-
and B-naphthylamines, o-phenylenediamine,
and phenylhydrazine. Among the aromatic
amines, ortho-isomers generally exhibit
stronger carcinogenic properties than those
of the para- and meta-isomers. In many
instances, the meta-isomers are either non-
carcinogenic or exhibit the least carcinogenic
potential. Vineis and Pirastu (1997) have
assessed epidemiological evidence of car-
cinogenicity of aromatic amines, in particu-
lar, cancer risks in humans from occupational
sources and tobacco smoking.

Unlike most aliphatic amines, the aromatic
amines do not cause severe skin burn or corneal
injury. The pure liquids (or solids) may,

A Comprehensive Guide to the Hazardous Properties of Chemical Substances, by Pradyot Patnaik
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however, produce mild to moderate irritation
on the skin. The toxicity of individual com-
pounds is discussed in the following sections.

Fire and Explosion Hazard

Lower aromatic amines are combustible lig-
uids and form explosive mixtures with air.
Except for aniline and methylanilines, most
amines are noncombustible liquids or solids.
Amines may react violently with strong
oxidizing compounds. Lower amines may
form explosive chloroamines when mixed
with hypochlorites. Ignition may occur when
mixed with red fuming nitric acid.

Analysis

Gas chromatographic techniques involve the
use of a flame ionization or nitrogen-specific
detector. Direct injection of the aqueous solu-
tion can be made into the GC equipped with
an FID. Aniline, benzidine, o-anisidine, o-
toluidine, 2,4,5-trimethylaniline, 1,4-phenyl-
enediamine, l-naphthylamine, 2-naphthyl-
amine, diphenylamine, 2,4-diaminotoluene,
and 4-aminobiphenyl are some of the aro-
matic amines that are listed as EPA prior-
ity pollutants in solid and hazardous wastes.
The analysis of these compounds (as well
as some nitro- and chloroanilines) in soil,
sediment, groundwater, and solid and haz-
ardous wastes may be performed by GC/MS
by EPA Method 8270 (U.S. EPA 1986) using
a fused-silica capillary column. Benzidine
in wastewaters may be analyzed by HPLC
in accordance with EPA Method 605 (U.S.
EPA 1984). The analysis of benzidine in air,
water, blood, and urine is discussed sepa-
rately in Section 9.14. Generally speaking,
any aromatic amine may be analyzed suitably
by one or more of the following techniques:
GC(FID/NPD), HPLC, or GC/MS. Barek
and co-workers (1985) reported picogram-
level analysis of aromatic amines by an
HPLC system using voltammetric detection
with a carbon-fiber detector. Such a system
was substantially more sensitive than was
the commonly used HPLC-UV photometric

detection. Aromatic amines in water at low
ppb concentration may be measured by GC
after solid-phase extraction and derivatiza-
tion with iodine (Schmidt et al. 1998). Urine
metabolites of toxic amines are best analyzed
by HPLC techniques.

Aromatic amines, such as aniline, o-
toluidine,  2,4-xylidine, N, N-dimethyl-
p-toluidine, and N, N-dimethylaniline in air
may be analyzed by NIOSH (1984) Method
2002. About 10-30L of air at a flow rate
of 20-200 mL/min is passed over a silica gel
sorbent tube, desorbed with 95% ethanol for
1 hour in an ultrasonic bath, and injected into
a GC equipped with an FID. Chromosorb 103
(80/100 mesh) is suitable for the purpose. A
nitrogen-specific GC detector may be used
instead of an FID. Anisidines in air (25—-300 L
at a flow rate of 500—1000 mL/min) may be
collected over a XAD-2 solid sorbent tube,
desorbed with 5 mL of methanol, and ana-
lyzed by HPLC, UV detection at 254 nm
(NIOSH 1984, Method 2514). A stainless
steel-packed column containing Bondapak C
or equivalent is suitable for the purpose. o-
Tolidine and o-dianisidine in air may be ana-
lyzed by an HPLC-UV technique similar to
benzidine by NIOSH (1984) Method 5013
(see Section 9.14).

Saad et al. (2004) have reported an HPLC-
fluorescence method for the detection of trace
quantities of diphenylamine in apples and
oranges. The limit of detection is 0.02 ppm.

m-Phenylenediamine in the air may be
determined by passing air through H,;SO4-
coated glass fiber filters, desorbing into
EDTA solution and analyzing by HPLC-UV
(OSHA method 87)

o-Tolidine and o-dianisidine may also be
determined by OSHA Method 71. The ana-
lytes collected over H,SO4-coated glass fiber
filters are derivatized with heptafluorobutyric
acid anhydride and measured by GC-ECD.

Disposal/Destruction

Aromatic amines are dissolved in a combus-
tible solvent and burned in a chemical incin-
erator equipped with an afterburner and



scrubber. Aromatic amines in laboratory
wastes may be destroyed through oxida-
tion with potassium permanganate/sulfuric
acid into nonmutagenic derivatives (Casteg-
naro et al. 1985; Barek 1986). One report
describes the destruction of carcinogenic
amines and 4-nitrobiphenyl in the laboratory
wastes by treatment with KMnO4/H;SOy,
followed by horseradish peroxidase [9003-
99-0] and deamination by diazotization in
the presence of hypophosphorus acid (IARC
1985). Barek and associates (1985) described
a method based on enzymic oxidation of the
amines in solution of hydrogen peroxide and
horseradish peroxidase. The solid residues
are then oxidized with KMnQO, in sulfuric
acid medium. The authors reported greater
than 99.8% destruction efficiency.

Biodegradation of aniline in sludges
by Pseudomonas putida FW have been
reported (Park et al. 1988; Patil and Shinde
1988). Kawabata and Urano (1985) reported
improved biodegradability of aniline and
many refractory organic compounds after wet
oxidation at 150°C in the presence of Mn/Ce
composite oxides.

9.2 ANILINE

EPA Designated Toxic Waste, RCRA Waste
Number U012; DOT Label: Poison B, UN
1547

Formula C6H5NH2;
[62-53-3]

Structure:

MW 93.14; CAS

NH,

simplest aromatic amine

Synonyms: aminobenzene; aminophen; phe-
nylamine; benzenamine

ANILINE 253

Uses and Exposure Risk

Aniline is used in the manufacture of dyes,
pharmaceuticals, varnishes, resins, photo-
graphic chemicals, perfumes, shoe blacks,
herbicides, and fungicides. It is also used
in vulcanizing rubber and as a solvent. It
occurs in coal tar and is produced from the
dry distillation of indigo. It is also produced
from the biodegradation of many pesticides.
Aniline is a metabolite of many toxic com-
pounds, such as nitrobenzene, phenacetin,
and phenylhydroxylamine.

Physical Properties

Colorless oily liquid with characteristic odor
and burning taste; darkens when exposed to
air or light; the odor can be detected even
at 1 ppm level; density 1.022 at 20°C; boils
at 184.5°C; freezes at —6.1°C; moderately
soluble in water (3.5 g/dL at 20°C), miscible
with most organic solvents; weakly alkaline,
pH 8.1 for 0.2 M aqueous solution.

Health Hazard

Aniline is a moderately toxic compound. The
routes of exposure are inhalation, ingestion,
and absorption through skin. The absorption
of the liquid aniline through skin may occur
at a rate of 3 mg/hr/cm? of skin area (ACGIH
1986, Supplement 1989); that from an aque-
ous solution is slower, depending on its con-
centration.

The toxic symptoms include headache,
weakness, dizziness, ataxia, and cyanosis.
Aniline converts Fe?*t in hemoglobin to
Fe’*, which impairs the oxygen transport in
the blood. Also, it can cause the destruction
of red blood cells causing acute or delayed
hemolytic anemia. Acute poisoning arises
due possibly to methemoglobin formation,
which may result in cyanosis. Overexposure
may lead to death from respiratory paralysis.
Inhalation of 250 ppm aniline in air for 4
hours was lethal to rats. The concentration
of aniline in samples of rapeseed food
oil that caused Spanish toxic oil syndrome
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was determined to be within the range of
110-1300 ppb (Hill et al. 1987). Contact of
the pure liquid on the skin can produce
moderate irritation, while the effect on the
eyes can be severe. The oral LDsy value in
animals varied with the species. An LDsg
value in mice is 464 mg/kg. Ingestion of
1 or 2 g aniline may possibly cause death
to humans. Toxicity of aniline in aqueous
species was very high. An LCs value based
on static acute toxicity was calculated to
be 0.17 mg/L to daphnids (Daphnia magna)
(Gersich and Mayes 1986).

Khan et al. (2003) have studied the selec-
tive toxicity of aniline to the spleen in rats.
The oxidative damage to spleen from ani-
line is attributed to a mechanism involving
formation of peroxynitrite and nitrotyrosine
from the reaction of nitric oxide.

Aniline is metabolized to aminophenols,
phenylhydroxylamine, and their glucuronide
and sulfate derivatives, and excreted. p-
Aminophenol is the major metabolite in
humans and is excreted in urine.

Methylene blue (tetramethylthionine chlo-
ride) is an antidote to aniline poisoning. The
standard dose is 1-2 mg/kg body weight or
0.1 to 0.2 mL/kg of a 1% solution to be given
intravenously over 5—10 minutes (ATSDR).
This antidote is recommended when there are
signs and symptoms of hypoxia (other than
cyanosis) or when the methemoglobin lev-
els exceeds 30%. The 24- hour dose must
not exceed 7 mg/kg. In case of ingestion a
slurry of activated charcoal may be admin-
istered (1 g/kg body weight). Do not induce
emesis.

Aniline administered to rats by the oral
route caused tumors in the kidney and
bladder. The evidence of carcinogenicity in
animals, however, is inadequate. Any cancer-
causing action of aniline in humans is not
known.

Exposure Limits
TLV-TWA skin 2 ppm (~8 mg/m?) (ACGIH),

5ppm (~19 mg/m?) (MSHA, OSHA, and
NIOSH); IDLH 100 ppm (NIOSH).

Fire and Explosion Hazard

Combustible liquid; flash point (closed
cup) 70°C (158°F); autoignition temperature
770°C (1418°F); the vapor forms explosive
mixtures with air; the LEL value is 1.3%
by volume in air, UEL not reported. Ani-
line undergoes violent reaction when mixed
with hexachloromelanamine or trichlorome-
lanamine (NFPA 1986). Its reactions with
strong oxidizing substances are violent,
accompanied by flame and/or explosion.
Ignition occurs with red fuming nitric acid
even at a very low temperature of —70°C. It
forms ozobenzene, a white, gelatinous explo-
sive compound as