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EXECUTIVE SUMMARY

Martin Marietta Energy Systems, Inc. (MMES), and Martin Marietta Utility Services, Inc.

(MMUS), are engaged in phased programs to update the safety documentation for the existing

U.S. Department of Energy (DOE) owned facilities. The safety analysis of potential toxic
hazards requires a methodology for evaluating human health effects of predicted toxic

exposures. This report provides a consistent set of health effects and documents toxicity

estimates corresponding to these health effects for some of the more important chemicals
found within MMES and MMUS. The estimates are based on published toxicity information

and apply to acute exposures for an "average" individual.

The health effects (toxicological endpoints) used in this report are (1) the detection threshold,
(2) the no observed adverse effect level, (3) the onset of irritatior_lreversible effects, (4) the

onset of irreversible effects, and (5) a lethal exposure, defined to be the 50% lethal level. An
irreversibleeffect is defined as a significanteffect on a person's quality of life, e.g., serious

injury. Predicted consequences are evaluated on the basis of concentration and exposure time.

Although accepted toxicological standards have been developed for radiological exposures,

industrial hygiene applications, and emergency response applications, accepted methods for
safety analysis applications generally do not exist for chemically toxic materials. Safety

Analysis Reports (SARs) must often consider short-term releases, lasting from a few seconds

m a few hours, where inhalation is usually the most significant exposure pathway. In order m
compare results from different accidents, it is desirable to have a consistent set of biological

response endpoints corresponding to specific health effects. These endpoints must be

technically accurate and informative to non-health professionals such as managers and

engineers. This report provides guidance for selected chemicals.

This first edition of the report presents acute toxicity estimates for four chemicals:

(1) acetonitrile, (2) fluorine, (3) hydrogen chloride, and (4) polychlorinated biphenyls (PCBs)
and their combustion products. Planned later editions are expected to include 20 additional

chemicals: (5) hydrogen fluoride, (6) oxides of nitrogen (NO, NO2,N209, (7) uranium
hexafluoride, (8) soluble and insoluble uranium, (9) nitric acid, (10) chlorine, (11) chlorine

trifluoride, (12) sulfur dioxide, (13) sulfuric acid, (14) carbon tetrachloride, (15) lithium

hydride/deuteride, (16) lithium carbonate, (17) toluene 4-diisocynate, (18) potassium
hydroxide, (19) sodimn/potassium alloy (NaK), (20) acetic acid, (21) hydrogen peroxide,

(22) perchloroethylene, (23) phosgene, and (24) ingestion of soluble and insoluble uranium.

Readers interested in obtaining current versions of this report are encouraged to request
inclusion of their names on the distribution list. For information, contact Clay Easterly

(telephone 615-574-6254) or Robert Just (615-574-6497).
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1. INTRODUCTION

t v

Thisreport was prepared to document the accident-related toxicity of some of the important

chemicals used or stored in facilities at the U.S. Department of Energy (DOE) sites operated

by Martin Marietta Energy Systems, Inc. (MMES.). The results are also applicable to the

gaseous diffusion plant facilities operated by Mar_n Marietta Utility Services, Inc. (MMUS),

and to other facilitieswithpotentialexposureto thesechemicals.Theseresultswill be used
primarily in Safety Analysis Reports (SARs), which focus on accidents and acute exposures.

Thus, the main thrust is on acute toxicological responses, primarily to inhalation and to dermal

(skin) and ocular (eye) exposures. (Other analyses, such as the Annual Environmental

Monitoring Reports, identify chronic effluents and estimate long-term impacts to members of

the public. Workers are systematically evaluated for chronic hazardous exposures by the

Industrial Hygiene and Health Physics programs.)

Although accepted toxicological standards have been developed for radiological exposures,

hldustrial hygiene applications, and emergency response applications, accepted methods for

safety analysis applications generally do not exist for chemically toxic materials. SARs must

often consider short-term releases, lasting from a few seconds to a few hours, where

inhalation is usually the most significant exposure pathway. In order to compare results from

different accidents, it is desirable to have a consistent set of biological response endpoints

corresponding to specific health effects. These endpoints must be technically accurate and

informative to non-health professionals such as managers and engineers. This report provides

guidance for selected chemicals.

Typically, accidents result in exposures that are minutes to hours long. Moreover, they almost

always are limited to single events, rat_ierthan involving continuous exposure in a work

environment, and hence the exposure criteria are not governed by analysis of chronic

exposures. In performing safety analyses for a large number of facilities and processes, it is

important to have a consistent set of biological response endpoints so that impacts from

accident scenarios involving different hazardou_ chemicals can be compared on a relative

basis. A common set of five acute health-based toxicological endpoints was identified as being

necessary for the MMES Safety Analysis Report Update Program (SARUP). Realistically, it is

impossible to exactly compare any .two chemicals because no two chemicals exert identical

toxicological effects; however, that fact should not be used as an impediment to the

development of a rational process designed to evaluate accidents and to develop appropriate

safety controls.

The materials evaluated in this report are a compilation of priority chemicals identified as
4.

having the potential to exist in quantities which, if released uncontrollably, could pose a

significant hazard to on-site or off-site personnel. Because of resource limitations, priority was

placed on the chemicals on the basis of the number of facilities processing a given hazardous
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Introduction

material, the volatility and toxicity of the material, and the quantity of material present. This
report contains information on the following chemicals: (1) aeetonitrile, (2) fluorine,
(3) hydrogen chloride, and (4) polychlorinated biphenyls (PCBs) and their combustion

products. Work is in progress on 20 additional chemicals: (5) hydrogen fluoride, (6) oxides of

nitrogen (NO, NO2, N202), (7) uranium hexafiuoride, (8) soluble and insoluble uranium,
(9) nitric acid, (10) chlorine, (11) chlorine trifiuoride, (12) sulfur dioxide, (13) sulfuric acid,

(14) carbon tetrachloride, (15) lithium hydride/deuteride,(16) lithium carbonate, (17) toluene

4-diisocynate, (18) potassium hydroxide, (19) sodium/potassium alloy (NaK), (20) acetic acid,
(21) hydrogen peroxide, (22) perehloroethylene, (23) phosgene, and (24) ingestion of soluble

and insoluble uranium. As sections on additional chemicals are completed, or as important new

information becomes available, this report will be revised.

Results for each of the subject chemicals are reported in separate sections. Each section
contains a summary designed to be used directly by consequence analysts for typical

applications. This summary is followed by a brief description of the physical and chemical
properties of the element or compound, including a discussion of possible reaction products in
ambient air, information on the combustibility of the material, andidentificationof the

possible combustion products. (In some eases, toxicity analyses of the chemicals and their

oxidation/hydrolysisproducts are contained in the same section. The Table of Contents and the

section floes indicate which, if any, by-products are discussed in the section.) Following the
discussion of physical and chemical characteristicsis a summaryof the existing human health

toxicity information and, if appropriate,a summary of the animal toxicity data. These dataare

then analyzed to determine the following health-based toxicological endpoints based on acute
exposure and, where possible, the time course of these endpoints. Information on delayed

effects of acute exposure (e.g., reproductive,immunological, carcinogenic)is usually not
available, but where informationis available, it is summarized.

1. Detection threshold. Detection by human sensory organs is often considered

important in accident scenarios because it provides the basis for indicatingwhether or

not human detection could result in evacuationor other protectivemeasures.For some
materials,detection is not throughthe sense of smell but results from irritation.

2. No observed adverse effect level (NOAEL). In some cases, where

insufficient dataexist, this may be a no observed effect level (NOEL). The rationale
for the use of this level is to identify a concentrationor dose below which there are no

observed adverse toxicological effects. For exposures below this level no further

analyses need be performed.
3. Onset of irritation/reversible effects. A minimum level of health impact ,_

provides a sensitive measure for acute effects. Identificationof this concentrationor

absorbed dose is also important because the range between this level and the next

1-2



Introduction

level, onset of irreversible effects, represents a very low hazard and is helpful

information for engineering analyses.

4. Onset of irreversible effects. This level identifies the onset of significant and

permanent health impacts. Its main function is to provide a level between perhaps very

subtle and transitory effects (identified as irritation/reversible effects) and lethality. An

irreversible effect is defined as a significant effect on a person's quality of life, e.g.,

serious injury. In most cases, the effect will be somatic; however, it is possible that

genetic effects could occur.

5. Lethal exposure level (50% iethafity). It is important and necessary to

identify potentially lethal chemical hazards. The inclusion of other measures such as

LDto or LDol may be more satisfactory for some applications than the use of the LDw

measure; however, the information necessary to identify these levels is rarely available.

If more detailed lethality information than LDso is available, it is discussed.

Not all of these endpoints can be determined for all of the chemicals of interest. In such cases,

the most similar available endpoint is identified (e.g., NOEL vs NOAEL). The important issue

is to attempt to identify a common set of endpoints for each material so that it is possible to

compare different facilities on a relative basis. Because there is generally a lack of data on the

, wide range of individuals who may be exposed in an accident situation, the basis for the five

endpoints is the average person. It is recognized that some members of the population may be

. more susceptible to certain toxic exposures than others. However, most of the human data are

based on the average individual. Calculations in this manual are based on the average or

typical adult male individual with a body mass of 73 kg at a light activity level with a

breathing rate of 25 L/min, according to the International Commission on Radiological

Protection. 1 Averaging times for human exposures are discussed separately in each section.

The Subcommittee on ConsequenceAssessment and Protective Actions (SCAPA) of the DOE

Office of Emergency Planning and Operations has suggested an approach employing similar

health effects but using a simpler means to estimate biological responses as a function of

concentration and exposure time. It compares peak 15-min average concentrations with

Emergency Response Protection Guidelines (ERI'Gs), which are considered applicable to

exposures up to 1 h. Therefore, the SCAPA approach may be overly conservative for

exposures less than 1 h and will be nonconservative for exposures greater than 1 11.Moreover,

ERPG values exist for only a few chemicals, and SCAPA develops altematives based on other
q,

4.

qntemationalCommissiononRadiologicalProtection,HumanRespiratoryModelfor RadiologicalProtection,ICRP
Pub.66, Annalsof the ICRP24 (1--4),1994(in press).
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Introduction

published guidelines. However, most of these other guidelines do not apply to accidents, and
the method used by SCAPA to develop the alternativeERPG values is not based on the

individual characteristicsof the chemical. This is in contrastto the biological-response
estimates used in this report.

The methodsand goals of this effort differ from those in a related effort in Emergency
Response Planning.In EmergencyResponse Planning, there is a need to keep things relatively

simple; consequently, only three levels are usuallychosen, as in the ERPGs underdevelopment

by the AmericanIndustrial Hygiene Association. Furthermore,the levels for Emergency
Response Planning are chosen to represent accident conditions and provide decision points for

go/no-go plans to alert or evacuate affected zones. ERPGs are based on l-h exposures to a
fixed concentrationfor a given level of assumedhuman activityand body size, and therefore

cannotprovide the level of detail desired in the more analytic Safety Analysis approach.

Nonetheless, ERPGs representa valued asset; they are used as benchmarksand in some cases
have been adoptedfor use in this report.

The estimates of health effects providedin this report areintended to be used only in assessing

the consequences of postulated accidents in supportof the SAR program.This informationwill

be used to determinethe adequacy of the controls used to manage the risk of the operation
being evaluated. The toxicity estimates are not intended to be used as acceptableexposure
levels for occupational personnel or membersof the public. Furthermore,the guidelines in this

section are not intended for use in developing emergency exposure levels.

For additional technical information, contactClay Easterly at 615-574-6254 (FAX 615-
576-7651). For programmaticinformation,contact Robert Just at 615-574-6497 (FAX
615-576-4705).

1-4



2

, ACETONITRILE



2. ACETONITRILE

2.1 SUMMARY

Acetonitrileis a colorless liquid with an ether-likeodor andburningsweetish taste. It has a

high evaporationrate, and contactwith strongoxidizersmay cause fires and explosions. The
combustionof acetonitrilemay release hydrogencyanide, nitrogenoxides, carbondioxide, and

carbonmonoxide. A discussionof the toxicity of hydrogen cyanide is included in this report;
the effects of the nitrogenoxides are addressedin a separate toxicity report.

Humanand animal studies suggest that acetonitfile is metabolized by hepatic enzymes to
release cyanide, which causes the majoracute toxic effects. The toxic effects of acetonitrileare

similar to tho_e of hydrogen cyanidebecause of similarmechanisms of action---i.e., the

formationof cyanide. Acute clinical systemic effects from inhalationexposure to acetonitrile

are observed in variousorgan systems: nervous, respiratory,cardiovascular, and
gastrointestinal.Related effects include nausea, vomiting, headache, severe lassitude, weakness,
respiratorydepression, chest or abdominalpain, shock, convulsions, coma, seizmes, and death.

The effects may appear severalhours afterexposure has ceased. Dermatologic effects occur
from skin contact with liquid acetonitrilecausing mild erythemaof short duration. The liquid

may also cause bums to skin andeyes upon contact.Local effects of vapor exposure including

. nose, throat,andeye irritation,a slight flushingof the face,and a feeling of chest tightness
have been reported.

Based on human and animal toxicity data, the relationshipof concentrationversus time for
exposures to acetonitrileare esl_nated for five levels: odor detectionthreshold,no observed

adverseeffect level (NOAEL), onset of reversible/irritationeffects level, onset of irreversible

effects level, and lethal concentrationto 50% of the population(LCso)level. Table 2.1 presents

the concentrationsor the equationsthat formulate these levels, which are also depicted in
Fig. 2.1. Recommendedaveraging times for calculatingtime-weighted averages when

measuringexposures are also presented in Table 2.1.

The estimates of health effects providedin this section are intended to be used only in
assessing the consequencesof postulatedaccidents in supportof the Safety Analysis Report

(SAR) program.This informationwill be used to determinethe adequacy of the controls used

to manage the risk of the operationbeing evaluated. The toxicity estimates are not intended to

be used as acceptable exposure levels for occupationalpersonnel or members of the public.
Furthermore,the guidelines in this section are not intendedfor use in developing emergency
exposure levels.
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Table 2.1. Summary of acetonitrile consequence levels

Recommended

Endpoint Level" averaging times Comments

Detection threshold C = 67; t < 120 30 min Ether-likeodor

C > 67; t > 120 insufficientdata

No observed adverse C = 268; t < 240 30 min
effects level

Onset of reversibleftrritation Insufficient data Insufficientdata Possible nervous system and
effects level respiratorysystem effects

Onset of irreversibleeffects C = 1600; t < 60 10 rain Level based on

level developmental effects in
hamsters

Lethal exposure level (LC_ C = 47,500; t < 15 5 rain Level based on most
C x t = 7.1 x 105; 15 rain sensitive animal species

t > 15 to 60 (rabbi0
C x t = 7.1 x lOS; 30 rain

t > 60 to240

"Concentration(C)=mg/m3;time(t) ,- rain.
.¢

2-2



Acetonitrile

Fig. 2.1. Summary of acute health endpoints for acetonitrile.
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2.2 PHYSICOCHEMICAL PROPERTIES

Acetonitrile,or methyl cyanide (CH3CN),is a colorless liquid with an ether-like odor and

burningsweetish taste (Sax andLewis 1989). It is miscible with water, benzene, methanol,

methyl acetate, acetone, ethyl acetate, ether, acetamide solutions, chloroform,carbon
tetrachloride,ethylene chloride, and with many unsaturatedhydrocarbons(Weast 1989).

Contact of acetonitrile with su'ong oxidizers may cause fires and explosions (Mackison,

Stricoff, andPartidge 1981). Some of the physical propertiesof acetonitrile are presentedin
Table 2.2.

When acetonitrile is released into the atmosphere, it should exist primarilyin the vapor phase

and is expected to react with ozone and photochemicaUygenerated hydroxyl radicals (indirect

photolysis). The estimated half-life for acetonitrilein air is appro)dmately42 d (based on

ozone and hydroxyl reactions) (EPA 1987). It wUl persist in the troposphere for a _.,ng time

and may be transporteda long distance from its emission source (Atkinson and Carter1981).

Acetonitrile has the ability to combust to form highly toxic products of decomposition.
Hydrogen cyanide (HCN), nitrogenoxides (NOx),carbondioxide (CO2),andcarbonmonoxide

(CO) are the primarycombustionproductsthat may be released in a fire involving acetonitrUe
(Sax 1984; Mackison, Stricoff, andPartridge1981). A wide variety of trace organicscould

also be formed. The chemical equations presentedbelow show how the primarycombustion

products may be formed.The characteristicsof the fire will determinethe proportions of each
producL

C-_H3N+ O2 -* HCN + CO + H20

4 C2H3N+ 9 02 "* 6 H20 + 8 CO + 4 NO

4C_H3N+I302-_6H20+8CO2+4NO
4 C2H3N+ 11 02 -* 6 I'120+ 8 CO + 4 NO2

4 C2H3N+ 15 02 --* 6 I-l_O+ 8 CO2 + 4 NO2

In addition,the following reactions may take place after combustion from the heat of the fire:

2 CO + O2_ 2 C02

2 NO + 02 "_ 2 NO2
2 NO_ --> N20,
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e

Table 2.2. Physical properties of acetonitrile !
t

Property Description

Molecularweight 41.05 g/mole

Boiling point 82°C (179°F) (@ 760 ton)

Melting point -45.7°C (-50°F)

Vaporpressure 73 ton"@ 20°C

Specific gravity(vapor) 1.42 (air = 1)

Evaporationrate (comparedto butyl acetate) 5.79 (butyl acetate = 1)

Flash point 5.6°C (4°17)

Sources:ACGIH1986;ClaytonandClayton1982;NFPA 1986.

2.3 SUMMARY OF EXISTING TOXICITY DATA
b

This section summarizes the acute toxicity data of acetonitrile and briefly addresses the

- combustion product HCN. It includes a summary of the mechanism of action of the chemicals

in the human body, anticipated human health effects, and applicable animal studies. This report

focuses primarily on exposure by inhalation and, where appropriate, skin contact.

2.3.1 Acetonitrile

2.3.1.1 Mechanisms of action

Two studies on the absorption of acetonitrile suggest that the vapor is readily absorbed through

the lungs. Absorption of acetonitrile was measured in 16 human subjects who were cigarette

smokers. An average of 74% absorption of acetonitrile was measured when the cigarette
smoke was held in the mouth for 2 s but was not inhaled. When the smoke was inhaled into

the lungs, absorption of acetonitrile increased to 91% (Dalhamn, Edfors, and Rylander 1968a,

1986b). Pozzani et al. (1959) exposed three dogs to acetonitrile vapor for 4 h at 16,000 ppm in

• air (27,000 mg/m3)? Although actual absorption was not measured, they reported that

acetonitrile is absorbed rapidly upon inhalation.

i i

tFor conversionof ppmof acetonitrileto mg/m3, 1 ppm= 1.68mg/m3. Thisassumesa barometricpressureof
760 tortanda temperatureof 25ec.
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Acetonitrile is metabolizedby hepatic enzymes to release cyanide, which causes the major

acute toxic effects. Acetonitrile possesses little if any toxicity in the absence of normalhepatic
function (Willhite and Smith 1981). Acetonitrile exposure by any route (oral, dermal, or

inhalation) can produce cyanide-like poisoning from metabolic cyanide released after

absorption. Detailed studies have shown that microsomes oxidize acetonitrile to cyanide

(Freeman and Hayes 1988; Fiereman and C.ederbaum1989). Acetonitrile was found to

metabolize to cyanide very quickly in mice (Ahmed et al. 1992).

Cyanide exerts toxic effects by reacting with iron in cytochrome oxidase, the enzyme that

catalyzes the terminal step in mitochondrialrespiration. The acute toxicity of cyanide may

result from the productionof cytotoxic anoxia (severe deficiency of oxygen) through the
inhibition of cytochrome oxidase (ATSDR 1989). As a result, the enzyme is unable to catalyze
the reactions in which electrons are transferredfrom reducedcytochrome to oxygen. Cellular

oxygen utilization is thus impaired,with a resultant reduction in or cessation of aerobic

metabolism (ATSDR 1989). Because utilization of oxygen is blocked, venous blood remains
oxygenated andis almost as brightred as arterialblood (Gilman, Goodman, and Gilman

1985). The cyanide ion producesacute anoxia of the centralnervous system (CNS) by

inactivating the cytochrome oxidase enzyme system necessary for tissue respiration.

Cyanide is primarily detoxified in the body when the cyanide ion is conjugated with sulfur to

form the less toxic thiocyanate. Conjugationis catalyzedby rhodanese, a mitochondrial
enzyme that is widely distributedin most animal tissues (and particularlyin the liver) (ATSDR

1989). The half-fife for the conversionof a nonlethaldose of cyanide to thiocyanate in humans

is between 20 rain and 1 h (NIOSH 1976). Thiocyanate is eventually excreted in the urine
(ATSDR 1989). It is possible that existing liver disease might slow the rate of cyanide

metabolism because the fiver containsthe highest activity of rhodanese (EPA 1980). In an

evaluation of an accidentalacetonitrile exposure (describedfurther in Sect. 2.3.1.2), Amdur
(1959) concluded that the direct cause of poisonous effects was due to thiocyanate. In general,

acetonitrile metabofites have much longer eliminationhalf-fives than acetonitrile (Ahmed et al.

1992), and the signs of toxicity producedby acetonitrileare primarilythose of cyanide and

thiocyanate poisoning.

2.3.1.2 Acute human health effects/toxicity data

Grabois (1955) described a case of accidental poisoning in workers exposed to acetonitrile

vapor, which was discussed further by Amdur (1959). Sixteen workers in a chemical

manufacturing plant were accidentally exposed to acetonitrile vapor while brush-paintingthe

inside walls of a storage tank with corrosion-resistantresinous primerpaint. Exposure
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concentrations and durations are not known; however, exposure occurred over a 2-d painting
. job. One worker developed convulsions andfell into a deep coma and died. The other workers

had symptomsthat includedchest pain, a feeling of tighmess in the chest andabdomen,
palpitations, shortnessof breath, nausea, vomiting, abdominalcramps,urinaryfrequency,
headache,difficulty swallowing, lassitude, and fatigue. The onset of symptoms were delayed

from 3 to 12 h. Amdur(1959) concludedthat the direct cause of the poisonous effects were

due to thiocyanate,the detoxificationproductof cyanide, and not to cyanide, because cyanide

would be expected to act more quickly. Six workers, including the one who died, had elevated

blood cyanide concentrations,which decreased in the survivorsover the following 2 weeks.

Dequidt,Furon,andHaguenoer (1972) and Dequidtet al. (1974) reportedthe fatal outcome of

a photographiclaboratoryworker's"massive exposure" to acetonitrilevapor. About 4 h after
his exposure, he began experiencinggastric distress and nausea. Other symptoms for the next
few days included vomiting, hypersalivation, conjunctivitis, very low urine output, and low

blood pressure. He experienced cardiac and respiratory arrest and died 6 d after the initial
exposure.

In a study by Pozzani et al. (1959), three human subjects were exposed to 40 ppm (67 mg/m3)

• of acetonitrile, and two subjectswere exposed to 80 ppm (134 mg/m3) and two were exposed

to 160 ppm (268 mg/m3)for 4 h. At 40 ppm (67 mg/m3),none of the subjects reportedadverse
effects, except for one subject who experienced slight chest tightness a few hours after
exposure and a "cooling sensation" in the lung the next morningand the rest of the day. No

detectable cyanide was found in blood specimens, but one subject showed a slightly elevated

urinary thiocyanate level. Also at 40 ppm (67 rag/m3),all three subjects recognized the odor
for the first 2 to 3 h of the 4-h exposure period and then experienced some olfactory fatigue.

At 80 ppm (134 mg/m3),there were no subjective signs of toxicity and no blood cyanide, but

urinarythiocyanate excretion fluctuated.At 160 ppm (268 mg/m3) exposure, one subject

reporteda slight flushing of the face 2 h after inhalationand a slight feeling of bronchial

tighmess 5 h later.Blood cyanides and urinarythiocyanates did not change significantly from
pre-exposure values.

In a compilation of odor thresholds and irritatingconcentrations for several chemicals, Ruth

(1986) reported an odor thresholdof 70 mg/m3 and an irritationlevel of 875 mg/m3 for
acetonitrile. Exposure times and the type of irritation were not specified. The odor threshold

. reportedby Ruth was based on human olfactory perception of acetoni_ile with no other
chemicals present in the air. Ruth's (1986) compilation of data is limited in its usefulness

• because it does not list references specific to each chemical and does not provide much

explanation of the levels presen:ed.The American Conferenceof GovernmentalIndustrial

Hygienists (ACGIH 1986) reported an odor threshold of 40 ppm (67 rag/m3).
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Secondary sources have summarized the acute health effects of acetonitrile as follows. Acute
clinical effects from inhalation exposure are observed in various organ systems: in the nervous
system---headache, lassitude, and dizziness leading to coma or seizures at high concentrations;

in the respiratory system---hyperpnea (respiration rate increase), respiratory depression, and
chest tighmess; in the cardiovascular system--tachycardia has been noted in poisoning cases;

and in the gastrointestinal system---nausea and vomiting. Dermatologic effects occur from skin

contact with liquid acetonitrile causing mild erythema of short duration. The liquid is also

irritating to skin and eyes, and it may cause burning at these sites (DOT 1990; Sittig 1979).

Local effects of vapor exposure, including nose, throat, and eye irritation, a slight flushing of

the face, and a feeling of chest tighmess have been reported (Sittig 1979).

Tietz (1983) stated that airborne concentrations up to 838 mg/m3 cause irritation of mucous

membranes and concentrations above 838 mg/m3 cause weakness, nausea, convulsions, and

death. However, no exposure time was provided with these estimates. Mackison, Stricoff, and
Partidge (1981) report that inhaling 838 mg/m3 for "brief periods" was reported to cause some
irritation of the nose and throat. Individuals with a history of fainting spells or convulsive

disorders might have an added risk while working with acetonitrile (Sittig 1985), as they may

be hypersensitive to acetonitrile.

2.3.1.3 Animal data

Animal studies of particular interest to this analysis are inhalation studies with single

exposures of up to 8 h. The pertinent results from such studies are presented in Table 2.3;
these studies evaluated effects from acute exposures of 30 to 480 rain. In the studies that

addressed acute effects, rats, guinea pigs, rabbits, dogs, and mice were exposed to

concentrations rangingfrom 2828 to 89,000 mg/m3. When available, concentrations that killed

50% of the exposed populations (LCsolevels) are provided in Table 2.3.

A study by WiUhite (1983) indicates that acute inhalation exposure to acetonitrile may cause

developmental effects. In this study, pregnant hamsters were exposed to 3018, 6372, 8384, or
13,415 mg/m3 of acetonitrilefor 1 h on the eighth day of gestation. Inhalation of acetonitrile

was associated with a significant increase in the numberof malformed offspring at the two

highest concentrations(Table 2.3). One fetus in the 13,415 mg/m3 exposure groupdeveloped

extrathoracic ectopia cordis, a rare condition that in humans is exemplified by protrusionof the
heart through a sternal defect. Willhite (1983) suggested that in vivo liberation of cyanide from

acetonitrile was responsible for the production of the teratogenic effects.
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Table 2.3. Animal inhalation data for aeetonitrile
it

Time Concentration

Species (rain) (mg/m3) Effects Reference

I-l_nster 60* 3,018 No malformations in offspring; no Willhite 1983

(pregnant) signs of maternal intoxication

Hamster 6,372 No malformations in offspring; 1 Willhite 1983

(pregnant) of 6 mothers exhibited dyspnea,
tremors, hypersalivation, ataxia

and hypothermia and died from

exposure

Hamster 60' 8,384 Skeletal malformations in Willhite 1983

(pregnant) offspring, ranging from fused ribs
to severe axial skeletal disorders;

1 maternal death

Hamster 60' 13,415 Skeletal malformations in Willhite 1983

(pregnant) offspring, ranging from fused ribs
to severe axial skeletal disorders;

3 of 6 maternaldeaths after

tremors and coma; 4 of the six

" mothersexhibited respiratory

difficulty, lethargy, ataxia,

hypothermia, eye and nose

irritationand gasping; 3 of those

developed tremors followed by a
deep coma and death

Mouse 60 4,516 LC_ intense dyspnea, tachypnea, Willhite 1981
gasping, tremors,convulsions, and

eomeal opacity; delayed deaths

Rabbit 240 2,828 LC_ prostration,usually followed Pozzani et al. 1959
(males) by convulsive seizures, preceded

death;often pulmonary

hemorrhageor congestion;

delayeddeaths

Guinea pig 240 9,483 LC_ see comment for rabbit Pozzani et al. 1959
(male and

female)
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Table 23 (cont.)
J,

Time Concentration

Species (min) (mg/m_) Effects Reference

Dog 240 3,354 No deaths in 2 exposed dogs Pozzani et al. 1959

Dog 240 13A15 No death in one exposed dog Pozzani et al. 1959

Dog 240 26,830 All 3 male dogs died Pozzani et al. 1959
(male)

Rat 30 4,695 No deaths among 3 exposed rats Haguenoer, Dequidt,
and Jacquemont1975

Rat 30 41,922 Three of 3 rats died; difficult I-Iaguenoet,Dequidt,
breathing,cyanosis and Jacquemont1975

Rat 30 89,000 LC_ see commentfor rabbit Pozzani et al. 1959

Rat 240 33,454 LC_ hemorrhagingin lungs and Monsanto n.d. (EPA
death Docket No.

878210774)
w

Rat 240 13,415 One of 6 ratsdied Smyth and Caxpenter
1948

Rat 240 80,000 LCs_ salivation, lethargy, YLI 1978
increasingweakness, tremorsand

convulsions, collapse and death

PaR 240 26,900 LC_ no details provided Pozzani, Weft, and

Caq)enter 1959

Rat 240 26,830 LCso;see comment for rabbit Pozzani et al. 1959
(male and

female)

Rat 480 20,852 LCse;see comment for rabbit Pozzani et al. 1959
(female)

Rat 480 12,662 LC_ see comment for rabbiL Pozzani et al. 1959
..

"Exposedon eighthdayof gestation,whichis duringtheearlyprimitivestreakstageof emblyogenesis.
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2.3.1.4 Exposure limits/standards
m

Acetonitrileexposure limits have been established by various agencies. ACGIH recommends
thresholdlimit values (TLVs) for exposure to chemicals in the workplace.The recommended

time-weighted average (TWA) TLV for acetonitrile is 40 ppm (67 mghn3), andthe short-term

exposure limit (STEL) is 60 ppm (I01 mg/m3).The TWA TLV is an 8-h exposure level at
which averageworkerscan be exposed repeatedlyday afterday without showing adverse

effects. The STEL TLV establishes exposure limits based on 15-rainexposure periods. The
TLVs for acetonitrileare recommendedto protect againsto_anic cyanide poisoning and injury

to the respiratory tract(ACGIH 1986). Based on ACGIHrecommendations,the Occupational

Safety andHealth Administration(OSHA) has promulgatedpermissible exposure limits (I'ELs)
of 40 ppm (67 mg/m3)TWA and 60 ppm (101 mg/m3) STEL (29 CFR Pt. 1910). The National

Institutefor OccupationalSafety and Health (NIOSH) recommendeda 10-h TWA exposure
limit of 20 ppm (34 mg/m3) (ACGIH 1986). The level that is listed by NIOSH as immediately

dangerous to life and health 0DLH) is 4000 ppm (6708 mg/m3).The IDLH is the maximum
concentrationfrom which one could escape within 30 min without experiencing any escape-

impairing(e.g., severe eye irritation)or irreversiblehealth effects (DHHS 1990). Although the
American IndustrialHygiene Association (AlHA) sets emergency responseplanning guidelines

• (ERPGs) for several chemicals, they have not established or draftedany guidelines for
acetonitrile.

2.3.2 Hydrogen Cyanide

More human damare availablefor exposures to HCN than for acetonitrile.An extensive data

set of animal exposures is also available for HCH exposure (all routes of exposure). Because
the focus of this report is acetonitrile,this section will only briefly summarizehuman health

effects as described in varioussecondarysources. The purposeof this section is to compare the

general effects of acetonitrileand HCN.

2._3.1 Human health effects from HCN

Symptoms of HCN poisoning may appearwithin seconds to minutes after ingesting the liquid

or breathingthe vapors (ATSDR 1989; Goodman andGilman 1975). Hydrogen cyanide
dissociates in vivo, thereby releasing cyanide ions. Cyanidesare absofl_ from the skin and

. mucosal surfaces and are d_ngerouswhen inhaled because toxic amountscan be absorbed

through bronchialmucosa andalveoli (Haddad and Winchester 1983). People with chronic

. diseases of kidneys, respiratory_.ract,skin, or thyroid are at greaterrisk of developing toxic

cyanide effects than are healthy individuals 0LO 1983). CNS effects observed after acute
inhalation exposure to HCN include headaches, numbness and paresis, coma, and seizures; in

2-II



Acetonitrile

fatal cases, necrosis of brain tissue and asphyxial convulsions may precede death (ATSDR

1989; Haddadand Winchester 1983; Gosselin, Smith, and Hodge 1984). Cardiac and
respiratory effects (e.g., cyanosis, metabolic acidosis, hypoventilation, respiratory tract

irritation, pulmonary edema, hyperpnea), which may be secondary to effects on the CNS, have
also been reported (ATSDR 1989; Haddad and Winchester 1983; Gosselin, Smith, and Hodge

1984). As cyanide levels in the blood rise, ataxia develops, followed by coma, convulsions,

and death (I-Iaddadand Winchester 1983). Cardiovascular changes may include atrial

fibrillation, ectopic ventricular beats, tachycardia and hypertension, and hypotension. The most
specific pathological finding in acute cases of cyanide poisoning is the bright red color of

venous blood due to oxyhemoglobin, which results from the inability of cells to utilize oxygen.

Venous blood is about 1 vol % lower in oxygen content than arterial blood (Clayton and
Clayton 1982). Other effects (e.g., gastrointestinal) include nausea and vomiting (Haddad and

Winchester 1983; Gosselin, Smith, and Hodge 1984). Cyanide is distributed to all organs and
tissues via the blood (E,PA 1980). The nonlethal short-term effects of cyanide poisoning are

reversible with time because cyanide is eliminated from the body (ATSDR 1989; Gosselin,
Smith, and Hodge 1984).

The almond odor of the chemical does not alert all people that it is in the air because not all

persons can detect the odor of HCN (ATSDR 1989) and the vapors may deaden the sense of
smell. HCN is a mild upper respiratory irritant and may cause slight irritation of the nose and

throat. There may also be irritation from skin and eye contact with the liquid (Sittig 1985;
DOT 1987).

Hydrogen cyanide could be formed during an acetonitrile fire as a productof combustion.
Carbon monoxide and HeN, often found in fire environments, act in an additive manner in

terms of lethality (ATSDR 1989). Sublethal concentrations of HCN may interact with other

toxicants in fire environments and cause death. It has also been speculated by Birky and

Clarke (1981) that cyanide could lead to incapacitation, preventing escape, so that the victim
could be exposed to high levels of carbon monoxide (ATSDR 1989).

2.3.22 Exposure limits/standards

The ACGIH ceiling TLV (the concentration that cannot be exceeded in any time) and the

OSHA PEL (8-hr TWA) for hydrogen cyanide are both 11 mg/m3. The NIOSH 10-rain ceiling
level is 5 mg/m3, and the IDLH is 55 mg/m3.
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2.4 ESTIMATES OF HEALTH EFFECTS LEVELS
!,

This section attempts to estimate exposure limits for five consequences. This _alysis addresses
short-term exposures of acetonitrile (i.e., from a few minutes to a few hours).

2.4.1 Detection Threshold

The only study that has measuredhuman odor perception was conductedby Pozzani et al.

(1959) (see Sect. 2.3.1.2). Based on this study, the odor detection threshold is believed to be

67 mg/m3. Olfactory fatigue is expected to occur in 2 to 3 h afteran exposure to this
concentration.The odor thresholdslisted by ACGIH (1986) andRuth (1986), of 67 mg/m3

(40 ppm) and 70 mg/m 3, respectively, are consistent with the Pozzani et al. study. The odor

detection thresholdis depicted on Fig. 2.1.

Because the odor is detected below the NOAEL (see following section) and because olfactory

fatigue does not occur rapidly,acetonitrileis treatedas materialwith adequatewarning
properties (Mackison,Stricoff, and Partridge1981). However, the NationalFire Protection

Agency (NFPA 1986) states that"it has insufficient wamingpmperties to prevent people from
. working in atmosphereswhich may cause death."This latterstatement may be attributedto

olfactory fatigue effects.
w

2.4.2 No Observed Adverse Effects Level (NOAEL)

Pozzani et al. (1959) found no adverse effects in humans exposed to 67 to 268 mg/m3 for 4 h
(Sect. 2.3.1.2). Other human studies detailingconcentrationsof acute exposures and associated

effects are not available.Furthermore,animalstudies focused more on lethality than on levels

causing nonlethal effects. Based on Pozzaniet al. (1959), a NOAEL of 268 mg/m3 is found at
exposures of 4 h. Because additional datawith exposures of shorterdurationare not available,

we conservatively assumed that268 mg/m3 is the NOAEL for shorterexposure durations.

Therefore, the NOAEL is leveled at the concentrationpredicted for 480 rain (Fig. 2.1); i.e.,
268 mg/m3.

2.4.3 Reversible/Irritation Health Effects Level

- Since exposure to acetonitrilemay cause both local irritation and systemic effects in humans,

the onset of each type of effect may differ.The only reference to irritating or reversible effects

. are reports of concentrationswith no exposure times (Sect. 2.3.1.2). Ruth (1986) reported an
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w.

"irritating"level of 875 mghn3;Tietz (1983) reportedirritationto mucous membranesat

concentrationsup to 838 mg/m3;and Macldson, Stricoff, and Partidge(1981) reported irritation

of the nose and throatfrom "brief periods" of exposure at 838 mghn3. None of these data are
sufficient to estimate the onset of irritation/reversibleeffects. Therefore, no level is provided in

Fig. 2.1. All thatcan be concluded is that at some concentrationabove the NOAEL, irritation

and irreversibleeffects will be expected to occur and that exposure to 838 and 875 mg/m3 for

any exvosure period would probablybe irritating.

2.4.4 Irreversible Health Effects Level

Willhite (1983) reportedthat teratogenesis(an irreversibleeffec0 can occur from acute
exposure of the mother to acetonitrile(see Sect. 2.3.1.2). He found that a l-h exposure to 8384

mg/m3 can result in malformationsin offspring.The observationthat the inhaled dose is
affecting the fetus indicatesthat the chemical is being systemically absorbed.

A dose absorbedby an animal from an inhaledconcentrationcan be presented in terms of the
mass of the chemical (milligrams)per body weight of the animal (kilograms). Converting an

inhaled concentrationto an absorbeddose allows for extrapolationto other species using body
weight as a common denominator.Assuming all the acetonitrilethat is inhaled into the lungs

is absorbed into the body, the absorbeddose is calculatedusing Eq. 2.1. The absorbeddose is

than used to calculate the human equivalent concentrationusing Eq. 2.2.

rxv, x/xtAbsD = (2.1)
aw.

HEC = AbsD x BW_, (2.2)=1 a 9

v,.,xf, x t

where

AbsD = the absorbeddose of acetonitrile (mg/kg),

Y = concentrationof acetonitrilein air (animal exposure) (mghn3),

VT_ = tidal volume of an animal species or human (mS),
f,_ = breathing frequency (breaths/min)

t = time of exposure (min),

BWo_ ---body weight of an animal species or human (kg),

HEC = human equivalent concentrationin air (mg/m3).
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Employing these equations, the 1-h 8384 mg/m3 exposure for a pregnanthamster is converted
, to an HEC of 15,967 mg/m3throughuse of the following values:

Y = 8384 mg/m 3 (WiUhite1983),

(Vro× fo) = IR° (inhalationrate) = 6 × 10-5m3/min(Airman andDittmer 1964),
t - 60 min (Willhite 1983),

BW° = 0.092 kg (Airmanand Dittmer 1964),

BWh = 73 kg (ICRP 1994),

(Vn × A) = IRh (inhalation rate)= 0.025 m3/min Bight work conditions)(ICRP 1994).

The HEC assumes an inhalationrateduringlight work conditions because for many

applicationsan individualis expected to be active (e.g., attemptingto exi0 in the event of a
short-termrelease. A lower inhalation rate may be appropriatefor individuals, such as office

workers,who are engaged in sedentaryactivity.

Because it is not known exactly how the metabolismof acetop_t.trileand associated responses in

humanscompareto those in hamstersor even how hamsterscompareto other mammals, an

uncertaintyfactor of 10 is applied to the HEC, as suggestedby the EPA (EPA 1989). This
- results in a 60-min HECfor irreversibleeffects of 1597 mg/m3.Lacldng additionaldata, this

modified 60-min HEC was derived as the estimatedonset-of-irreversible-effectslevel for

- exposuredurations from0 to 60 min. It wouldbe reasonable to expect that higher
concentrationscould be tolerated for shortertimes but, lacking other datawe used the constant

value of approximately 1600 mg/m3.There areno available data that would supportan

extrapolationto times longer than 60 min. The following relationshiprepresents the onset-of-
irreversible-effects-level (Fig. 2.1):

C = 1600 mg/m3;t < 60 rain

Other irreversible effects such as respiratory effects may occur also; however, quantitative data

were not available to evaluate them.

2.4.$ Lethal Exposure Level (LCs,)

While anecdotal human evidence of death from inhalationof acetonitrile exists (Sect. 2.3.1.2),

- adequate human data arenot available for determining an airborneconcentration that is lethal
to 50% of the exposed population(i.e., an LC_. The goal of this analysis is to develop a

. concentration-timerelationshipfor a human LC_ from short-termexposures.
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In the absenceof sufficient human data, this analysis is based on animal to human

extrapolations.Because acetonitrileis absorbedinto the body upon inhalation to cause
systemic effects (e.g., CNS effects such as convulsions and coma), anlmal LC__data will be

converted to human-equivalent LCsovalues based on the absorbedanimal dose. Although

respiratoryeffects may also occur, it is assumed thatdeath would occur from systemic effects.
Assuming all the acetonittile that is inhaled into the lungs is absort_ into the body, the

human equivalentLCsois calculatedusing Eqs. 2.1 and2.2 in the previous section. Table 2.4

lists the animalLCsolevels (presentedearlierin Table 2.3), the associated absorl_ doses, and

the calculated human equivalentLC._olevels.

To help understandthe exposure-response relationship,the productof concentrationand time

(C × t), which representsthe cumulativeexposure, is calculated for each LC_ value. Table 2.5
lists the C × t values for each estimatedhuman equivalent LC_ According to Haber's law,

C × t = a constant (k) for a specific effect (e.g., death) (Klaasen, Amdur,andDoull 1986).
Haber's law has been challenged by ten Berge, Zwart,and Appelman (1986), who found it to

be unreliablefor predictingmortality responsein some chemicals. They state that the

concentration-timerelationship for lethality for some volatile industrialchemicals is C"x t = a

constant,where n is a species-sI_ific factor derived empiricallyfrom acute inhalation toxicity

experiments. This n was derived by fittingLC_ data to the given equation.While ten Berge
et al. (1986) did not derive an n for acetonitrile,they did do so for HCN systemic effects.

They calculatedan n of 2.7 (95%confidence limits 1.8 and 3.7) for HCN. Because both HCN

and acetonitrilemay result in cyanide-like effects, we applied the n value of 2.7 to acetonitrile
to furtherevaluate the concentration-timerelationships. However, this relationship was not
found to be valid for acetonitrile andis not addressed further.

The k values (i.e., C × t) in Table 2.5 represent the slope of the LC_ curves for each time-

specific animal study. Although the true relationship of C x t is not known, by assuming that k

is constant at differenttimes (i.e., Haber's law), a curve representing concentration(LC__

versus time can be drawn. In essence, this is extrapolatingfrom a concentrationat a given time

to other exposure times. Since each differentk results in a differentcurve, the range of LC_

values is determined by taking the most sensitive and most resistant species andextrapolating
to different times using the k value. For example, the most sensitive species is the rabbit

(240 rain) (Pozzani et al. 1959) because it has the lowest k value. The highest k value (most
resistant)is the second rat-240 study(YLI 1978) listed in Table 2.5. Fig. 2.2 shows the upper

and lower bounds of predicted LC_ values from the most resistantandmost sensitive species.

The following equations represent those curves:

Upper bound (from rat-240 study): C × t = 2.07 × 10_ mg-min/m3,

Lower bound (from rabbit-240 study): C × t = 7.12 × lOs mg-min/m3.
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Table 2.4. Animal LC,'s, absorbed doses, and calculated human equivalent LCso

Absorbed Human

Animal LC. Time IR BW dose equivalent LC.

Species (mg/mJ)" (min) (mJ/min)j (kS) (rag/ks) (ms/m3)'

Mouse 4,516 60 2.45 × 10-s 0.02 331 16.120

Rabbit 2,828 240 1.07 × 10-3 5 244 2,966

Guinea pig 9,483 240 1.62 × 10.4 0.466 791 9,626

Rat 89,000 30 7.40 × 10"s 0.2 986 95,969

Rat 33,454 240 7.40 x 10-5 0.2 2,969 36,124

Rat 80,000 240 7.40 × 10.5 0.2 7,100 86,385

Rat 26,900 240 7.40 × 10-_ 0.2 2,397 29,047

Rat 26,830 240 7.40 × 10"s 0.2 2,381 28,972

Rat 20,852 480 7.40 × 10"s 0.2 3,701 22,516

, Rat 12,662 480 7.40 × 10.5 0.2 2,248 13,673

*ReferencesforanimalLCse'sareprovidedinTable2.3.
- qR : inhalationrate: tidalvolume(V1.)x breathingfrequency(I) (AirmanandDittmer1964).

¢Auumeanaveragehumanbodyweightof 73 ks andan inhalationrateduringlightworkconditionsof about
0.025 m3/min(ICRP1994).Lightworkconditionsareconsideredreasonablebecauseanindividualis expectedto be

active(e.g., attemptingtoexit) in theeventof a short-termrelease.

Because there is such a large range of predicted LC_ values, and because it is not known

which species' sensitivity more closely resembles that of humans, a conservative approach is

to use the most sensitive species data to represent human LC_ values. Therefore, we have

chosen the lower bound curve as the estimated LCsocurve (Fig. 2.1). Note that what occurs at

very short exposure times is not known. As depicted in Fig. 2.1, the LC_ois assumed to be

constant at exposure times less than 15 min.

Although this extrapolation assumes death occurs from systemic effects, death may in some

instances occur from respiratory effects. As such, there may be a different exposure-response

relationship associated with such effects. Note also that the estimated levels developed in this

analysis for acetonitrile incorporate both interpolations and extrapolations. Many uncertainties
It

are inherent in such predictive methods. For example, animal-W-human extrapolations were

made assuming the mass of the chemical per unit body weight has the same effect in

laboratory animals as in humans. In addition to uncertainties incurred in this analysis, the data
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Table 2.5. Comparison of concentration and time

relationships for acetonitrile lethality data

HEC OLCx)' C x t

Animal study" (mg/mJ) (mg-mln/m3)
-- |, _ , lrr,, ......... , , ,, ,,

Mo_ rain 16,120 9.67 x 10_

Rabbit--240 rain 2,966 7.12 x 105

Guinea pig--240 rain 9,626 2.31 × 106

Rat--30 rain 95,969 2.88 x 10e

Rat--240 mm 36,124 8.67 × 10e

Rat--240 mm 86,385 2.07 × 107

Rat--240 mm 29,047 6.97 × 10e

Rat--240 mm 28,972 6.95 × 10e

Rat--480 mm 22,516 1.08 × 107

Rat--480 mm 13,673 6.56 x 10e ,

"Referencesareprovidedin Table2.2, andstudiesarelisted in thesame
orderas inTable2.4.

'From Table2A.

themselves have their own associated uncertainties. Consequently, it should be recognized that

the recommended levels provide best estimates of effects of exposure to acetonitrile as

confined by many unavoidable uncertainties.
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3. HYDROGEN CHLORIDE

3.1 SUMMARY

Hydrogen chloride (HCI) is a colorless gas with a pungent, penetrating odor. Due to its highly
hygroscopic nature, the anhydrous gas forms aerosols of microdroplets of hydrochloric acid

under normal atmosphericconditions. Hydrogen chloride is corrosive to biological tissues and

is a primary irritant. The primary target organ for toxic effects from HCI vapor or aerosols is

the upper respiratory tract, although eyes and skin may also be affected. The symptoms of
exposure include nose, throat, and eye irritation; coughing and sneezing; chest pain;
hoarseness; and bronchoconstriction. Delayed or chronic effects from HCI exposure seem quite

rare in humans. Experimental animal studies and evidence from a few human studies suggest

that HCl is not a carcinogen.

Concentration-timerelationships for exposures to hydrogen chloride are predicted for five
health endpoints, as shown in Table 3.1 andplotted in Fig. 3.1. There is a wide range of
values for odor detection of HCI in humans.Since irritationis a more sensitive indicator of

HCI detection than odor, we have selected irritationas the endpoint for the detection threshold.
Detection thresholdlevels chosen were 6 mg/m3 for <10 min, 3 mg/m3 for >10 min to

120 min, and 1 mg/m 3 for >2 to 4 h. The no observed adverse effect level (NOAEL) chosen
was the same set of HC1 concentrations as was used for detection thresholds.These levels are

to be considered ceilings, and the adverseeffect considered is irritation.The irritation/
reversible effects threshold chosen was the same set of values used for the NOAEL.

Concentrationsof HCI above these levels might be expected to initiate irritation.These levels

are based on human volunteer exposures andthe expert judgment of committees of
toxicologists. An irreversible effects level for HCIfor humans could not be defined. Primate

studies indicate that even very-high-level exposures (>1500 mg/m3 for 15 min) do not produce
irreversible effects in baboons. The estimated human lethality levels [lethal concentrations to

50% of an average human population (LC_] for HCI were based on calculations from rodent

acute lethality studies. The lethal HCl concentrations for time periods up to 120 rain were

calculated from the equation C × t = 92,000 mg-min/m3.

The estimates of health effects provided in this section are intended to be used only in

assessing the consequences of postulated accidents in support of the Safety Analysis Report

(SAR) program. This information will be used to determine the adequacy of the controls used
to manage the risk of the operation being evaluated. The toxicity estimates are not intended to

be used as acceptable exposure levels for occupational personnel or members of the public.

Furthermore, the guidelines in this section are not intended for use in developing emergency
1,

exposure levels.
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Table 3.1. Summary of effect levels for hydrogen chloride

HCI concentration Averaging _"

and time" time (min) CommentsEudpolut

Detection threshold C = 6; t < 10 5 Detection is based on sensing irritation
C = 3: t > 10 to 120 10 (nose and thma0, not upon odor.
C = 1; t > 120 to 240 30 Initiationof irritationmight occur above

these levels.

No observed adverseeffects level C = 6; t _ 10 0 HCIlevels at or below these values
C = 3: t > 10 to 120 0 should have no adverseeffect. Suggested
C = 1: t > 120 to 240 0 as ceiling levels, since HCI concentrations

above these levels mightinitiate irritation.

Onset of irritati_ersible effects C > 6; t < 10 5 HCI concentrationsabove the NOAEL
C • 3; t • 10 to 120 10 thresholdmightbe expected to initiate

t_ C • 1: t • 120 to 240 30 irritation.

Onset of irreversible/seriouseffects No valuecould be established

Lethal exposure level (LCso) C = 18,500; t < 5 m 5 Data supporting Haber's law did not
C × t = 92,00(_, t • 5 to 60 10 extendbeyond 1 h. We extended the
C x t = 92,000;,t • 60 to 120 30 exposuretime to 2 h using Haber's law

but do not recommendextension • 2 h
because of the uncertaintyabout the
natureof the dose-responserelationship.
There is similar uncertaintyregarding
very shortexposure times (<5 min). The
values used for humanLCs0's were
derived by direct extrapolationfrom
rodentdamexclusively.

"Concenumion(C)= mg/m';time(t) = min.
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3.2 PHYSICOCHEMICAL PROPERTIES OF HYDROGEN CHLORIDE

3.2.1 Background

Hydrogen chloride (HCI) is a colorless gas which, upon dissolution in water, forms the

common acid, hydrochloric acid. Physical properties are described in Table 3.2. HCI has a

pungent, irritating odor. In this report, the toxicology of only the commonly expected gaseous

form (aerosols of hydrochloric acid) will be considered. It must be noted that HCI gas is very

hygroscopic; when the gas is released into the air, dense white fumes form from the

condensation of HCI and water vapor in the air (AH-IA 1989; Henderson and Haggard 1943).

Anhydrous HCI gas exposure is a greater biological hazard than exposure to the hydrochloric

acid microdroplets because of tissue dessication as well as tissue corrosion (Henderson and

Haggard 1943; NAS 1976). Unusual conditions could give rise to accidental exposure to

anhydrous HCI gas, but as the document on chlorine (C12)and HCI prepared by the National

Academy of Sciences (NAS)/Nalional Research Council (NRC) points out, even in industrial

settings, the anhydrous gas will quickly form the aerosol if released (NAS 1976). This same

document further concludes that "it must be assumed that published reports deal with

hydrochloric acid aerosol unless they specifically state otherwise." The studies of Darmer,

Kinkead, and DiPasquale (1974) indicate that the gas and aerosol states of HCf have very

similar toxicities for rodents (in some cases, LCso values for one state lie within the 95%

confidence limits of the LC-_ovalue for the other state) in their experimental system. The

background document for the Emergency Response Planning Guidelines (ERI_) values for

HCI (AIHA 1989) does not distinguish between the aerosol and gas forms in terms of the

various ERPG levels. We will follow the lead of the NAS (1976) docmnent in this report and

assume explicitly that aerosols of HCI are being discussed in terms of exposure.

Hydrogen chloride can generally be defined toxicologically as a corrosive irritant. The

common toxic reactions from HCI vapor exposure are irritation of the eyes, nose, and throat;

coughing; bronchoconstriction; and edema of conducting airways or alveoli (Kamrin 1992).

The evidence for pulmonary edema comes exclusively from rodent studies, however, and

primate (baboon) experiments indicate that even a high level of HCI exposure (10,000 ppm, or

15,000 mg/m 3) does not produce pulmonary edema in primates (Kaplan et al. 1988). Although

irritation of the eyes is one of the symptoms of HCI exposure, there is general agreement that

the upper respiratory tract is the primary target for HCI and that irritation of this area is the

most sensitive indicator of exposure (WHO 1982; Darmer, Kinkead, and DiPasquale 1974;

Kamrin 1992). Also, very little quantitive information is available regarding ocular toxicity.

Accordingly, in this document, the focus has been placed on the respiratory tract as the site for

toxic effects, and all toxicity levels have been evaluated with regard to this site. Very few
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Table 3.2. Physical properties of hydrogen chloride

Property Description

State Gas at normal conditions of temperature and pressure

Color Colorless

Molecular weight 36.46 g/mole

Boiling point (1 atm) -84.90C

Freezing point (1 atm) -114.80C

Density (vapor) 1.268 (air ---1.000) or 1.639 _ 0°C

Density (liquid) 1.194 @ -26°C

Vapor pressure 4.0 arm @ 17.8"C

Solubility in water 823 g/L @ 0*C

Solubility in other solvents Very soluble in ethanol; soluble in benzene and ether

Sources:HSDB 1993;Lewis 1992;WHO 1982;Windholzet al. 1983.

human studies assessing the chronic effects of HCI exposure in people have been reported. The

consensus of the information available suggests that only local effects on the membranes of the

eyes and upper respiratory tract are produced, with no chronic or systemic effects (NAS 1976;

WHO 1982; HSDB 1993). Animal carcinogenesis studies provide no indication HCI is a

carcinogen (Sellakumar et al. 1985)o Teratogenie or mutagenie effects have not been reported

in human exposures to HCI (WHO 1982). In this analysis, attention will be focused on acute

toxic effects exclusively.

3.2.2 Chemical Properties/Combustion

Hydrogen chloride is a colorless (in pure form) gas at normal conditions of temperature and

pressure. The gas is extremely soluble in water (823 g/L at 0*C) and forms the strong aqueous

acid, hydrochloric acid (concentrated solutions are 35-38% HCI by weight). The aqueous

solution is colorless or slightly yellow. Hydrogen chloride is generally characterized as

corrosive. Most metals are attacked by aqueous solutions of the gas, with release of flammable

" hydrogen gas. Aqueous solutions will also attack some forms of plastics, rubber, and various

coatings. Contact of HC1 (gas or liquid) with alkali or active metals may develop enough heat

to cause fire in combustible materials in the adjacent area. A variety of materials (chemicals)
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may produce hazardous chemical reactions with HCf; these include calcium carbide, cesium

carbide, lithium silicide, magnesium boride, uranium phosphide, calcium phosphide, and

sodium (HSDB 1993). Hydrogen chloride gas is described as having a pungent, irritating odor.

Hydrogen chloride is considered to be noncombustible. Reaction with metals, as indicated

above, may, however, generate hydrogen gas, which is highly flammable in air. Also, heat

associated with fires may cause pressurized containers of HCl gas to explode and release the

gas. Furthermore, many of the hazardous reactions of various chemicals with HCf produce

chemical fires, which may ignite combustible materials. The above information on chemical

properties and fire hazards was taken from HSDB (1993), NFPA (1986), and NFPA (1971).

3.3 SUMMARY OF EXISTING HUMAN TOXICITY DATA

The following is a brief summary of toxic effects in humans from either short- or long-term

exposure to HCI. The World Health Organization (WHO) Environmental Health Criteria

document on C12and HCl (1982) provides valuable information that we have used for the

following discussion. Flury and Zemik in the 1930s reported that eyes, skin, nose,mouth,

pharynx, larynx, and trachea were all primary targets for HCI gas. Respiratory symptomology

associated with short-term exposure can include sneezing, laryngitis, chest pain, hoarseness,

and a feeling of suffocation. Conjunctival irritation, epidermal inflammation, and superficial

comeal damage may also occur, but the upper respiratory tract seems most sensitive to the

toxic action of HCl. Skin exposure to HCf gas escaping from leaks in apparatus has resulted in

severe bums (Clayton and Clayton 1981). Flury and Zemik also noted that long-term HCl

exposures produced brown spots on teeth and erosion of the crowns of teeth. Other studies

(Ten Bruggen Cate as cited in WHO 1982) have also shown this erosional effect on teeth;

however, many of these exposures were to combinations of acids, with HCl being only one

component. The NAS report on CI2 and HCf (NAS 1976) indicates that laryngeal spasm,

pulmonary edema, and death can occur from exposures to high concentrations of HCf, but the

more usual effect (at lower HCl concentrations) is only a mild transitory upper respiratory tract

irritation. Because of the irritant nature of HCf, people voluntarily escape an Hcl-containing

atmosphere if they are able to do so. The evidence with respect to HCI toxicity in humans

suggests that it predominantly produces local adverse effects on the eyes and respiratory tract,

with no known chronic or acute systemic effects (WHO 1982).

More recent reports of human HCI exposures are infrequent in the literature. Rosenthal et al.

(1978) reported on an explosion in a factory that released HCf, phosphorus oxychloride,

phosphorus pentachloride, oxalyl chloride, and oxalic acid. Eleven individuals received

exposures during the 0.5- to 2-rain interval required for escape. The major symptoms
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experienced were hoarseness,wheezing, coughing, and shortnessof breath. Fine crepi_tions

" and scattered rhonchiwere heardin the lungs. In 9 of the 11 patients° there was evidence of

effects on the respiratory system. The authorssuggest the underlyingpathology was interstitial
and alveolaredema, although it must have been mild, as X rays of the lungs were normal. In

eight patients, the pulmonaryabnormalitiesresolved completely in a few days. In one patient'
resolution took 4 weeks, while in another, normalpulmonary function returnedin 2½ months.

In the final case, the pulmonaryabnormalities (dyspnea,crepi_tions, rhonchi)persiseed at least

2 years (final period of testing after the accident).This one individual certainly appearsto
have received permanentdamage. It is not clear,however, that this was due to HCI, because of

the varietyof chemicals released, The authorspoint out that free chlorine may also have been
produced.

Finnegan andHobson (1989) reportedon the case of a woman exposed to a vapor cloud of
HCI and a small amountof PC13for 15 rain. No estimate of concentrationwas given, but the

vapor causedthe painton a boat to blister.The woman was hospitalized for 3 days and then
released, but subsequentlydeveloped a prolongedhypoxemia and asthma.The authorsindicate

that single exposuresof humansto high concentrationsof pulmonaryirritantsmay cause
persistentasthma,which has been referredto as reactive airways dysfunctionsyndrome.

However, this patientshowed no evidence of irreversibleairwaysobstruction,and the authors
concluded that the underlyingcause of her hypoxemiacould not be determined.That this is

not a frequentresponse to HCf exposure is indicatedby the authors' comment thatof the47
cases of inhalationof HCfftunes recordedat Guy's Hospitalpoison center, none developed
hypoxemia and all recoveredwithin one week.

E_sting ,toxicitydataon HC1lead to the following conclusions:

• Local effu_ts on the upperrespiratorytract andeyes seem to dominate acute HCIvapor
poisoning symptomology; skin bums can also occur.

• Evidence from accidentalHCIhuman exposu_,_,,ssuggests thatno permanentadverse
effects are producedin most cases, although damage is concentrationdependent,and

high concentrationscan produce lethality.
• Individuals who are perhapsmore sensitive or have preexisting conditions may develop

persistent lung-function abnormalities.
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3,4 ESTIMATES OF HEALTH EFFECTS LEVELS

,4

3.4.1 Detection Threshold

For a variety of chemicals, warning of their presence in air can be provided, often quite

sensitively, by the sense of smell. Chemicals that produce damage at concentrations at which

they are not detected by odor or by some other physiological sensation pose a particularly

insidious danger. The odor of hydrogen chloride has been described as irritating and pungent.

The description of the odor as irritating, in and of itself, suggests irritation may be an

acceptable physiological detection sign, and the confusion of numerous lower limits for odor
detection leads us to choose irritation as the detection sign of choice. The review by Ruth

(1986) gave a range of odor detection from 7.0 mg/in 3 (low) to 49.0 mg/m 3 (high). However,

this same publication listed the 49 mg/m 3 (30 ppm) value as an irritating concentration. Other

general toxicology sources (Lewis 1992) have also indicated that irritation was produced by

short exposures to HCI in the 45 to 60 mg/m 3 range. Clayton and Clayton (1981) indicated

that HCI concentrations > 5 ppm (7.5 mg/m 3) were immediately (no specific time given)

irritating to the nose and throat. The Emergency Response Planning Guideline (ERI_) (AIHA

1989) lists results of various studies that indicated 0.4 mg/m 3 of HCl could be detected by the

most sensitive volunteer, while 14.9 mg/m 3 (I0 ppm) was said to be detectable by all exposed

volunteers. The 14.9 mg/m 3HCf concentration was also noted as irritating (AIHA 1989). The

Environmental Health Criteria document on (212and HCI (WHO 1982) provided a smnmary

table of odor perception threshold levels. Low values were in the range of 0.1 to 0.2 rag/in 3,

while the high end of the range was 14.5 to 28.3 mg/m 3 and above. In another study, trained

industrial hygienists reported their subjective perception of the presence of HCI and correlated

this with actual air concentration measurements (WHO 1982). No detectable sensation was

noted at 0.09 to 2.68 mg/m 3, minimal reaction was at 0.I0 to 3.23 mg/m 3, and obvious

perception was at 2.83 to 12.8 mg/m 3. These individuals were trained industrial hygienists, and

therefore their odor perception might be more acute than a representative population sample.

The NAS/NRC document on 02 and HCf noted that Heyroth felt most people could detect

HCI in the range of 1.5 to 7.5 mg/m3, while 7.5 to 15.0 mg/m3 was characterized as being

disagreeable (NAS 1976). However, Heyroth also indicated that others (unspecified) have

stated that HCI cannot be detected at up to 52 mg/m 3 either by smell or taste. Loonardos et al.

(referenced in NAS 1976) found the odor threshold in humans to be 15 mg/m 3. In SecL 3.4.3,

we conclude that the irritation threshold is in the range of 6 mg/m 3 for 10-rain exposures and

3 mg/m 3 for 10- to 60-rain exposures. If the odor detection threshold is 15 mg/m 3, as

Leonardos et al. state, this may leave the impression that HCI is an insidious hazard, since it

produces damage (irritation) at lower concentrations than it can be detected. Such is not the

case, however, since irritation (of nose and throat) is commonly accepted as a clearly

detectable sign of the presence of HCf. We therefore conclude that odor detection is
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notanappropriatelysensitiveindicatorofHCIpresence,andinsteadsuggestirritationasthe

. appropriatedetectablesign.Thereisconsiderablevariationinthetoxicologyliterature

regarding HCI irritationthresholds for humans, but reasonable levels seem to be 6 to

"],5mg/m3. We suggest that 6 mg/m3 be taken as a detection threshold for HCI for 10-min

exposure and 3 mg/m3 for >I0- to 120-rain exposures (see SecL 3.4.3).

To conclude:

• A wide rangeof odor detection thresholds are reportedfor HCf; a mid-rangevalue might be

1Omg/m3.
• OdordetectionisnotassensitiveanendpointasirritationforHCI,andwe suggestthe
detectionthresholdbedefinedasthatforirritation.

• A reasonableirritationthresholdmightbe6 mg/m3forSl0-minexposures,3 mg/m3for

>I0-to120-rainexposures,andImg/m3for>2-to4-hexposures.

3.4.2 No Observed Adverse Effects Level (NOAEL)
I

The irritation/reversibleeffects level portionof this report(Sect. 3.4.3) indicates thathuman

- respiratoryirritation may be expected in the rangebetween 7.5 and 15.0 mg/m3 of HCI. Since
irritationis an adverseeffect (even though healthconsequencesmay be negligible), the no

• observed adverse effects level (NOAEL) would be expected to be below at least 7.5 mg/m3

(5 ppm). The thresholdlimit value (TLV) for HCI is 7.5 mghn3 (5 ppm), ceiling limit (ACGIH
1986). Note thatthis is a ceiling limit andis interpretedas being low enough to preventtoxic

injury,but may still be irritating(AIHA 1989). The OSHA permissibleexposure level (PEL) is

also established as 7.5 mghn3,ceiling value (AIHA 1989). Exposures of ratsto 15 mghn3 HCI

for 6 h/d, 5 d/week for a lifetime leads to laryngealhyperplasia(SeUakumaret al. 1985).

These long-termexposures probablyhave no relevanceto exposures of one or a few hours,
however. On the basis of relative toxicity of HCIand1-12SO4 in animals, Kamrin(1992)

estimated a NOAEL for HCI to be 0.3 to 3 mghn3 (0.2 to 2 ppm). Barrowet al. (1977), on

the basis of results of respiratoryrate decreases seen in mice, suggested a TLV of 4.5 to
46 mg/m3 (3 to 31 ppm) for humans, with the lower limit predictedto produce very slight or

no irritating sensation.

These estimated human limits based on animal data [i.e., 3 mg/m3 (Kamrin)and 4.5 mg/m3

(Barrowet al.)] are fairly consistent with humandatasuggesting a possible threshold for
irritation in the neighborhoodof 7.5 mg/m3of HCI (see Sect. 3.4.4 for a more extensive

. assessment of this threshold).The NAS/NRC Committee on Toxicology (see NAS 1976;

AIHA 1989) has set the short-termpublic limits (STPLs)for HCI as follows:
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Exposureduration Concentration

I0rain 6 mg/m3(4ppm)

30rain 3mghn3(2ppm)

60min 3 mghn3

Notethatthesearevaluesforthegeneralpopulationandareconsideredto"representtime-

weighted averages not considered to present any health hazard" (AIHA 1989). Further,
"excursions above these levels are likely to produceobjectionableodors and/or irritation"

(AIHA 1989). Examinationof the STPLs in light of the available data suggest to us that they

are reasonable estimates for a NOAEL. These ffrPLs also provide valuable guidance regarding

exposure time. STPLs are stated as time-weighted averages, implying that short excursions
above these levels can occur without presenting a health hazard. However, as noted above,
such excursions may produce objectionableodors and/or irritation.Although this is perhapsan

ultraconservativeapproach, we suggest that these STIlLs be taken as ceilings for NOAEL, at

or below which no adverse effects are expected to be experienced.

A simple example may serve to illustrateour reasoning. If the time-weighted average concept

is applied to the 10-minSTPL of 6 mg/m3,then a 1-min exposure to 60 mg/m3, followed by

9 min of no exposure should be an acceptable NOAEL. Yet human volunteer data indicates
HCI levels above 15 mg/m3 are immediately irritating(AIHA 1989). It seems, therefore, that

the time-weighted averaging concept may not adequatelyapply (in terms of no observecJ
adverse effects) to "spikes" of high concentrations of HCIover short time intervals.

Consequently,we recommendusing the STPLs as ceiling NOAEL thresholdsover the time

intervals given.

It is unclear how the NOAEL might vary with exposure times of 2 to 4 h. NAS/NRC does not

provide guidance for these exposure time intervals with regard to STPLs. However, guidance
is provided with regard to 5 h/d, 3 to 4 d/month, the recommendedSTPL being 1 mg/m3

(0.7 ppm) of HCf. The general principlefollowed here by NAS/NRC is to reduce the

acceptable HCI concentrationas the exposure time lengthens. Although we have no specific
guidance from the toxicological literatureor from variousexpert committees promulgating

guidelines for time intervals of 2 to 4 h, we consider that the STPL of 3 mg/m3 for 1 h is low

enough that it could reasonablyserve as a NOAEL for 2-h exposures as well. For exposures of

>2 to 4 h, to be very conservative with regardto avoiding any irritationeffects, we
recommend decreasing the NOAEL to 1 mg/m3 of HCf.
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In conclusion, the following points can be made:

• Human exposure data are sparse regarding establishment of a NOAEL for HCL, but suggest
that levels of _7.5 mg/m3 are irritating.

!

• On the basis of animal data, various authors have suggested NOAEL levels of 0.3 to

3 mg/m3 or TLV levels of >4.5 mgJm3.

• The current TLV for HCl is 7.5 mg/m3 (5 ppm), ceiling level.

• NAS/NRC suggests short-term public limits (STPLs) of 6 mg/m3 for 10-rain exposures, and
3 mg/m3 for 30- or 60-rain exposures.

• We suggest adoption of these values as reasonable ceiling levels for NOAELs.

• For times of > 1 h, although specific information was not available, we have estimated a

NOAEL of 3 mg/m3 for 1 to 2 h, and 1 mg/m3 of HC1for >2 to 4 h.

3.4.3 Irritation/Reversible Effects Level

Since HCI is identified as an acutely irritating gas, it is appropriateto define threshold levels

that will induce irritation in humans; this irritation wouldprobably be experienced at HCI
concentrations lower than those that would cause other reversible effects. We identify irritation

- of the respiratory tract (including the nasopharyngeal area) as the relevant toxicological

endpoint here. Although eye irritation is produced by HCl exposure, not enough dose-effect
- information exists to make this a usableendpoint. In addition, toxicological reports on human

exposures to HCI generally indicate that effects on the upperrespiratory tract predominate in
terms of symptomology associated with exposure (WHO 1982).

A wide variety of values indicated as producing human irritation can be found in the literature.

Thus, Henderson and Haggard(1943) note that 52 mg/m3 (35 ppm) causes throat irritation
after short (undefined) exposures. The WHO document on 02 and HCI (1982) indicates that

52 mg/m3, while below the eye irritationlevel, can induce sneezing, laryngitis, chest pain,
hoarseness, and feelings of suffocation.Otherstudies with human volunteers showed that HCI

concentrationsof much less than 52 mg/m3 produced irritation,however. Henderson and

Haggard(1943) reported that 15 to 75 mg/m3 (10 to 50 ppm) of HCIwas the maximum
concentration tolerable for a few hours. Stahl stated that no damage occurred with exposure to

7.0 mg/m3 of HC1,but irritationof the mucous membranecould occur at 15 mg/m3 (WHO
1982). Furthermore,irritationwas said to increase above the 15 mg/m3 level. The context

- associated with Stahl's assessment was the occupationalenvironment.Thus, time of exposure

might be inferred to be many hours (8-h day/40-h work week?). Kamrin (1992) refers to very

• old reports (late 1800s) which indicated that exposures to HCI concentrations above 15 mg/m3
produced work impairment in humans. A large amount of data summarizinghuman responses
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to various concentrations of HC1is provided in the NAS document on CI_ and HCI (NAS

1976). Unfortunately, most of these data do not indicate exposure duration. Hydrogen chloride

concentrations of 15 mg/m3 are listed as producing irritation (no exposure time given). Other
citations in both the documentation of TLVs (ACGIH 1986) and the ERPG HCI document

(AII-IA 1989) report that HCI was immediately irritating when inhaled at concentrations

>7.5 mg/m3 (5 ppm). Summarizing the above information, there seems to be a general
consensus that HC1 concentrations in the range of 7.5 to 15 mg/m3 cause some degree of

irritation. The question remains regarding the threshold at which irritation might commence.

The AC'GIHTLV (ceiling limit) for HCI is 5 ppm (7.5 rag/m3). However, the documentation
for this TLV (ACGIH 1986) notes that this concentration may be on the borderline of severe

irritation (emphasis ours). This conclusion was based on statements from Elkins (referenced in

ACGIH 1986) and Patty (also ACGIH 1986) that concentrations of HCI > 5 ppm were
immediately irritating (Elkins) and that concentrations > 5 ppm were disagreeable (Patty). If

5 ppm borders on severe irritation, the irritation threshold should be somewhat lower.

NAS/NRC has set STPLs ;._'WA)of 4 ppm (6.0 mg/m3)for 10-rain exposures and 2 ppm
(3.0 mg/m3) for 30- or _x,-min exposures (NAS 1976; AIHA 1989). AIHA comments that
"excursions above these levels ar_-likely to produce objectionableodors and/or irritation"
(AIHA 1989). The nature of "ex,:ursions" is undefined.We believe these levels are

conservative, reasonable, and co_,,sistentwith the toxicology literature, and accordingly have

accepted them as reasonable limits for NOAEL.Therefore, HCI concenWationsabove these

levels might be expected to begin to produce irritation,perhaps particularlyin sensitive
individuals.

The STPLs we have cited from NAS/NRC cover the rangeof 0 to 60 w.in;for longer

exposures, the STPL is reducedto 0.7 ppm (~1 mg/m3) for 5 h/d, 3 to 4 d/month. There is no
guidance concerning an exposure time of 2 to 4 h. Although it is unclearhow the irritation

thresholdmight vary with time of exposure over the rangeof several hours, we will make the

following suggestions. For up to 2 h of exposure, we suggest an irritationthreshold of

>2 ppm. For 3 or 4 h of exposure, a very conservative approachwould be to reduce the
irritationthreshold concentrationto >0.7 ppm, since this is consistent with the NAS/NRC

assessment of longer-durationexposures to HCI. All of the above irritationlevels are to be

considered time-weighted averages (consistent with STPL guidance); see Table 3.1 for

averagingtimes.

The following conclusions can be drawn:

.t

• There is general agreementin the toxicology literature that HCI concentrations of 7.5 mg/m3

(5 ppm) to 15 mg/m3 (10 ppm) are irritating.
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• Accor6;_:_to the ACGIHdocumentation,levels of 7.5 mg/m3 may be on the borderlineof
- severe irritauon.

• The short-tenn public limits (STPLs) for HCIare 6.0 mghn3 for a 10-min exposureand

3 mg/m3 for 30- or 60-rain exposures.
• We believe levels of HC1greater than the STPLsmay reasonably define thresholds for

irritationat exposure times of 10, 30, and 60 rain, particularlyfor sensitive members of the

population.
• How irritationthresholdsmay vary with durationof exposure over times >1 h to 4 h is not

clear.

• We suggest that the >3 mg/m3 irritationthresholdmight be extended to 2 h, while for times

>2 to 4 h, the irritationthresholdmight be reducedto >1 mg/m3 of HCL

3.4.4 Irreversible/Serious Effects Level

Human exposure experiencefrom neither accidentalnor occupationalexposures (see Sect. 3.3
above) was availableto suggest a level of HCI that might produceirreversibleeffects.
Therefore, if some estimateis to be made, it must be based on animal exposure experiments.

Toxicological data indicate that animalexposures to even vec, high concentrationsof HCI(up

o to almost lethal doses) may not producegrossly obvious irreversibledamage, although
histopathological damage can be detected (see discussion_low). In this section, we will

. review the evidence for pathologicaldamage to the respiratorytract, as demonstratedby
histological examination of tissues. It must be recognized,however, that such damage, even if

initially severe, may be well-repaired.Although animal dataindicateHCI can produceserious

damage to the respiratorytract,we have concluded that there are insufficient data to define a
humanthreshold for irreversibleeffects.

Darmeret al. (1974) found pathological damage to the respiratoryUact and lungs of rats and

mice in autopsies at 7 d postexposure, with the minimal HCIconcentrationsused (for a 30-min
exposure period) being 3096 mg/m3 for rats, 611 mg/m3 for mice, and corresponding5-min

exposures of 44,700 mg/m3for rats and 4368 mg/m3 for mice. Stavertet al. (1991) found
majortissue disruptionin the trachea,including tissue necrosis and accumulationof exudates,

when mouth-breathing (by means of tracheal tubes) rats were examined 24 h afterexposure to

1937 mg/m3of HCIfor 30 _nin.Buckley et al. (1984) found histopathological changes in

respiratory tissues in mice exposed for 6 h/d for 5 d to 460 mg/m3 of HCI. These exposure
- conditions are much longer than would be anticipatedfor accidental scenarios of interest to

this present repo_ The above studies provide evidence that 2000 to 4000 mg/m3 exposures to

. HCI for 30 min produce significantdamage in respiratorytissues of rats, while in mice the

HCI concentrationsproducingdamage may be in the rangeof 500 to 600 mg/m3.Burleigh-

Flayer, Wong, and Alarie (1985) exposed guinea pigs for 30 min to concentrationsof HCi
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varyingbetween 477 and2056 mg/m3. Histological evidence of injury to the airwaysand
alveolar region was seen in animalsexposed to 1550 mghn3 HCI, persistingfor 15 d following

exposure (maximal durationwhen histopathology was performed).Thus, serious respiratory
injury was producedin guinea pigs by HC1concentrationsof-1500 mghn3 for 30-rain

exposures.

The EnvironmentalHealth Criteria document on C12and HCI (WHO 1982) summarizes a

number of animal studies. Early (1930s) work indicated that animal exposures (cat, rabbit,

guinea pig) to ._300 mg/m3 HCIfor up to 6 h produced slight or no after-effects. Machle et al.
(1942) carried out a number of exposures of guinea pigs and rabbits to HCI. Many of the

experimentswere for 6 h/d for 5 d, and these seem of little relevance for our purposes.
Exposures to 5500 mghn 3for 5 min did not cause any deaths in rabbitsor guinea pigs, but

serious respiratory damage was noted, including necrosis of the epithelium of the trachea,
bronchi, and alveoli, accompanied by pulmonaryedema, emphysema,and atelectasis. Lucia

et al. (as reviewed in WHO 1982) examined mice exposed for 10 min to HCI at various
concentrations.Minimal superficial ulcerationswere seen in the respiratoryepithelium at its

junction with the squamGusepithelium of the externalnares at HCI concentrationsof

25 mg/m3. At concentrationsof 195 to 417 mg/m3, mucosal ulceration of this epithelium was

observed, while at concentrationsof 734 mg/m3, the squamous epithelium of the extemal nares
was also affected. It should be noted, however, that the mice used in these studies may be

much more sensitive than humans to effects of HCI (see discussion in Kaplan et al. 1988).

Kaplanet al. (1988) carriedout HCIexposures [745 mg/m3 (500 ppm), 7450 mg/m3

(5000 ppm) or 14,900 mg/m3 (10,000 ppm) for 15 min] on baboons, and argue persuasively

that these primates providea much better surrogatefor human exposures than rodents. These

researchersdid not do histopathologyon any of the animalsbut did carryout extensive

pulmonaryfunction testing at 3 d and 3 months postexposure. The respiratory response
(breathingrate,blood gases, etc.) was also analyzed duringthe exposure. Exposures to

745 mg_m"_HCI did not affect respiratoryresponse, and none of the three concentrations

employed produced significant alterations in pulmonaryfunction (as observed at 3 d and

3 months postexposure). The two higher concentrationsof HCIproducedhypoxemia and
changes in breathing frequency andminute volume. Chest X rays of the animals 1 h following

exposure did not reveal evidence of pulmonaryedema. It should be noted that these exposures
were for 15 rain, and results may not necessarily extrapolateto time periods of one to a few

hours. The observation that no roentgenologicalevidence of pulmonary edema was seen in the

baboon, even at exposures of 14,900 mg/m3 for 15 rain, is significant, and suggests that even a

relatively high concentrationof HCI, for a short exposure, may not induce "serious" Q

pulmonarydamage.
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Human studies indicate that concentrations of HC1> 100 ppm (150 mg/m3) for an exposure

. > 1 h produce an environment which is "intolerable" (Henderson and Haggard 1943). This
descriptive terminology suggests severe irritation, not necessarily an irreversible effect.

In conclusion, the following points may be made:

• Animal toxicology studies on rodents suggest that levels of several hundred milligrams per

cubic meter of HCI produce histological damage in mice when exposures are in the range of

30 rain, while upwards of 2000 mg/m3 of HCI over the same time interval is necessary for
histological damage in the rat.

• Similar ranges to those of the rat were found for guinea pigs for 30-rain exposures.

• Exposures of baboons to 745 mg/m3 of HCI for 15 rain did not produce obvious serious
effects, and even exposures of 7450 and 14,900 mg/m3 for 15 min did not produce evidence

of respiratory functional damage or X-ray evidence of pulmonary edema.
• Primate studies appear to be the most definitive. Extrapolation regarding exposure times

greater than 15 rain is uncertain.

• The primate study data suggest that humans may be not seriously affected by exposures to

several hundred milligrams per cubic meter of HCI for -1 h duration. Reports of human
- exposure trials, however, suggest that > 150 mg/m3 HCl might induce severe (intolerable)

discomfort.
. • We are unable to define a realistic irreversible effect level for humans. There were no

human data to evaluate, primate studies showed no permanent respiratorydamage, and
rodent studies did not provide evidence for permanent (irreversible) respiratory problems.

3.4.$ Lethal Exposure Level (LCH)

Human exposure incidents have yielded very sparse information in terms of concentrations of

HCI that might cause human lethality. Both the Registry of Toxic Effects of Chemical

Substances (RTECS) (Sweet 1993) and Sax's Dangerous Properties of Industrial Materials
(Lewis 1992) list two values for lowest lethal concentration (LC_) (by inhalation) for HCI for

humans---1300 ppm (1937 mg/m3) for 30 vain and 3000 ppm (4470 mg/m3)for 5 rain. The
lowest lethal concentration is simply the lowest concentration that has been reported to cause

lethality; there are many variables associated with these values which decrease enormously
their usefulness as predictors of human lethality. (E.g., was the HCl concentration measured or

- estimated? Was the exposure time estimated? What was the antecedent health of the exposed
individual?) Therefore, these values may serve as little more than benchmarks to suggest

• order-of-magnitudelevels which might produce lethality. In addition, both sources cited above

list an LDLOof 81 mg/kg for humans, by an unreported route of administration (details

apparently lacking in the original literature citation).
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Because of the sparsenessol ,.romandata, we have chosen to use animal data, andby

extrapolationto estimate lethal HCI concentrationsto humans. This process implicitly assumes
that the experimentalanimals used in the tests andhumans share the same sensitivity to the

lethal toxicity of HCI.This assumption is unlikely to be true (see discussion regardingbaboon

study, below).

Lethal animal exposures to HCIhave unanimouslyshown that damage to the tissues of the

respiratorytract(necrosis of the tracheaand bronchi, atelectasis, emphysema, edema, and

damage to pulmonaryblood vessels) is the majorpathology associated with such exposures
(NAS 1976). The ERPG for HCI(AIHA 1989) also confirms this assessment, noting that HCI

is mainly a strong irritantto the respiratorytract,andserious systemic effects are unlikely with
repeatedor prolongedexposure. All of the above is consistent with the categorization of HCI

toxicologically as a primarycontactirritanLThe tissues at primaryrisk arc those of the
respiratory tract,which bear tl_ bruntof the exposure. Therefore, the concentrationof HCIgas

in the air impinging on the respiratory tissue is the primarydeterminantin the extent of
damage done, and not the absorbeddose. Thus, probablythe most scientifically defensible

extrapolationwould take into accountdifferences in anatomy, physiology, and surface areaof

the respiratorytractof humans and experimentalanimals.
o

All of the factors of importancein such an extrapolationare not known. We have chosen to

use the following formula (EPA 1989) as an initial attemptto come to grips with respiratory
differences in _es:

Regional gas dose (RGD) = YV,f x t , (3.1)
S

where

Y = exposure concentration(mg/m3),

V, = tidal volume (m3/breath),

f = respiratoryrate (breaths_in),
S = regional surface area(cm2) for respiratorytract areaaffected,

t = time of exposure (rain).

The numeratorof the above equation simply allows one to calculate the milligramsof HCI

inhaled per minute by any given species. This dose of HCI then does a certain amountof

damage to the respiratory tract,dependenton the actual milligram dose inhaled. One may then

calculate a milligramper squarecentimeter per minute dose to specific respiratorytissues,

based upon the respiratory tract surface areasof the animals involved. Multiplyingby time of

exposure yields the milligram per squarecentimeterdose to the respiratory tract. Although
subsections of the total respiratorytract may be at more risk than others from HCI toxicity,
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animal data suggest that damage occurs throughout the respiratory tract, and therefore we have
- chosen to use the total surface area of the respiratory tract for the value of S. Table 3.3 shows

the relevant animal LOs0dam and the various calculated parameters, based on the total

respiratory tract surface area for the rat and mouse

As noted in Sect. 3.2, Darmer, Kinkead, and DiPasquale (1974) provide data on lethality for

both HC1gas and HCI aerosols. They fred that both the aerosol and the gas have very similar

LCso'S.For this reason, and because the other lethality studies do not specify gas or aerosol,
we have included only the HC1 gas data from the Darmer study in Table 3.3.

There was reasonable agreement among the various animal experiments that determined
LC_o'S.The calculated total RGD differed by only about threefold from lowest to highest (i.e.,

3.6 × 10-3mg/em2 to 9.6 × 10-3 mg/em2).The 30-min exposure times provided both the
highest and lowest RGD values. There was no obvious relationship between the calculated

RGD and time of exposure--that is, the RGD was not consistently higher or lower as a

function of a certain exposure time. The expected lethal doses based on the rat and mouse data
may be estimated for humans by using the total surface area of the human respiratory tract

(640,758 em2) (Jarabek et al. 1989). Multiplying the total RGD (rag/era2) from each of the

' animal studies by the human respiratory tract total surface area (in em2) gives the values
shown in Table 3.4. Because no one of these values can be selected as more "correct" than

• any others, we have chosen to use the most sensitive animal test (i.e., Hartzell, Grand, and

Switzer 1987) as the basis for estimating a lethal dose to humans. This provides a measure of

conservatism, and the results appear to be consistent with primate data.

Using the value from the HartzeU, Grand, and Switzer 30-rain exposure study (e.g., 2307 mg =

human lethal dose, Table 3.4), an estimated lethal concentration for humans may be calculated.

This so-called human equivalent concentration fHEC) can be calculated from the following
equation:

HEC = RGD, x Sk (3.2)
"L . t

where

RGDo - regional gas dose (for the animal experiment),

S, ---human respiratory tract surface area (640,758 em2) (Jarabek et al. 1989),
V,k---human tidal volume (m3/min),

fh = human respiratory rate (breaths/rain),

V,_ "fk= human minute volume = 0.025 m3/breath(light activity assumed) (ICRP 1994),

t = time of human exposure.
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Note that the numeratorof Eq. 3.2 is file human lethal dose (mg) of Table 3.4. The human
minute volume of 0.025 m3/minis for light work conditions (ICRP 1994); other conditions

could be assumed, leading to different minute volumes.

Note also that body weight does not enter into this calculation, except indirectlyas related to
body size, which may affect respiratorytract surfacearea. Using the calculated human lethal

dose from the animalstudy with the smaUestRGD (Hartzell,Grand,Switzer 1987), the total
dose deposited in the human respiratorytractwould be 2307 mg (Table 3.4), and assuming a

60-min exposure, 1.5 m3 of air wouldbe inspired.Thus, the calculated 1-h human LCsowould

be 1540 mg/m3 (1025 ppm) (i.e., 2307 mg + 1.5 m3).This is in reasonableagreement with the

human LCLovalues reportedin RTECS (1300 ppm/30 min and 3000 ppm/5 min). None of the
details surroundingthe incidents leading to these LCLovalues are known, however. For

extrapolationto other times, the Haberrelationship C x t = k (constant) was used, for the
following reasons.First, examination of the animaldata revealed that the C × t = k relationship

was reasonablefor the small numberof datapoints available.Second, ten Berge, Zwart, and

Appelman(1986) recommendthis relationshipfor HCI, based on the study of Darmer,
Kinkead, and DiPasquale.The correspondinglethal concentrationsfor humans for exposures of

30, 15, and 5 min, respectively, would thereforebe 3100 mg/m3 (2100 ppm), 6200 mg/m3

(4100 ppm), and 18,500 mg/m3 (12,300 ppm). (If C x t = k, for 60-min exposures
C = 1540 mg/m3, and therefore k = 92,000 mg-min/m3.For othertimes C is calculated directly

using this k value.) Figure 3.2 shows the human lethality curve for HCI using this equation.

An envelope of uncertaintyis also shown on the figure, employing the highest andlowest

levels from the 95% confidence limits of the animaldata [i.e., 1827 mg (HartzeU,Grand,and

Switzer 1987) and 7048 mg (Darmer,Kinkead,and DiPasquale 1974), which converts into
calculated lethal doses for humans of 1220 mg/m3 and 4700 mg/m3 for 60-min exposures].

These upper-andlower-hound curves were drawn using the same C × t = k r@,_io.,,ahip(but

using a differentk, calculatedfrom the data: k = 73,000 mg-min/m3 for the lower-bound ,.':urve,

and k = 280,000 mg-min/m3 for the upper-boundcurve).

In using the LC_ data for accidentcalculations, it would be appropriateto incorporatethe

analytical form of Haber's law. However, not all accident situations or calculational methods

allow for analytic solutions. During the first 5 min we have no lethality data and therefore
recommend an LC-_ovalue from 1 to 5 min that is the same as the 5-min value. During the

remainderof the first hour, because of the strongconcentrationdependence, we recommend

short averaging times (i.e., 5 mill). Beyond 1 h, the slope decreases, and the averaging time

may be extended to 10 rain. We do not recommendthe use of Haber's law beyond 2 h, since
the longest time in our data was 1 h.

t
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Table 3.3. LCm concentrations of HCI for various species/times of exposure and calculated regional
gas dose (RGD) to respiratory tissues based on this data

Total

LCso(95% Exposure Inhaled dose inhaled Total RGD received
confidencelimit) time per unit time dose" during exposureb

Animal (ppm) (rain) (rag/rain) (rag) (mg/cm2) Reference

Rat 40,989 (34,803--48,272) 5 4.5 22.5 6.5 x 10-3 Higgins et al. 1972

Rat 4701 (4129-5352) 30 0.52 15.6 4.5 × 10-3 Darmeret al. 1974

Rat 3817 (2980-4890) 30 0.42 12.6 3.6 × 10-3 Hartzellet al. 1987

Rat 3124 (2829-3450) 60 0.35 21.0 6.0 × 10-3 Wohlslagei et al.
1976

Mouse 13,745 (10333-18,283) 5 0A9 2.5 8.4 x 10-s Higgins et al. 1972

Mouse 2644 (2264-3086) 30 0.095 2.8 9.6 × 10-3 Darmeret al. 1974

Mouse 1108 (874-1404) 60 0.040 2.4 8.1 × 10-3 Wohlslagel et al.
1976

Note:Therelevantanimalphysiologicaldatawereas follows:minutevolumeof inspireda/r (V,x ]), rat=74 cm3/min,mouse=24 cm3/min;total
respiratorytractsurfacewe.a, ,-at= 3473crn2,mouse=298 cm2.(Animaldata fromAltmanandDittmer1964;Jarabeket al. 1989;EPA 1989.)

"Exposuretime(col 3) × inhaleddoseperunittime(col.4).
bRGD=RegionalGasDose [Eq.3.1]x timeof exposure;i.e., totalinhaleddose(col 4) + respiratory_act surfacearea(ratormouse).ForHCI,

ppmconcentrationcanbe convertedto mg/m3by theequation1_ = 1.49mg/m3.

¢3
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Table 3.4. Calculated human lethal dose

based on animal lethality studies

Human lethal dose"

Animal study (rag)

Rat- 5 min 4165

Rat -- 30 rain (Darmeret al.) 2883

Rat -- 30 rain (Hartzellet al.) 2307

Rat -- 60 min 3845

Mouse -- 5 rain 5382

Mouse -- 30 min 6151

Mouse -- 60 min 5190

*Baseduponrespiratorytracttotalsurfaceareaforhumansof
640,758cm2.

Whenever human health endpoints are estimated by extrapolation or calculations from animal

data, there are obvious concerns about how valid such estimates might be. In the case of the

HCI lethality est_nates calculated above, this question cannot be answered from examination

of human data, since such data are lacking. For HCf, which is a primary irritant with its main

target organ being the respiratory tract, the most important factors governing degree of damage

(and subsequent toxicological response) may be concentration of the gas and time of exposure.

Using available animal data, Table 3.5 presents various physiological responses as a function

of total exposure (i.e., C × t). Although our estimated C × t (92,000 mg-min/m 3) for human

lethality from exposure to HCI lies in the range of C × t doses producing lethality in other

species, this does not increase our confidence in this estimate for the following reasons. First,

there is a very broad range of C x t producing lethality in various species (from 24,000 to

450,000 mg-min/m3). Second, the human lethality estimate we derived was based on animal

data (rat and mouse) and therefore, perforce, must lie within the ranges expressed in Table 3.5.

The baboon data gathered by Kaplan et al. is of relevance, however, because of greater

physiological similarities between nonhuman primates and man, and because of the significant

differences in respiratory physiology and anatomy between man and rodents (see Kaplan et al. ,¢

1988 for a discussion of these differences). Kaplan et al. (1988) exposed anesthesized baboons

for 15 min to 500, 5000, or 10,000 ppm (745, 7450, or 14,900 mg/m 3) of HCI in a head-only
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mode. Although severe effects on respiratory response and arterial blood gases were clearly

evident at the two higher doses, no results reported in the paper indicated that the baboons
were lethally affected. Other studies by this same group, summarized in Kaplan et al. (1988),

found that one baboon survived a 5-rain exposure to 30,000 ppm (44,700 mg/m3) and another

animal survived a 10-min exposure to 15,000 ppm (22,350 mghn3).The concentrations from

the baboon experiments provide a modicum of confidence that the calculated human values
may at least be in the correct range. (For baboons, HCl concentrations of 44,700 mg/m3 for

5 rain, 22,350 mg/m3 for 10 rain, and 14,900 mg/m3for 15 rain were not lethal. The estimated

lethality value for humans calculated above was 18,500 mg/m3 for 5 min, 9200 mg/m3 for
10 rain, and 6200 mg/m3 for 15 min.)

The rodent LCsodata on which human lethality estimates were based extend to only 60 min of
exposure time. Any extrapolationto longer exposure times involves an additionallevel of
uncertainty, in additionto the species-to-species uncertainty. We have used Haber's law

(C × t = k) to estimate human lethality over the time period 0 to 60 min. Although the sparse

rodent lethality data available support, in a general way, the Haber relationship, we have no
experimen_ data for HCl that might suggest a time span for which the Haber relationship

might be valid. We make the suggestionthat the Haber relationshipmight be extended to
exposure times of 2 h, but do not have any assurancethat exposure times of >2 h may be
valid using Haber's law. To err, if at all, on the side of conservatism, we do not recommend

extending the extrapolationto times > 2 h.

We have a similar lack of confidence in using the C × t = k relationship for very short times

of exposure (i.e., 1-2 rain). As can be seen from the slope of the curve in Fig. 3.2, the

hyperbolic nature of the equation results in very high C values (>50,000 mg/m3) for 1- to

2-min exposures. As was pointed out previously, HCl is a primary irritant, and the absolute

concentration of such substances in air, rather than total dose, is of most importance in

assessing their toxic effect. It may very well be that concentrations of HCl of 50,000 mg/m3
will produce so much respiratory damage that they will be lethal, even if inhaled in one breath.

Because of total lack of animal data regarding these very short times, we feel it is unwise to
simply extend the Haber relationship upward in an asymtotie manner, and we recommend that

the concentration calculated for the 5-rain exposure (18,500 mg/m3) also be ,seal for the time
interval 0 to 5 rain. Assuming that the lethal concentration for 5 rain is also the lethal

concentration for <5 rain is very conservative, but has the virtue that it does not increase HCI

eoneentratiom estimated to cause lethality to unrealistic (and untested) levels.
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Table 3.5. Physiological effects vs total exposure (gas concentration x time)

produced by HC! in animals
m ,i, ,,,, , ,, ,, , i i __ , ,,,

Cxt

Effect (mg.min/mJ) Species Reference

Lethal to 50% 100,000-310,000 Rats, Darmeret al. 1974

mice Higgins et al. 1972

Wohlslagel et al. 1976
Hartzellet al. 1987

Lethal (level unspecified) 450,000 Rabbits, Lehmann in
guinea pigs NAS 1976

Lethal to 100% 195,000-360,000 Rabbits, Machle et al. 1942

guinea pigs

Lowest dose causing death 128,000-238,000 Rats Darmeret al. 1974

Lowest dose causing death 24,000-53,000 Mice Darmeret al. 1974

Respiratorydistress, 150,000 Rabbits, Lehmann in NAS 1976

. cloudy cornea guinea pigs Machle et al. 1942

Runningnose, salivation, < 76,000 Cats, Lehmann in HAS 1976
- irritation rabbits

No deaths 28,000 Rabbits, Machle et al. 1942

guineapigs
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The following conclusions may be drawn:
,b

• Humandata are lacking from which to estimate lethal doses of HCI, with the exception of

two Let.o values (see Sect. 3.4.5).
• Animal exposure data(rodent, exclusively) were available for the time period 0-60 min and

were used to calculate a lethal dose of HCf (based on total respiratorysurface area)for the

various species andtimes of exposure.
• The lowest lethal regionalgas dose from the animal studies (3.6 × 10-3 mg/cm2) (rag) was

used to calculate a lethal humanexposure levelmi.e., 1540 mg/m3 for a 60-min exposure.

• Lethal concentrationsat other exposure times were calculatedby the equation C x t = k,

wherek = 92,000 mg/m3.

• Use of the C × t = k relationshipfor time periods > 2 h is discouraged.
• For very short time periods (0-5 rain), due to uncertaintyregardingthe HC1concentration

that might be expected to more or less instantaneouslycause lethal respiratory damage, we

have chosen an ultraconservativeapproach,and suggest that the 5-min LC.soHCI
concentration(18,500 mg/m3)be used for these times.

• Baboon dataprovide some supportingevidence that the estimated human lethality values

may be reasonable (at least in the same orderof magnitude).Human LCLodata also support,
in general, the human lethality estimates.
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4. FLUORINE

4.1 SUMMARY

Fluorine(F2)is a pale yellow gas with a choking, irritatingodor. It is the most reactive
nonmetalelement and will react vigorously with most oxidizable substances at room

temperature,frequentlywith ignition. Fluorine reacts violently with water to form hydrogen
fluoride andozone (OSHA 1989).

Fluorine is not flammable but it is a strongoxidizer.Fluorine ignites bromine, iodine, sulfur,

crystallizedsilicon, alkalinemetals, and a numberof organic substances (i.e., benzene and
ethyl alcohol). It explodes on contact with hydrogen and attackschlorides, bromides and

iodides 0LO 1983). Gaseous diffusion plant operationsuse F2 to convert UF4to UF6. It is also

used as an oxidizer in rocketfuel systems and in the manufactureof various fluorides and
fluorocarbons0LO 1983).

Fluorine is a severe irritantof the eyes, mucous membranes,skin, and lungs. In humans, the

inhalationof high concentrationscauseslaryngeal spasm and bronchospasm,followed by the
delayed (I to 2 d) onset of pulmonaryedema. Symptoms progress for 1 to 2 d and then

regress slowly over a period of I0 to 30 d. Death usually results from respiratory damageand
pulmonaryedema. At sublethal levels, severe local irritationand laryngeal spasm will preclude

voluntary exposure to high concentrations.A blast of fluorine gas on the shaved skin of a
rabbit caused a second-degreebum. Lower concentrationscause severe bums of insidious

onset, resulting in ulceration,similarto effects producedby hydrogenfluoride.

Table 4.1 provides a summaryof the availableacuteinhalationtoxicity datafor the five

endpoints of concern.These dataarepresentedgraphicallyin Hg. 4.1.

The estimates of health effects providedin this section are intended to be used only in

assessing the consequences of postulatedaccidentsin support of the Safety Analysis Report
(SAR) program.This informationwill be used to determine the adequacyof the controls used

to manage the risk of the operation being evaluated.The toxicity estimates are not intended to

be used as acceptableexposure levels for occupationalpersonnel or membersof the public.

Furthermore,the guidelines in this section are not intended for use in developing emergency
exposure levels.
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Table 4.1. Summary of effect levels for fluorine

F2concentrations Averaging

Endpoint and time" time (rain) Effects/comments

Detection odor C = 0.2; t > 0 Choking, irritating

threshold odor

No observed adverse C ffi3.1; t< 15 5

effects level C = 1.6; t > 15 to <120 15

(NOAEL)

Irritation/reversible C = 80; t -<3 3 Irritationof eyes,
effects C = 37; t > 3 to ._5 2 nose, and respiratory

C = 16; t > 5 to _<15 5 system
C = 12; t > 15 to -<120 15

Irreversibleeffects C = 40; t -<30 15 Respiratorydamage
C = 16; t • 30 to _120 ' 15

Lethal effects C = 516; t < 5 5 LCso;respitatoW

C ffi516 - 24.3 x t; t > 5 to -<15 5 damage,pulmonary
C ffi273 - 3.5 × t; t > 15 to < 60 15 edema, hemorrhaging

"Concentration(C) ffimg/m3;time (0 ffirain.

4-2



Fluorine
i ii

ORNL-DWG 94M-6363

10 3 r`_.._;_._`_`_._._..<`_.;_:.._._`_._`_._..:_.._`_._._' ! .... i

/ _'=_.'_'_ _'_'I_ _;_ ......""_:_".__'_

1
u _&E,>;.'_ '_'t_'.;

IRREVERSIBLEEFFECTS

'I.'$ ;'t._._-. ..-'i=' *.t- . .',*_ _,'t.','-

o ONSETOFIRREVERSIBLEEFFECTS............ .-,.....:,..._;_._.)_;._,...,,,_.m,,,._,=__=" __,_ .,T,._..;._._._;,,,t._ .-,,_-_,, _.:,--...._. -.,._,= ,_..._..,._._:..._.,_;

_Z 101 I ONSETOF IRRITATION/REVERSIBLEEFFECTS 1Z
_._._;_,_._. _J

___ NO 0BSERVEDADVERSEEFFECT_ L_EL
, .._.:.._.._.:_._.,_._,.:,..._!._.'(,:,.._.:_.:_.;,..._.',_!.,;,..._.,.;,...=',.._.,.,,...,_.,.;,..=,.._!.,.,,,..=',_.., ,,..._._.._._,.,.:_!.,.,,, .,..:_.._;,.....,.;.._;,.

1 t./--

,_ ....... ,_.. _..__v__.-_..,._'.. _...,__7_.):._..,_...._...,_._._..._ _ ........ _,._.-.... _:_ ...... ,_ ........,*,.:e...-....e,_.._. " _',-.._,..%.... ", _°_', .... " ".',.. -." ' "_.',.... " '_.','.* ." "_.',..- " _'.',. -." ,%,';',._ "_"_'_.';'"- ."'.___'_;',.... " '_'_.', .... _ _'_.',.... " _.';'"- .'t; ;-..,';';":'_.", .,-°.'

_-._-'_;'"_'_'.__. __,.-_.,. _,__E_,_=:_._r_=.'$_.._'_'_:$_""_" _" "-_'_" "_'=_:'] " • "_'_'_i_;'_'_:"_;'='_i_;'"'_" ':'_;'_'_ ....;""'_- .... ""'

.:t. • . • 1".r:%*."" .,: "- • "-. _.. r..'_.'- ._:,'.. _.... ° ". - ..l _.t':t.'. "- ..L'._ :'.'.'-. -t_ ._:'- .._.,.t_.._.'- .,: "._•

ei_0_1_1ltl m lil_l_llet_ll rose d_rl_lwl/_l_l lintel I weit $$lt_litl OHoI HlIHl_l II_ _ l e_i_d it B $ • _ II/HI I Hlml _ llle

10-1 ! I I I I
0 20 40 60 80 100 120

TIME (min)

Fig. 4.1. Summary of acute endpoints for fluorine.
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4.2 PHYSICOCHEMICAL PROPERTIES OF FLUORINE

4.2.1 Background

This analysis was preparedto give toxicity informationaboutfluorine (F_)specifically

regardingthe humanhealth effects that may resultfrom an acute inhalation exposure. Harmful

health effects from a substancesuch as F2are determinedby many factors. These factors
determinewhat effects will occur and what the type and severity of those health effects will

be, and include the dose, duration,route or pathway by which exposure occurs (breathing,

eating, drinking,or skin contact),other chemicals to which the individual is exposed, and
individual characteristicssuch as age, gender,nutritionalstatus, family Waits, lifestyle, and
state of health.

Fluorine and its compounds are primarilyobtained directly or indirectlyfrom calcium fuoride

(fluorspar)andphosphaterock (fluorapatite)or chemicals derived from them. Elemental F2 is
most commonly producedby electrolysis of a hydrogen fluoride/potassiumfluoride solution.

Gaseous diffusion plant operationsuse F2to convert UF4to UFe.It is also used as an oxidizer

in rocket fuel systems and in the manufacture of various fuorides and fluorocarbons0LO
1983).

4.2.2 Physical Properties

Fluorine is the most electronegative of all the elements and, in pure concentratedform, reacts
violently with a wide range of substances.Fluorine has a molecularweight of 38, a boiling

point of-188°C, a specific gravity of 1.31 at 21°C, and a vapor density of 1.695 g/L (air = 1).

A summaryof the physical propertiesof fluorine is given in Table 4.2.

Fluorine is a pale yellow gas with a choking, irritatingodor. It is the most reactive nonmetal

andreacts vigorously with most oxidizable substan,,'_esat room temperature,frequently with

ignition. Fluorine is a halogen but, unlike chlorine, bromine andiodine, will form only

fluorides, not fluorates andperfuorates. Fluorine reacts violently with water to form hydrogen
fluoride and ozone (OSHA 1989). It reacts with nitric acid to form fluorine nitrate, an

explosive gas.

Although F2 is not flammable, it is a strongoxidizer and reacts with most oxidizable materials
at room temperature(NFPA 1986). Fluorine ignites bromine, iodine, sulfur,crystallized silicon,
alkaline metals, and a number of organic substances(i.e., benzene and ethyl alcohol). It

explodes on contact with hydrogen and attackschlorides, bromides,and iodides (ILO 1983).

Combustion and decomposition products include hydrogenfluoride andoxygen difluoride
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Table 4.2. Physical properties of fluorine

Property Description

State Gas at normalc,onditionsof temperature and pressure

Color Pale yellow

Molecularweight 38.0 g/mole

Boiling point (1 arm) -188.14°C

Melting point (1 atm) -2190C

Density (vapor) 1.695 (air--- 1.000)

Vapor pressure 71 arm @ 20°C

Solubility in water Reaction
i

Sources:ACGIH1993;APCI1993.

(APCI 1990). Elevated temperatures may cause cylinders containing F2 to burst. Fluorine

reacts with nearly all materials, including metal containers and piping if the passivating film is

broken. Absolute cleanliness is required in conveying systems to prevent localized reactions

and subsequent fire hazards. Special lubricant-free valves are used to prevent reactions with

lubricants.

4.3 EXISTING HUMAN HEALTH TOXICITY DATA

Fluorine is a severe irritant of the eyes, mucous membnmes, skin, and lungs. After an acute

inhalation exposure, F2 is severely irritating and cormsiw', to the mucous membrane of the

nose, throat, and respiratory tract, causing cough, chokinl_, difficulty in breathing, and

pneum_aitis (APCI 1990). Fluorine may be converted to hydrofluoric acid in the lungs and

other moist tissues. Inhalation of high concentrations res_dts in delayed (1 to 2 d) pulmonary

edema and hemorrhaging.Symptomsprogressfor 1 to 2 d and then regress slowly over a

. period of 10 to 30 d (Dreisback 1983). When death oce_trs, it is usually the result of

respiratory damage and pulmonary edema. Fluorine is highly irritating and corrosive to the

skin and eyes, causing chemical bums, lesions, scarring, and possible loss of vision. The target
qt

system for inhalation exposures is the respiratory system. Chronic health effects of ingestion
include mottled enamel of teeth, osteosclemsis, and calcification of ligaments (APCI 1990).
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Fluorine is not listed as a carcinogen or potential carcinogen by the International Agency for

Research on Cancer 0ARC). Based on limited data, it is not a developmental toxicant (Smith

1935). The Agency for Toxic Substances and Disease Registry (ATSDR), in its Toxicological
Profile for Fluorides, Hydrogen Fluoride, and Fluorine (F), states that no studies were located

regarding developmental and reproductive effects in humans or animals after inhalation or oral

exposures to fluoride (ATSDR 1991). Persons with impaired pulmonary function may be at an
increasedriskfrom exposure to F2.

4.3.1 Summary of Acute Health Effects: Human Fluorine Studies

KeplingerandSuissa (1968) conducteda study in which five humanvolunteers were exposed

to F2.These tests were designed to test for irritation only. A face mask was connected to an

inhalation chamber so that a known concentrationof F2 in the air could be pulled through the
mask. The concentration of F2in the air leaving the mask also was measured analytically. The
human volunteer placed his face into the mask, which covered the eyes and nose, but not the

mouth. The subject could withdraw quickly from the mask and could inhale uncontaminated
air through his mouth at any time. These data indicate that irritation to the eye was the most

sensitive index of a subjective effecL A concentration of 10 ppm (16 mg/m3) was not irritating

to the eyes, nose, or respiratory tract after a 15-min e_posure. Concentrations on the order of

23 ppm (37 mg/ma) were slightly irritating to the eyes, while concentrations as high as 25 ppm

(40 mg/m3) could be inhaled intermittantlyfor 5 min without respiratory discomfort A
concentrationof 50 ppm (80 mg/ms) was irritatingto the eyes and nose after 3 min of

exposure. Concentrationsof 67 ppm (107 mg/m3) to I00 ppm (160 mg/m3) were very irritating

to the eyes, nose, and skin, and respiratorydifficulty was experienced after a few seconds. The

volunteers concluded that a concentrationof I00 ppm (I60 mg/m3) was extremely
uncomfortable and that they would evacuate an areaimmediately if such concentrations were

present. When exposure to F2 Was repeated at weekly intervals, the volunteers did not notice as

much irritationas experienced from the first exposure. A few repeated, intermittentexposures
at a concentrationof 10 ppm (16 mg/m3) were made. Exposure for 3 to 5 min every 15 min

over a 2- or 3-h period caused slight irritationto the eyes and skin but no other subjective
effects (Keplingerand Suissa 1968).

Outdoor spill tests conducted by the U.S. Air Force and reported by Rickey (1959) reported

that a single, short-term exposure of two human volunteers at 25 ppm (40 mg/m3) caused sore

throats and minor chest pain. A concentration of 50 ppm (80 mg/m3) made breathing
impossible without respiratory protective equipment 0Keplinger and Suissa 1968). Belles

(1965) reported that nine male volunteers all tolerated repeated short-term inhalation exposures

up to 10 ppm (16 rag/m3) without "intolerable discomfort" The majority of subjects found that

15 ppm (24 mg/m3) to 25 ppm (40 mg/m3) caused some nasal and eye irritation after just two
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or three breaths. Skin exposuretests indicatedthat reaction with body hair anddermal

- irritationmay be expected between 100 ppm (160 mg/m3) and 200 ppm (320 mg/m3)(Ricca
1970). Direct exposure of the skin to pureF2 andinterhalogen fluorides can cause severe bums

in 0.2 s and thermalflash bums (comparableto those produced by an oxyacetylene flame) in
0.6 s (Braker,Mossman, and Seigel 1977).

Ricca (1970) established short-termoccupationalexposure limits known as emergency

exposure limits (F.ELs)in his review of the acute toxicity of elemental F2. The EELs apply to

situationswhich require the quantitativeassessment of the risk to personnel who may be

exposed briefly to very high concentrationsof aifoome toxicants.EEI..sare designed to limit

occupationalexposures, bat not necessarily without some discomfort or rapidlyreversible
irritationor subtlechanges in members of a healthy adult population. EELs are used

essentially as disaster control guidelinesfor unplannedhazardoussituations. It is assumed that
functional impairmentwhich will preventself-rescue will not be tolerated,and the population

is controlled so that no individual is present who is predisposed to potentiation or
hypersensitivity response.Very mild reversible pathologicalsymptoms are acceptable for EEL

exposures. Ricca's EELs for F2are 39 mghns for 5 min, 23 mg/m3 for 15 min, 18 mghn3 for
30 rain, and, 15 mg/ms for 60 rain. Ricca contends that above the no-effect level, pathological

- symptoms aremore dependenton concentrationthan on exposure time.

- 4.3.2 Summary of Chronic Health Effects: Human Fluorine Studies

Lyon (1962) conducteda 7-yearstudy of 61 workers exposed to F2.The averageF2 values in

the air were compiled for the years 1952 through1959. It shouldbepointedout that reliable

techniques for differentiating between F 2 andhydrogen fluoride in air were not available. In

this study, F2 was considered to be present if duringsampling (1) the characteristicodor of F2

was detected or (2) the characteristicodor of hydrogenfluoride was not detected in

circumstanceswherethecontaminantwaslikelytobeF2.A totalof2535randomlycollected

urine samples were obtained fromthe 61 exposed employees during the years 1952 through

1959. This study revealed an average daffyF2 urine concentrationof 1.1 mg/L. Yearly average
exposures to F2 in air rangedfrom 0.3 to 1A ppm (0.5 to 2.2 rag/m3).Exact exposures to the

individuals cannot be established, but the groupincluded (1) individualswho normally spent

50 to 60% of their daffy work time for periods of 7 to 9 months in the area, and
(2) individuals who spent as little as 10% of their daffywork time in the area but who did this

" almostcontinuously.Criteriausedforthisstudywereillnessclinicvisits(aftcauses),

respiratclry complaints, and absences as a result of respiratory complaints.The study showed

. that the exposed grouphad a betterhealth record than the 2000 to 3000 employees used as
controls. From their medical records,Lyon found no impairmentto the health of people

working in F2 concentrations up to a yearlyaverage of 1.4 ppm. Although this study was
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conductedover a 7-year period, the National Institute for Occupational Safety and Health
(NIOSH) and others were critical of the findings because the study, in their opinion, was a

compilationof data on workerswho may have had some short-termexposures to F2 rather than
a study of workers constantlyexposed to the chemical.

4.3.3 Summary of Acute Health Effects: Animal Fluorine Studies

Keplinger andSuissa (1968) exposed mice, rats, andguinea pigs to F2 for 5, 15, 30, and
60 min. Fluorineat 10,000 ppm (16,000 mg/m3) caused 100%mortality in all animals

following an exposure of 60 min. Three hours of exposure at 200 ppm (320 mg/m3)caused
mortalities of 100%in mice, 96%in rats, and85% in guinea pigs. Fluorine caused severe,

corrosive damage to the respiratorytract,as shown by edema, emphysema,and hemorrhage.
The lethal concentrationto 50% of the population (LC_ for these animals ranged from

150 ppm (233 mg/m3) for mice (exposure time of 60 min) to 700 ppm (1,088 mg/m3) for rats

(exposure time of 5 mill). LC_'s for all three species at the different exposures were similar,
suggesting comparablespecies sensitivity and perhapsa common cause of death. Signs of

intoxication at lethal concentrationsincluded irritationof the eyes andnose (as shown by

(:onjunctivitis),pawing at the nose, increased secretions, and sneezing. Dyspnea, loss of body
weight, general weakness, and death were observed. Very few signs of intoxication were

observed immediately after exposure. Frequently,the animals looked quite well (with some
irritationof the eyes and nose). Dyspnea and lethargy were not observed until several hours

after exposure. At lethal concentrations,there was lime or no visible damage to the liver or

kidneys. Death was attributedto respiratoryfailure. With the exception of very high
concentrations [_.5000ppm ('a8000 rag/m3)],death occurredapproximately12 to 18 h after

exposure. A few deaths were recordedabout 24 h after exposure. In general, if an animal lived

for 48 1,. it survived. At sublethal concentrations_betarget organs affected were the lungs, the

liver, and the kidneys. Effects in the lung were observed immediately after exposure. Effects in
the kidney and the liver were observedon the 7th to 14th day following exposure. Pathology

in the lung or kidney occurredfrom exposure to almost the same concentration.Exposure to

higher concentrations was necessary before effects were observed in the liver. Exposure to

concentrations at or below 100 ppm (160 mg/m3) for 5 min, 70 ppm (ll2 mg/m3)for 15 min,
55 ppm (88 mg/m3) for 30 min, or 45 ppm (72 mg/m3) for 60 min caused no apparenteffects

in the animals (Keplingerand Suissa 1968).
o

A blast of F2gas on the shaved skin of a rabbitcaused a second-degree bum; lower -
concentrations _used severe bums of insidious onset, resulting in ulceration,similar to that

produced by hydrogen fluoride (ILO 1983).
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4.4 ESTIMATES OF HUMAN HEALTH EFFECTS

4.4.1 Odor Threshold

JohnAmooreandEarlHautala(1983),intheirdiscussiononodorasanaidtochemicalsafety,

determinedtheodorthresholdforF2(inair)tobeapproximately0.14ppm (0.2mg/m3)

(AmooreandHautala1983).IntheOccupan'onalHealthGuidelineforFluorine,the

OccupationalSafetyandHealthAdministration(OSHA)statesthatF2canbedetectedbyodor

inconcentrationsofonlyafewpartspermillion(OSHA 1978).Bellesandcoworkersreported

a series of tests measuringthe exposure of nine male volunteers.The subjects' odor tluesholds

were found to be between 0.10 and 0.20 ppm, or 0.2 to 0.3 mglm3 (Ricca 1970). Variation in
the odor threshold may be due to severalfactors, including (1) individual differences in odor

perception,(2) a variety of samplepresentations,(3) an inconsistency of the purityof F2, and

(4)datainterpretation.

On the basis of the studies, the following conclusion can be drawn:

• The odor detectionthresholdfor F2is approximately0.14 ppm (0.2 rag/m3).
i

4.4.2 No Observed Adverse Effects Level (NOAEL)

KeplingerandSuissa (1968) found that I0 ppm (16 mg/m3) was not irritatingto humans for as
long as 15 min. Exposure for 3 to 5 min every 15 min over a 2- or 3-h period caused slight

irritationto the eyes and skin (Kep_ger andSuissa 1968). Lyon (1962) found that 61

workers' yearly averageexposures to F2 rangedfrom 0.3 to 1.4 ppm (0.5 to 2.2 mg/m3). The

exposed grouphad a betterhealth recordthan about2000 to 3000 employees used as controls
(Lyon 1962).

The AmericanConferenceof GovernmentalIndustrialHygienists (ACGIH) has developed
thresholdlimit values (TLVs) as guidelines to assist in thecontrol of health hazards.Threshold
limit values (TLVs) refer to airborneconcentrationsof substancesand representconditions

under which it is believed that nearlyall workers may be repeatedly exposed day after day
without adverse health effects. Thresholdlimit values (TLVs) arebased on the best available

informationfrom industrial experience, from experimentalhuman andanimal studies, and,

° when possible, from a combinationof the three. The basis on which the values are established

may differ from substanceto substance;protection against impairmentof health may be a

• guiding factor for some, whereas reasonable freedom from irritation,narcosis, nuisance, or

other forms of stress may form the basis for others (ACGIH 1993--1994).The ACGIH
thresholdlimit value-time weighted average (TLV-TWA) is for a normal 8-h workday and a
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40-h workweek, to which nearly all workers may be repeatedly exposed, day after day, without

- adverse effect. The threshold limit value-short-term exposure limit (TLV-STEL) is the

concentration to which workers can be exposed continuously for a short period of time

(15 min TWA) without suffering from (1) irritation, (2) chronic or irreversible tissue damage,

or (3) narcosis of sufficient degree to increase the likelihood of accidental injury, impair self-

rescue, or materially reduce work efficiency, and provided that the daily TLV-TWA is not

exceeded (ACGIH 1993-1994).

Based on early animal studies conducted by Stokinger (1949), ACGIH concluded that the

TLV-TWA should be set at 0.1 ppm (0.2 mg/m3). However, ACGIH believed that the lack of

significant medical findings in workers exposed to F2 in excess of 0.1 ppm for 7 years (Lyon

1962) provided a basis on which to rea)mmend and adopt a TLV-TWA of 1 ppm (1.6 rag/m3).

Keplinger and Suissa's (1968) study of F2 showed that a few intermittent exposures of 10 ppm

(16 mghna), repeated at 3- to S-rain intervals every 15 rain for 2 to 3 h, caused only slight

irritation to the eyes and skin. On the basis of this study, ACGIH recommends a TLV-STEL

of 2 ppm (3.1 rag/mS).

" OSHA and NIOSH agree on 0.1 ppm or 0.2 mg/m3 as a TWA (8-h workday, 40-h workweek)

low enough to avoid adverse health effects. OSHA and NIOSH believed the Lyon study was

- not a study conducted on 61 workers constantly exposed to F2, but instead, a compilation of

data on workers who may have had some short-term exposure to F2; thus, their TWA value is
I0 times lower than that of ACGIH.

Based on the information reviewed, the following conclusions can be drawn:

• The NOAEL for F2 for <15 min is 2 ppm, or 3.1 mghn s.

• The NOAEL for F2 for > 15 rain is 1 ppm, or 1.6 mg/m s.

The Emergency Response Planning Guidelines (ERPGs) were established by the American

Industrial Hygiene Association (AIHA) for emergency response purposes. There are no ERPGs

for F2; however, the Subcommittee on Consequence Assessment and Protective Actions

(SCAPA) of the Emergency Management Advisory Committee (EMAC) developed preliminary

alternative guideline limits for cl)emicals without ERPGs (EMAC 1993). The preliminary

" alternative ERPG-I guideline defines the maximum airbome concentration below which it is

believedthatnearlyaUindividualscouldbe exposedforup to 1 h withoutexperiencingeffects
• otherthanmild transientadversehealth effectsor perceivinga clearlydefinedobjectionable

odor.The preUminaryalternativeERPG-1forF2is 2 ppm,or 3.1 mg/m3;this is the sameas
the ACGIH STEL. Since the ERPG-1 definition emphasizesexperiencingmild, transient health
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effects, it is appropriateto assume mild irritationcould be experienced; therefore,the NOAEL

should be lower. The ERPG-1 of 2 ppm (3.1 mg/m3) is the same as the NOAEL for exposures
<15 min, andvery close to the NOAEL recommendedfor exposures >15 to <60 min
(1.6 rag/m3).

4.4.3 Irritation/Reversible Effects Level

Keplinger and Suissa (1968) conducteda study in which five humanvolunteers were exposed

to F2. These tests were designed to test for irritationonly. A concentrationof 50 ppm
(80 mg/m3) was irritatingafter 3 rain of exposure to the eyes andnose. After about 5 min of

exposure, concentrationson the orderof 23 ppm (37 mg/m3) were slightly irritatingto the
eyes, while concentrationsas high as 25 ppm (40 mg/m3) could be inhaled without respiratory

discomfort. A concentrationof 10 ppm (16 mg/m3) was not particularlyirritatingto the eyes,
nose, or respiratorytract after a 15-mtnexposure.

The ERIK3-2specifies the airborneconcentrationbelow which it is believed thatnearly all

individuals could be exposed for up to 1 h withoutexperiencingor developing irreversibleor

other serious health effects or symptoms that could impairtheir abilities to take protective
action (see Sect. 4.5 for a more detailed explanation of ERPGs). The preliminaryalternative

ERPG-2 equivalentconcentration-limitguideline is 7.5 ppm, or 12 mg/m3. Because there is

human toxicity informationregarding irritation/reversibleeffects on the exact concentration
levels for exposures up to 15 min, those levels were used for this analysis. However, since

there was no acute toxicity information on irritation/reversibleeffects for the concentration

levels of >15 to ._0 min, the preliminaryalternativeERPG-2 was adopted.

Based on the information reviewed, the following conclusions can be drawn.

• The irritation/reversibleeffects level for F2is as follows:

min C = 80 mg/m3

>3 to ._5min C = 37 mg/m3

>5 to <15 min C = 16 mg/m3
>15 to _ rain C = 12 mg/m3

• Dermal irritationmay be expected at appmrdmately 107 mg/m3.

• Irritationto the eye appearsto be the most sensitive index of subjective effects.
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For comparison, the conclusions of this report and Ricca's (1970) EELs for F2 are as follows.

This Report Ricca's EELs

>3 to_5 rain C = 37 mg/m 3 5 min C = 39 mg/m 3

>5 to<15 rain C = 16 mg/m 3 15min C = 23 mg/m 3

>15 to-<60min C = 12 mg/m 3 60 min C = 15mg/m s

Ricca'sEELs wereestablishedundertheassumptionthatverymildreversiblepathological

symptoms were acceptable. Ricca established short-term occupational exposure limits that

apply to situations requiring a quantitative assessment of the risk to personnel who may be

exposed briefly to very high concentrations of airborne toxicants. EELs are designed to limit

occupational exposures, but not necessarily without some discomfort, rapidly reversible

irritation, or subtle changes in members of a healthy adult population. EELs are used

essentially as disaster control guidelines for unplanned hazardous situations. Ricca's EELs are

very close to the levels found in this report and help to buildconfidence in this report's
conclusion on irritation/reversible levels.

4.4.4 Irreversible Effects Level

No human studies docuraenting spec ;# _ exposure levels and time of exposure were found
- for acute, irreversible health effect _ r, there are two established levels that can be used

to determine the onset of possible _ _e effects levels. For F2, NIOSH recommends an

immediately dangerous to life or health (IDLI-I) level of 25 ppm, or 40 mg/m3. NIOSH def'mes

the IDLH level as encompassing "conditions that pose an immediate threat to life or health or

conditions that pose an immediate threat of severe exposure to contaminants, such as

radioactive materials, which are likely to have adverse cumulative or delayed effects on

health." Two factors are considered when establishing IDLI-Iconcentrations. First, the worker

must be able to escape without losing hls/_r life or suffering permanent (irreversible) health

damage within 30 rain. OSHA considers 30 min as the maximum permissible exposure lime

for escape. Second, the worker must be able to escape without severe eye or respiratory

irritation or other reactions that could inhibit escape. Since the criteria used in establishing

IDLH slx_iEes suffering no irreversible (or life-threatening) health effects, it seems reasonable

to assume exposure to F2 for 30 rain or less at _ plan (40 mghn 3) would prevent irreversible

effects. Therefore, exposures above 25 ppm (40 mg/m3) would indicate the onset of possible

" development of irreversible health effects.

. Using the same approach, the AIHA ERP_-3 specifies the airborne concentration below which

it is believed that nearly all individuals could be exposed for up to 1 h without experiencing or

developing life-threatening health effects. The preliminary ERPG-3 equivalent concentration-
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limit guideline is 10 ppm, or 16 mg/m3.The definition stresses exposureup to 1 h without

experiencingor developing life-threateninghealth effects. Although life-threatening health

effects would not be experienced, it is reasonable that irreversiblehealth effects could be
experienced. Lacking additional human or animal data from which to draw conclusions, the

guidelines developed for IDLH and ERPG are adopted.

• The irreversibleeffects level for F2is as follows:

<30 rain C = 40 mg/m3

30to<60min C ---16mg/m3

4.4.5 Human Lethal Exposure Level

This section estimates the exposure level for lethality in humans (see Fig. 4.3). Rarely can

quantitativeinformationon the inhalationexposure levels that cause death in humans be found.

An evaluation of the available human exposure information makes it clear that it would be

very difficult to define a concentrationand time of exposure which would lead to a human
falsity.

4.4,5.I Methodology
6

In the absence of sufficient human data, animal toxicity data were used and extrapolatedfor

human equivalent data. Toxicological studies have determined LCso'Sfor a few species at

exposure times ranging from 5 to 60 min.

Lethal animal exposures have shown that damage to the tissues of the respiratorytract (edema,
emphysema, and hemorrhage) is the major pathology associated with such exposures

(Keplingerand Suissa 1968). ACGIH,OSHA, NIOSH, and others acknowledge that F2 is a

severe irritantof the eyes, mucous membranes,skin, and lungs. Serious systemic effects are
unlikely from an acute exposure. In general, if an animal lived for 48 h, it survived. The

primarytissues at risk are those of the respiratorytract, which sustain the impact of the

exposure. Therefore, the concentrationof F2 gas in air impinging on the respiratorytissue, and

not the absorbed dose, is the primarydeterminantin the extent of damage done. Accordingly,
the most scientifically defensible extrapolationwould take into account,differences in anatomy,

physiology and size of the respiratory tractof humans andexperimental animals.

AnimalLCsod_ta are first converted to human-equivalent LCsolevels. The dose to the

respiratorytract, expressed in terms of the mass of the chemical (milligrams) per
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surface areaof the lung (squarecentimeters)of the animal is called the regional gas dose
(RGD) (EPA 1989). The RGD allows for extrapolationto otherspecies using lung surface area
as a common denominator.The formulais as follows:

RGD = YV, f x t (4.1)ill i.,, '" 9

S

where

Y = exposure concentration(rag/m3),
V, = tidal volume (m3/breath),

f = respiratoryrate (breaths/rain),

S = regional surface area(cm2)for respiratorytract area affected,
t = exposure time.

The RGD can then be used to estimate the human-equivalentconcentration(HEC)LC-_0based

on the average inhalationrate and respiratorytracttotal surface areaof a human:

HEC = RGD × S (4.2) -
V, "f "t

where

RGD = mass of chemical per total surface areaof the respiratory tract (mg/cm2),

V, = tidal volume (m3/breath),

f ffirespiratoryrate (breaths/rain),

5 = regional surface area (era2) for respiratorytract area affected,

t = exposure time.

After using the above extrapolationteclmiques, the concentrations for specific times were

calculatedto determine the HEC LC_ Figure 4.3 shows the estimatedLCsofor 5, 15, 30, and

60 rain. Figure 4.3 also confirms that the guinea pig is the most sensitive of the three animals
exposed to F2.Therefore, the guinea pig values were used to evaluate the HECLC_. This
choice is made because we do not have other information that suggests which animal model

may most closely resemble a human subject. AnimalLCsovalues were found in the study

conducted by Keplingerand Suissa (1968) and are listed in Table 4.3 with the regional gas
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Table 4.3. Regional gas doses for animals exposed to fluorine

Regional Estimated
Exposure time Concentration gas doses human LC.

and species (mg/m3) (mg/cm2) (mg/m3)
HI ,I,,

5 m/n

Mouse 932 3.8 × 10.4 1948

Rat 1088 1.2 × 10.4 615

15 rain

Mouse 583 7.2 x 10-4 1230
Rat 606 1.9 x 10-4 325

Guineapig 1.6 x 10-4 273

30 rain

Mouse 350 8.6 x 10.4 735

Rat 420 2.7 × 10-4, 231
•" I

l

• 60 rain

Mouse 233 1.2 x 10-3 513

Rat 287 3.7 × 10-4 158

Guineapig 264 2.7 x 10-4 115

Note: Values are based on the following inhalation rates and respiratory tract

surfaceareas:mouse,24.45ml/min,298 cm_;rat, 74 ml/min,3473cm3;guinea
pig, 162ml/min,9384cm2;human,25,000ml/min,640,758era:.

Sources:Inhalationratesfor themouse,rat,andguineapig ate fromAltman
andDittmer1964;thehumaninhalationrate,fromIC'RP1994.Theguineapig
andmouserespiratorytractsurfaceareasate fromEPA1989;thehumanandrat
respiratorytractsurfaceareas,fromJarabeketal. 1989.
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dose and the calculated human LCso levels. There were no guinea pig data for the 5-rain exposure. However,

by using the ratio of the guinea pig concentrationto the ratconcentration at 15 rain, the 5-min
rat concentrationwas scaled to estimate the 5-min guinea pig concentration.

GPls (4.3)
GP 5 = R 5 x _ ,

where

GPJR5 = Guineapig or ratconcentrationat 5 min exposure, and

GP_/Rt5 = Guineapig or ratconcentrationat 15 min exposure.

The estimatedhuman LC._is as follows:

• 516 mg/m3for 5 min,
• 273 mg/m3 for 15 min, and

• 115 mg/m3 for 60 min.

4.4.4;.2Discussion of lethal exposure levels

When the LC_'s for all three species (orderof sensitivity is guinea pig, rat,mouse) at the

differentexposure times were compared,they were similar, suggesting comparablespecies
sensitivity andperhaps a common cause.

Signs of intoxication at the lethal concentrationsincluded irritationof the eyes and nose (as

shown by conjunctivitis),pawing at the nose, increased secretions, andsneezing. Dyspnea, loss

of body weight, general weakness, and death were observed. Few signs of intoxication were
observed immediately after exposure. Frequentlythe animals looked quite well (with some

irritationof the eyes and nose). Dyspnea andlethargy were not observed until several hours

after exposure. At lethal concentrationsthere was little or no visible damage to the liver or

kidney. Death was attributedto respiratoryfailure.With the exception of very high
concentrations [_.5000ppm C_8000mg/m3)],death occurredapproximately12 to 18 h after

exposure. A few deaths were recorded about24 h after exposure. In general, ff an animal lived
for 48 h, it survived.
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$. POLYCHLORINATED BIPHENYLS AND THEIR COMBUSTION PRODUCTS

5.1 SUMMARY

Polychlorinatedbiphenyls (PCBs) are complex mixtures of oily chlorinatedhydrocarbonsthat
were widely used from the 1930s to 1977 as insulatorsin capacitors and electrical

transformers,as lubricants,and in other applications.Because of their fat-solubility and

biological stability, they have become ubiquitousenvironmentalcontaminants,accumulatingin
ecosystems and the human food chain. Human populations,particularlyin industrialized

societies, carrymeasurablebody burdensof PCBs, particularlyof the more highly chlorinated

and toxic congeners.CommercialPCB mixturesmay be contaminatedwith polychlorinated
dibenzofurans(PCDFs) duringproduction.Heatingof PCB-containing fluids above 200°C will

produce more highly chlorinatedPCBs, polychlorinatedquaterphenyls,and the more toxic,

highly chlorinatedPCDFs. Pyrolysis, or incomplete combustion, will result in the formationof
small but toxicologically significant amountsof PCDFs and, often, polychiorinated

dibenzodioxins (PCDDs). Human populations also carrybody burdensof these extremely toxic

contaminants.Section 5.2 provides a discussion of the physicochemical propertiesof PCBs,
including the concentrationof PCBs and their combustionproducts in soot samples and
surface contaminationfrom a number of PCB fire and pressurized release incidents (see

, Table 5.2). The present analysis does not take into account the existing body burden of PCBs,
PCDFs, andPCDDs, as currentdataon the local population are not at hand; the air levels

calculated correspondingto various toxicological endpoints assume no previous exposure and
thereforemay not h_ pwtective.

The body burdens andconcentration-timeproducts arepresented in Table 5.I for PCBs, PCBs
in pyrolysis (oil) or combustionproduct(soot) mixtures,and for 2,3,7,8-tetrachlorinated

dibenzo-p-dioxin (2,3,7,8-TCDD), PCDD, and tetrachlorinateddibenzofuran(TCDF)/PCDF.

These concentration-timeproducts were calculatedusing the IntemationalCommission on

Radiological Protection(ICRP)referenceadult human ventilationrote of 25 L/min for light
activity (1994). The effects of these chemicalsare cumulative; there areno restrictionson

averagingtime. Thus, air levels can be calculated for any exposure duration(in minutes)

directly from the concentration-timeproducLThe endpoints listed for the generalpopulation

and female workers are based on human data for developmental neurotoxicity from
environmental PCB exposure. The air levels of PCBs estimated to result in absorbeddoses
correspondingto systemic toxicity, no observed adverse effect level (NOAEL), reversible

effects, and LDsoendpoints for exposure durationsof 1 to 120 rain are shown in Fig. S. 1. The

air levels of PCBs estimated to result in absorbeddose accumulationcorrespondingto NOAEL
and irreversibleeffects levels based on developmentalneurotoxicityendpoints for exposures of

at

1 to 120 rain are shown in Fig. 5.2. Air levels of 2,3,7,8-TCDD that are estimatedto result in
absorbeddose accumulationcorrespondingto NOAEL, reversible effects, irreversible effects,

andLDsoendpoints are illustratedfor exposure durationsof 1 to 120 min in Fig. 5.3. Air
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levels that are estimated to result in absorbed dose accumulations corresponding to these

endpoints are illustrated in Fig. 5.4 for PCDDs and in Fig. 5.5 for TCDFs/PCDFs. The PCB

air levels corresponding to the LDI_ abso_.a:l dose for PCBs/PCDFs based on Yu-Cheng oil

poisoning and to NOAEL, irreversible effects, and LDso absorbed doses for Binghamton soot

are shown in Figs. 5.6 and 5.7 for exposure times of 1 to 120 rain. It should be noted that

there is significant uncertainty associated with these estimates that cannot be quantified.

The estimates of health effects provided in this section are intended to be used only in

assessing the consequences of postulated accidents in support of the Safety Analysis Report

(SAR)program. This information will be used to determine the adequacy of the controls used

to manage the risk of the operation being evaluated. The toxicity estimates are not intended to

be used as acceptable exposure levels for occupational personnel or members of the public.

Furthermore, the guidelines in this section are not intended for use in developing emergency

exposure levels.
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o

Table 5.1. Summary of PCB and PCB combustion product effects levels

Absorbed dose Concentration.time"
Substance Endpoint (mg) (mg.mtn/m3) Comments

Quantitative measures: systemic effects (male workers)

PCBs Detection threshold None identified

No observedadverseeffect 150 5,800 Based on rat fiver
weight and
cholesterol study;
oral

Irritation/reversibleeffects 290 12,000 Based on rat fiver
weight and
cholesterol study;
oral

Irreversibleeffects No animal value
available

Lethality (I..Ct,a]LD_ 74,000 3.0 x 10s Based on ratdata;
oral

, Quantitative measures: developmental neurotoxlcity (general public, female workers)

Detection thn_old None identified
4D

No observed adverse effect 1.5 60 Based on human
oral data;
pertinentto
general
populationand
female w_rkers

Irritation/reversibleeffects No reversible
effects
on memory
observed

Irreversible effects 1.9 75 Based on human
data;in uteto
effects on visual
recognition
memory in infants
and short term
memory in same
children at age 4

Lethality __ None identified

5-3



PCBs and Their Combustion Products

Table 5.1 (coaL)

Absorbed dose Concentratlon-tlme"

Substance Endpolnt (rag) (mg.mln/m3) Comments

Quantitative measures: systemic effects

PCBo_ Detection threshold None identified
No observed adverseeffect None identified

Irritation/reversibleeffects None identified

Irreversibleeffects No threshold
identified

Onsetof lethality 1,500 58,000 Based on human
(LCtI.z/I..DI.0b data.Yu-Cheng

incident;
estimatesbased

only on PCB
content of
mixture

Lethality (LCt.fft.D_ None identified

Quantitative measures: _stemic effects

PCB._ Detection threshold None identified

No observed adverse effect 0.48 19 Based on female
guinea pig data,
Binghamtonsoot
suspension,
adjusted for PCB
content = 0.5%

and for toxicity as
if given in oil;
oral

Irritation/reversibleeffects None identified

Irreversibleeffects 4.8 190 Based on female
guinea pig data as
in NOAEL

_ity (LC__ 20 790 Based on female
guinea pig data as
in NOAEL
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Table 5.1 (cont.)

" Absorbed dose Concentration-time"
Substance Endpoint (mg) (mg.min/m_) Comments

Quantitative measures

2,3,7,8-TCDD Detection threshold None identified

No observed adverse effect 0.000073 0.0029 Based on oral rat
data

Irritation/reversible effects 0.00015 0.0058 Based on oral rat
data

Irreversible effects 0.0038 0.15 Based on oral rat
data

Lethality (LCt,_.D_ 1.8 73 Based on oral and
IP rat data

PCDD Detection threshold None identified

No observed adverse effect 0.00029 0.012 Based on potency
relative to
23,7,8-TCDD

Irritation/reversibleeffects 0.00058 0.023 Based on potency
relative to
2.3,7,8-TCDD

" Irreversibleeffects 0.015 0.61 Based on potency
relative to

• 2.3,7,8-TCDD

Lethality (LCts/LD_) 7.3 290 Based on potency
relative to
2.3,7,8-TCDD

TCDF/PCDF Detection threshold None identified

No observed adverse effect 0.0015 0.058 Based on potency
relative to
233,8-TCDD

Irritation/reversibleeffects 0.0029 0.12 Based on potency
relative to
23,7,8-TCDD

Irreversible effects 0.077 3.1 Based on potency
relative to
2,3,7,8-TCDD

LeJJtality(l.CtseR.Ds0 36 1,460 Based on potency
relative to
2.3,7,8-TCDD

"Nolimitations on averagingtime.
bAbsorbeddose andLCtl.2 based on 1.2% mortalityand severe health effects, many persisting >20 years.

,D
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Fig. 5.1. Air levels of PCBs that are estimted to result in accumulation of

absorbed doses corresponding to systemic toxicity NOAEL, reversible effects, and LDso
levels for exposures of I to 120 min.
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Fig. $.2. Air levels of PCBs that are estimated to result in accumulation of

• absorbed doses corresponding to NOAlgL and irreversible effects levels based on

developmental neurotoxidty endpoints for exposures of I to 120 rain.
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Fig. 5.3. Air levels of 2,3,7,8-TCDD that are estimated to result in accumulation of

absorbed doses eorresponding to NOAEL, reversible effects, irreversible effects, and LDs.
levels for exposures of 1 to 120 rain.
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Fig. 5.4. Air levels of PCDDs that are estimated to result in accumulation of

absorbed doses eorresponding to NOAEL, reversible effects, irreversible effects, and LDso
levels for exposures of I to 120 rain.
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Fig. 5._. Air levels of TCDF/PCDFs that are estimated to result in accumulation

of absorbed doses corresponding to NOAEL, reversible effects, irreversible effects, and

LDsolevels for exposures of I to 120 rain.
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Fig. 5.6. Air levels of PCB.u that are estimated to result in accumulation of
absorbed doses corresponding to LD,a level for exposures of I to 120 min.
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5.2 PHYSICOCHEMICAL PROPERTIES OF PCBs
t

Polychlorinatedbiphenyls(PCBs) (CAS Registry No. 1336-36-3) constitutea class of oily

chlorine-substitutedaromatichydrocarbonswhose stability,nonflammability, and good

dielectric properties made them desirable as lubricants and as insulators in capacitors and
electrical transformers as well as for other commercial applications. Commercial PCB

production began in 1929; PCBs came into general use in the 1940s, with maximum use from
1957 to 1977 (Silberhom, Glauert, and Robertson 1990; NIOSH 1986). Although production
was banned in the United States in late 1977, PCBs continue to be of concern because their

stability has led to widespread environmental contamination; furthermore, many PCB-laden
capacitors and transformers are still in use, creating the potential for leakage or explosive PCB

releases (NIOSH 1986).

These compounds were produced as complex isomeric mixtures whose trade names generally
indicate their extent of chlorination; for example, Aroclor 1254 contains 54% chlorine by

weight, Aroelor 1242 contains 42%, and so on. Silberhorn, Glauert, and Robertson (1990) have

compiled dat_ on the chlorine content and molecular weight of several American, German, and
Japanese commercialPCB preparations. Commercial mixtures contain only about 100 of the

• 209 possible congeners in significant quantifies (NIOSH 1986). Their boiling points range

from 171 to 191"C (340 to 375"17),with a flash point of 195"C (383"F) (Lewis 1992). The
• solubilities of the PCBs in water are low (0.007 to 5.9 rag/L), while they are readily soluble in

common organic solvents, oils, and fats (NIOSH 1986). Their vapor pressures are quite low

(10-_ to 10-s mm Hg at 20"C). More details of the physicochemical characteristics of

commercial PCB mixtures are found in the ATSDR Toxicological Profile for Selected PCBs
(ATSDR 1993). Aroclor 1254 was the major fluid used in the two largest U.S. capacitor plants

from 1946 to the mid-1950s; Aroclor 1242 supplanted it until 1971, after which Aroelor 1016

was the primary fluid until 1977, when PCB use was discontinued (Brown et al. 1991).

The PCBs can be grouped into six structural classes, the toxicity of whose members varies

with the number of chlorine substituents and molecular configuration, increasing generally with

their degree of similarity to 2,3,7,8-TCDD (EPA 1991, Safe et al. 1985). Class I consists of
four coplanar PCBs that are approximate isostereomers of 2,3,7,8-TCDD (see Fig. 5.8);

Class II are mono-ortho-coplanar PCBs with a chlorine in a para position; Class HI are mono-

ortho-coplanars lacking a chlorine in that position. Class IV contains 13 diortho-substituted

" coplarmr PCBs. The dioxin-like biological activity generally decreases with increasing class
number (decreasing coplanarity), although Classes HI and IV have about equivalent potency.

• Classes V and VI consist of tri- and tetraortho PCBs; these are not coplanar and exhibit little,

if any, dioxin-like activity. Some PCBs possess nondioxin-like activity of toxicological
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Fig. $.8. Structures of the coplanar PCB congeners substituted in both para and
two or more meta positions and their conformationai similarity to 2,3,7,8-TCDD. Source:
EPA 1991.
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i

significance; such activity is not as well characterized or understood as the dioxin-like features,

- but includes developmental neurotoxicity and reproductive toxicity (EPA 1991, 1993).

The PCB preparations may contain impurities, including polychlorinated dibenzofurans

(PCDFs) and chlorinated quaterphenyls (Kimbrough 1987). Pyrolysis of PCBs results in the
formation of fluid or soot containing small but toxicologically significant amounts of PCDFs

and often polychlorinated dibenzodioxins (PCDDs) (see Table 5.2) (Kimbrough 1987; NIOSH
1986).

The products of incomplete PCB combustion, PCDFs and PCDDs, are dlemically similar to
the PCBs, being relatively inert, nonpolar, lipid-soluble molecules with many possible

congeners (see Fig. 5.9 for parent structures as well as congeners of high toxicity). Dioxins
have 75 possible congeners, while dibenzofurans have 135 (Diekson and Buzik 1993). The

chemical and physical properties of these compounds, as with the PCBs, vary with the number

and position of chlorine substituents; the biological stability and potential for accumulation in
fatty tissue increases with increasing chlorine substitution.Like the PCBs, the PCDFs and

PCDDs are widely distributed in the enviromaent, including in the human food chain.

" Most people in industrializedcountries carry a body burden of PCBs and several PCDF and

PCDD congeners in their adipose tissue, especially those congeners with 2,3,7,8-substitution

• (Dickson and Buzik 1993). An E_vimnmentalProtectionAgency (EPA) study found a mean
2,3,7,8-TCDD level of 5 ppt in 46 composite tissue samples prepared from 900 samples
(number of donors not specified) (EPA 1986). An evaluation of several U.S. studies snowed

that 2,3,7,8-TCDD levels in human adipose tissue are log-normally distributed, increase with

age, and exceed 12 ppt in over 10% of the population (Sielken 1987). Human milk also

contains 2,3,7,8-TCDD and other PCDD and PCDF congeners (Bartmess 1988; Jensen 1983).

These levels are much lower than those of the PCBs. For example, Kreiss (1985) reported

mean PCB serum levels in the United States of about 5 to 7 ng/mL (ppb); adipose tissue levels
of Canadian accident victims ranged from 0.9 to 9.4 mg/kg (ppm) (IVies,Davies, and Turton
1982). Levels of PCBs in human tissue and fluid samples are reviewed in some detail in the

ATSDR Toxicological Profile (ATSDR 1993). Luotamo (1991) reports congener-specific

profiles of PCBs in serum and adipose tissue from individuals with occupational, accidental,
and environmental exposure.

.j
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Table 5.2. Concentrations of PCBs and related compounds following fire-related incidents in the United States
A. Fires

Soot Surface "_
n,te,_ttJon, _ns Oq/_ (j_loo cu2) _J
and electrk_l SMnpllnt In dr

equipment date (Mg/m_ PCBs TCDF PCDFs TCDD I_DDs PCBs TCDF PCDFs TCDD PCDDs Source
t,q

12/80: Cincinnati: 03/81 ND 7,200 ND ND ND ND (I)
Capacitor _0

C_
02/81: Binghamton, N.Y.; 02/81 80 200.000 12 2,160 0.6 19.9 (2)

Trimsformer

10/81: Boston_ 12/81 114,000 3 162 ND ND (3)
Transformer

04/82: Miami: 04/82 ND 1.89 _ID ND 860 (4)
t_, Transformer
t,,,,,t

Os
04/82; Tulsa, Okla., 04/85 0.5 II 0.007 0.II ND 0.16 I,I00 8.5" 81.6`* ND 1.408a (5)

Transformer

06/82: Jersey Ci_, NJ.; 2.3 22 ND 0.14 ND 0.09 (6)
Capacitors

05/83: San Francisco: 05/83 I,.f_0 86,000 6.3 28.9t 0.059 0.32b 29" 101.5'* (7)
Transformer

09/83: Chicago: 09/83 58 39,100 3,263 0.41 12.2 ND 0.05 (8)
Transformer

12/S3:Tulsa, Okla: 01/84 1,607 (9)
Transformer

03/84: Columbus,Ohio: 04/84 6,415 3.2 46.4 0.016 4.1 (10)
Capacitors

05/84; Miami: 06/84 50,000 0.27 98.5 0.004 Z3 (! !)
Transformer

• i



Table5.2 (eont.)

B. Pressurizedrdeases

Fluid Surface

Date, location, PCBs (Pit/10 (pg/10o cm2)
and dech-Jcal SampU_ b dr

equipment date (pg/m3) i_Bs YCI)F PC3)Fs TCDD l_DI)s PCBs TCDF PCDFs TCDD PCDDs Source

...f74; WappingersFdh, 02/84 ! 17,000 0.97 _ 92 (12)
NY; Trmsfonner

<!!4 c
' 06/82:Washington,D.C.; 06/84 <.074c <7.02c ND <I._ 32;),000 ND ND ND (I3)
"_ Transformer

06/82; Maplewood, Minn.; 06/82 90 ND ND 5,000 (14)

Transfocmer ,_

12/83: Syracuse: 12/83 I.I 7.3 0.02 d 0.17 b_ ND (15)
Transformer

06/85; SantaFe, N.M.: 06/85 41.9 870,000 1.6 44.2 ND ND 280,000 0.41 3.99 NO 0.19 (16) _.

Transformer

Note:Valuesrepresentthehighestmeasurementsreported,aspresentedinNIOSH (1986);ND = nonedetected. _"

%'dues expressed as nanograms per square meter (ng/m2).

bValues represent total tetrachlorinated forms only.
"Values represent results obtained in the presence of interfering chemicals.
sValues reported as pg per wipe sample (area tmdef'med). =.
Sources: (1) NIOSH 1981; (2) Schecter 1983; (3) Melius 1985a; (4) NIOSH 1983; (5) Mefius 1985b; (6) Port Authority 1985; (7) EPA 1984; (8) Melius 1985c; (9) Landsing

Property Corporation 1985 (10) Mefius 1985d; (11) Mefius 1985e; (12) Melius 1885f; (13) Lees and Breysse 1983; (14) NIOSH 1984; (15) Melius 1985g; (16) Melius 1985h.
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"
Dibenzo-p-dioxin Dibenzofuran

2,3,7,8-tetmchlorodi_nzo-pdioxin
lone of 22 TCDDs) c o el

Cl
1,2,3,7,8-PeCDF

C
cl

1,2,3,_-tetrach_r_:tl_nzo-_l_xin _ -
la _n-2,3,7,8-TCDD)

.... 2,3,4,7,8-PeCDF

el el _-- - -- _-J

the only 2,3,7,8-PeCDFs

1,2,3,7,8,9ohexach_ mdi_nzo-_l_xin
la 2,3,7,8-HxCDD)

cl

CI Cl
u

1,2,3,4,6,7-hexachlorodibenzo-p-dioxin
(a non-2,3,7,8-HxCDD)

Fig. 5.9. Parent structures of dioxins and dibenzofurans and examples of 2,3,7,8-

and non--2,3,7,8-substituted congeners.Source: Barnes,Kutz, and Bott/morc 1989.
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5.3 SUMMARY OF EXISTING TOXICITY DATA

5.3.1 PCBs

PCBs, PCDFs, and PCDDs have a wide range of deleterious health effects in humans and

animals. Many of the health effects of PCBs are classed as dioxin-like and are thought to be

mediated by binding with the aryl hydrocarbon cellular receptor (EPA 1991), as in the case of

2,3,7,8-TCDD (Andersen et al. 1993; Portier et al. 1993). Such effects may mimic or

antagonize gonadal steroid hormone effects, adrenal hormones, or thyroid hormones (EPA

1993). The health effects of PCBs are reviewed in general by Kimbrough (1987), extensively

in the ATSDR Toxicological Profile (1993), and the carcinogeniceffects in detail by

Silberhom, Glauert, and Robertson (1990). Although species differences exist in sensitivity and

in some endpoints, many similarities in toxic effects are observed.

Human responses to occupational or environmental (primarily from fish ingestion) exposure to

PCBs include skin irritation, rashes, and chloracne; induction of liver enzymes, fiver damage;

developmental toxicity effects [slight effects on birth weight, head circumference, gestational

age and/or neonatal behavior, memory, and attention 0acobson et al. 1985; Tilson, Jacobson

- and Rogan 1990)]; peripheral sensory nerve damage (numbness in extremities); and possible

carcinogenic effects (Kimbrough 1987; ATSDR 1993; EPA 1993). Recent evidence of

- genotoxic effects has been reported in PCB-exposed workers, as well as in animals (F.,PA
1993).

In various animal species, adverse effects include lethality, liver damage, and immunotoxicity

(Holsapple et al. 1991; EPA 1993); reproductive, neuro-, and fetotoxicity; teratogenicity; and

carcinogenicity (highly chlorinated isomers) (Kimbrough 1987; ATSDR 1993; Silberhom,

Glauert, and Robertson 1990; Golub, Donald, and Reyes 1991). Lethality is usuatly delayed

and is preceded by a period of wasting that cannot be attributed only to appetite suppression;

the immediate cause of death is usually not apparent. Based on animal studies, developmental
neurotoxiceffects are considered nottobe dioxin-like effects and are associated with the

ortho-substRuted PCBs; they are very sensitive endpoints, possibly orders of magnitude more

sensitive than most other endpoints (EPA 1991, 1993). Developmental neurotoxicity is

evidenced by, for example, cognitive and behavioral deficits.

• Wide variations in species sensitivity to PCBs exist, with nonhuman primates, guinea pigs, and

mink among the most sensitive and rats, mice, and dogs less sensitive. Human beings appear

, to be among the less sensitive species with regard to some endpoints but the most sensitive

with respect to developmental neurotoxicity (EPA 1993). Some have speculated that storage in

adipose tissue may be protective (the more sensitive species tend to have less adipose tissue
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than humans) (Kimbrough 1987, ATSDR 1993). Ability to store vitamin A may also correlate

with lower sensitivity to PCBs.

5.3.2 PCDDs and 2,3,7,8-TCDD

The toxicity of PCDDs has been reviewed extensively by the EPA (1991, 1992). These

compounds include the most toxic known substances, with acute median lethal doses (LDs0's)
in the microgram per kilogram range; of them, 2,3,7,8-TCDD is the most toxic. Sensitivity

varies greatly among species and strains of animals, with acute LDso values for 2,3,7,8-TCDD

ranging from 0.0006 to 5.051 mg/kg (0.6 to 5051 pg/kg), a span of almost 4 orders of
magnitude. Effects in animals include liver damage, microsomal enzyme induction,

immunotoxieity, edema, systemic hemorrhage, bone marrow suppression, thymic atrophy,

weight loss (wasting syndrome), teratogenicity, fetotoxicity, and careinogenicity. Effects in
human beings exposed to 2,3,7,8-TCDD as a contaminant in herbicides or other chlorinated

compound mixtures are similar to those of animals. They include liver enzyme induction, liver
damage, changes in lipid metabolism, porphyria eutanea tarda (an often reversible but

potentially fatal alteration in porphyrin metabolism), neurotoxieity, hematologic changes,

chloraene, hyperpigmentation, and developmental neurotoxicity. A group of children exposed
pre- and postnatally to 2,3,7,8-TCDD as a result of matemal exposure in the Times Beach

poisoning incident were evaluated for both immunological (15 subjects) and
neurophysiological function (14 subjects). Preliminar) reports indicate that at about 11 years of

age, these children exhibited both persisting immunological abnormalities (Smoger et al. 1993)
and functional (EEG) differences from normal in the frontal lobe regions (Cantor et al. 1993).

The immunological abnormalities were associated with greatly increased frequencies of

pneumonias and other infections (Swain 1993).

$.3.3 PCDFs and PCB/PCDF Mixtures

The toxicity of PCDFs has not been as extensively studied as that of PCBs and PCDDs, but

the effects are similar in animals and show similar structure-activity relationships, with toxicity
increasing as structuralsimilarity to 2,3,7,8-TCDD increases.

Mixtures of PCBs in combinationwith highly chlorinated PCDFs in the Yu-Cheng rice-bran

oil poisoning episode in Taiwan resulted in increased infant mortality(at least 20%) (Hsu et al.
1985); physical abnormalities of skin pigmentation, teeth, and nails; and slight growth

retardation and developmental toxicity, including irreversible developmental neurotoxieity to

children conceived during or for as much as 6 years afterexposure ended (Yu et al. 1991;
Chen et al. 1992). The developmentaldelays and neurotoxicity apparentlyresulted from in

utero exposure, presumably during critical periods of neural development, since exposure to
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breast milk had little furtherdeleteriouseffect. The neurotoxicity resulted in modest effects on

. IQ, lowering it an averageof 5 points by either of two standardtests. While the effect on the
individualchild was small, the resulting shift in the IQ distributionis of concern, as the

numberof children falling in the significantly impairedrangeof IQ _ 70 was tripled or
quadrupled,dependingon the scale used (Chen et al. 1992). The similar Yusho poisoning

episode in Japan also resulted in perinatalmortality (Kuratsune1980) and severe

developmentalneurotoxicity (Harada1976, as cited in Clen et al. 1992).

The severity of toxic effects on the Yusho and Yu-Cheng infants is attributedlargely to the
PCDF contaminants. Babies bornto PCB-exposed female capacitorworkers with levels of

serum PCBs as high as the Yusho and Yu-Cheng mothers (or higher) showed only slight
growth retardation(girls) andphysical changes such as skin pigmentation,dental caries, and
nail deformities similar to the Yusho and Yu-Cheng infants but much less severe (Hara 1985).

Their susceptibility to colds, respiratorycomplaints, and other ailmentswas also increased. No

later evaluationof developmentalstatus or neuropsychologicalfunctioningwas made of these
PCB-exposed children.

Exposure of human beings to PCBs in combinationwith PCDFs in both the Yusho (Kuratsune

- 1980, 1989) andYu-Oteng (Hsu et al. 1985) poisoning episodes also caused unusually severe

and persistent chloract_, hyperpigmentationof the skin andnails, ocular effects, nausea and
diarrhea,hepatomegaly,peripheralneuropathy(R.-C. Chen et al. 1985), andother signs and

symptoms. Mortality of individuals other than infants also ensued, both from nonmalignant
lh,er toxicity andother systemic effects, andfrom an excess of cancers (mainly liver) in the

exposed groups (Hsu et al. 1985; Kuratsune1980, 1989). Many of the deaths from neoplasms

in the Yusho incident took place in the first 3 years afterexposure (Kuratsune1980) and in the
Yu-Cheng incident, in the first 4 years afterexposure (Hsu et al. 1985). As of 9 years after

exposure, Kuratsune(1989) reported that in the Yusho victims, there was a sixfold excess of

liver cancermortality anda threefoldexcess of neoplasmsof the lung, liver, andbronchi

(p < 0.01) in adultmen. A threefoldexcess of liver cancerwas observed in women, but this

did not reach statistical significance.Thus, it appearsthat combinationsof PCBs and PCDF

pyrolysis productsmay be carcinogenic to humans, although the dose ranges and mixture
compositions are not precisely defined.

5.3.4 Delayed Effects from Acute Exposures

Because of the biological stability of PCBs, PCDFs, and PCDDs, many of these compounds
, are metabolized and eliminatedfrom the body very slowly. In general, the more highly

chlorinatedPCBs are more resistantto metabolism (ATSDR 1993). For example, one

hexacb.lorobenzenecongener (2,2',4,4',5,5',-hexa-CB) was the congenerpresent in highest
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concentrationinhumanadiposetissueinonestudy,andinanother,itdecreasedonlyby 10%

overaperiodof300m 500d inpatientspoisoned7 to12monthspriortotheonsetof

measurements(ATSDR 1993).ThePCDFs andPCDDs canbeevenmorepersistent.Thus,it

wouldnotbesurprisingtoseedelayedtoxicityafteracuteexposuretosuchcompounds.

Lethality in animals is often delayed by many days or weeks at lower lethal doses of PCBs or

relatedcompounds, although very high acutely lethal doses of 2,3,7,8-TCDD may cause death
withina few days.

Dickson and Buzik (1993) summarize an instance in which three scientists who experienced

"transient minimal exposure" to pure 2,3,7,8-TCDD in the course of its synthesis reported
delayed signs and symptomsabout2 years later (Oliver 1975). In two of the men these signs
and symptoms included fatigue, gastrointestinalirritation,visual and neuromuscularchanges,

loss of concentration,"personality changes," andhirsutism.All three scientists showed

markedly elevated serumcholesterol levels. One subject with multiple delayed effects
developed chloracne, as did (at a later time) the subject showing only elevated cholesterol

levels. No liver damage, porphyrinuria,or otherbiochemical alterationswere observed.

Scientists workingin the same laboratory and lacking only the exposure to 2,3,7,8-TCDD

presentednone of these signs or symptoms (Oliver 1975). The evidence is far from conclusive
but is suggestive of delayed toxic effects of an acute exposure. No quantitativeinformationis

available regardingthe level of exposure.

Theseeffectsof exposurearesimilarm prolongedsignsandsymptomsexperiencedby

firefightersstarting2 d to3 monthsafteracumexposuretosmokeandsoot(inhalationand

dermalexposures)afteraPCB fireinwhichhighlychlorinatedPCDFs andotherrelated

combustionproductswereprobablyproduced(Kilbum,Warsaw,andShields1989).The

firefightersexperiencedextremefatigue,headache,muscleweakness,achingjoints,memory

loss,impairedconcentration,irritability,insomnia,impairedbalance,andvariousimpairments

ofcognitivefunctioningthatpersistedformanymonths.Anothergroupofworkersexposedto

PCBs,PCDFs,mono-anddichloropyrenes,andpossiblysome2,3,7,8-TCDFaftera capacitor

fireandexplosionexperiencednausea,headache,andintenseperspirationwithin1.5h afterthe

onsetofexposure;later,somecomplainedofoddfeelingsintheirarmsandlegs.Theexposed

workersshowedsensorynervefunctiondefectsat2 monthspostexposurethatwerenearly

repairedby6 monthspostexposure(Seppalainen,Vuojolahti,andElo1985).

Childrenexposed acutely to2,3,7,8-TCDD-contaminatedphenoxy herbicidesin the Seveso,

Italy, accident responded by developing chloracneboth soon (hours or days) and late (30 to J,

60 d) after exposure (Dickson and Buzik 1993; Caputoet al. 1988). Lesions developing late
were more severe in individuals who had also developed earlylesions.
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On the basis of occupationalstudies suggestive of carcinogenicity andratstudies conclusive

. for carcinogenicity,the EPA (1988) has categorizedPCBs as Group B2 (probablehuman
carcinogens);NIOSH (1986) recommendedthat PCBs be regarded as potential carcinogens in

the workplaceand that exposures be controlled to the lowest feasible limit. The dioxin-like

PCBs are strongpromoters;some of the nondioxin-likePCBs also are carcinogenic in animals,
but do not act by the same receptor-basedmechanism as the dioxin-like PCBs (EPA 1991).

Animalfeedingstudieshaveshown2,3,7,8-TCDDandhexachlorodibenzo-p-dioxins

(HxCDDs) to be carcinogenic;no data are available on the effects of inhalationexposure.

Human data on exposure to both 2,3,7,8-TCDD and HxCDDs are suggestive of
carcinogenicity, and both are classified as probablehuman carcinogens (GroupB2) by EPA

(EPA 1992;Fmgerhutet al. 1991). In association with phenoxyherbicidesand/or
chlorophenols, 2,3,7,8-TCDD is classed as a GroupB1 (probablehumancarcinogen). In skin,

liver, andlungs of rodents, the compound shows evidence of tumor-promotingactivity with
complex hormone dependency butquestionableevidence of tumor-initiatingactivity (NAS
1994).

- An increased incidenceof malignantlymphomas and multiple myelomas has been reportedfor

some individualsexposed to 2,3,7,8-TCDD in the Seveso, Italy, incident, which involved an
- explosion (Puntoniet al. 1986; _-do andPuntoni 1986), as well a_,in agriculturaland forestry

workersexposed to phenoxy herbicidescontaining2,3,7,8-TCDD a_;a contaminant(Hoar et al.
1986; Smith et al. 1984; Pearce, Smith, andFisher 1985). A new study by the National

Academy of Sciences' Instituteof Medicine concludes that sufficient evidence exists for a

statisticalassociation between exposure to phenoxy herbicides such as Agent Orange and/or

2,3,7,8-TCDD andthree types of cancerJsoft lissue sarcoma,non-Hodgidn's lymphoma, and

Hodgkin's disease. Sufficient evidence has also been found for an association with chloracne
and porphyriacutaneatarda,and limited or suggestive evidence for an association with

respiratorycancer, prostatecancer,and multiple mydoma (NAS 1994). However, in a recent
critical review of the evidence for 2,3,7,8-TCDD carcinogenicity in humansand animals,

Johnson suggests thatcancers of the thyroid, lung, andother endocrine sites are more likely to
resultfrom 2,3,7,8-TCDD exposure than are malignantlymphomas or soft tissue sarcomas

(1993). Evaluation of the carcinogenicity of 2,3,7,8-TCDD in humans is complicated by the

fact that exposure to this chemical is always accompanied by exposure to other chemicals as
" well.

. The likelibood that PCBs, PCDFs, and2,3,7,8-TCDD and other PCDDs are human

carcinogens means that, theoretically, any acute exposure could result in cancer later in life.

Even ff these substances actmainly by promotion,the long half-life in the body and the
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already existing body burden mean that acute exposures are of concern. The production of

neoplasms in humans by exposure to mixtures of highly chlorinated PUBs and PCDFs

resulting from heating of PCBs in both the Yusho and Yu-Cheng poisoning episodes further
suggests the likely carcinogenicity of mixtures of PUBs and their combustion products.

5.3.5 Workplace Standards

Exposure to PCBs in the workplace is enforceably regulated only for mixtures containing 42
and 54% chlorine (Aroelor 1242, CAS 53469-21-9, and Aroelor 1254, CAS 11097-69-1), as

shown in Table 5.3. In view of the probable carcinogenicity of the PUBs, the National Institute

of Occupational Safetyand Health (NIOSH) recommends an air limit of 0.001 mg/m3 for all
PCBs (ACGIH 1986; Sax and Lewis 1989). The permissible exposure limits enforced by the
OccupationalSafety and Health Administration(OSHA) are in accord with the

recommendationsof the American Conference of Governmental Industrial Hygienists

(ACGIH)---aTLV-TWA (threshold limit value as time-weighted average for 8-h exposure) of
1 mg/m3for Aroelor 1242 and 0.5 mg/m3 for Aroelor 1254. These levels are based primarily

on providing prote.etionfrom systemic toxicity, not on providing protection from skin irritation
or chloraene (ACGIH 1986).

While the Aroelors exhibit a "typical aromatic odor" and are moderately irritating to eyes and
skin, no quantitativeodor or irritationthresholds have been identified (NIOSH 1978). Chronic

exposure to levels as low as 0.1 mg/m3 has caused mild to moderate skin irritation and

aeneiform eruptions in workers (NIOSH 1978); levels of 0.32 to 2.22 mg/m3 for 5 to 23 years
produced burning sensations of the eyes, face, and skin (Ouw, Simpson, and Siyali 1976);

10 mg/m3 of Aroclor 1242 was reportedto be unbearably irritating in an oc_opational setting
(exposure duration unsp_ified, but presumably prolonged) (Elkins 1959 as cited in ACGIH
1986).

The OSHA levels identified as immediately dangerous to life and health (IDLH) (NIOSH

1990) appear to correspondto the level identified as unbearablyirritating for Aroclor 1242 and
presumably extrapolated to Amclor 1254.

Sax and Lewis (1989) caution that beating any of the Aroclors to decomposition is

accompanied by the release of the highly toxic CI- ion.

The PCDFs and PCDDs are not regulated, presumablybecause they are contaminants

inadvertently produced in industrial processes or as a result of incomplete combustion of

PCBs, not intentionally produced intermediates or end products.

5-24



PCBs and Their Combustion Products

t

Table 5.3. Regulations and guidelines for workplace exposure to PCBs
c

42% CI 54% C!

Description of (Aroclor 1242) (Aroclor 1254)

Agency guideline (mg/m3) (mg/m3)

OSHA Permissible exposure limit 1 0.5

(PELy

ACGIH TLV-TWA_ 1 0.5

NIOSH Recommended limit': 0.001 0.001

OSHA 1DLI'F_ 10 5

"OccupationalSafetyandHealthAdministration(OSHA),29 CFRPt. 1910.1000,TableZ-1-A(July 1, 1992,
ed.)

STLV-TWA= thresholdlimitvalueasa time-weightedaveragefor8-h exposure;AmericanConferenceof
GovernmentalIndustrialHygienists(ACGIH1992).

'Departmentof HealthandHumanServices/NationalInstituteof OccupationalSafetyandHealth (NIOSH
1990).

*[DLH= immediatelydangeroustolife andhealth.

No ERPG values have been identified for PCBs or the_ircombustion products. Because these

substances are not corrosive to tissues, acute exposure is hazardous primarily from a delayed

and persistent toxicity standpoin:.

Limited information from PCB fires or explosions sugfests that firefighters or workers may

experience deleterious effects that would affect perfomaance, but even these effects appear to

be somewhat delayed. For example, Seppalainen, Vuojolahti, and Elo (1985) report that after a

capacitor explosion and rue, "clearing workers" became nauseated, experienced headache, and

perspired intensely at about 1.5 h after the explosion; air concentrations of PCBs were not

measured until 5.5 h after the explosion, at which time the maximum levels were 8 to

16 mg/m 3. Ten workers were hospitalized, but the immediate signs and symptoms subsided

quickly. Other delayed effects are discussed in Sect. 5.3.4. It should be noted that the effects

may be a result of exposure to substances other than PCBs and their combustion products or to

a mixture, as other substances were almost certainly present.

A smallgroupof firefighterswasexposed for 15to 30 rain to smokeandfumesfroma PCB
• fhe in which a transformerexploded(Kilbum,Warsaw,andShields 1989).Furtherintermittent

inhalation and dermal exposure ensued, but air levels of PCBs or combustion products were
not measured.
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Headache, fatigue, weakness, and other signs and symptoms were reported but were not

experienced until 2 d to 3 months after exposure. These and other delayed effects in this group
are discussed in more detail in Sect. 5.3.4.

5.3.6 Summary of Health Effects Overview

• PCBs arc ubiquitousenvironmentalcontaminants,as are their impuritiesand

pyrolysis/combustion products, the PCDFs andPCDDs.

• Structure-activityrelationships distinguishdioxin-like PCBs that are coplanar and whose
chlorine substituents and molecular configurationmimic 2,3,7,8-TCDD from other classes

that have significant toxic activitybut act by different mechanisms.

• Most people in industrializedcountries carrya body burdenof PCBs and several PCDF and
PCDD congeners that is concentrated in fattytissues and fluids such as breast milk. This

PCB body burden is near enough to toxic levels that the offspring of more highly-exposed

mothers in two American populations with excess environmentalexposure exhibited effects
that included developmentalneurotoxicity.

• Other human responses to occupationaland environmental PCB exposure include skin
irritation,rashes, and chloracne; inductionof liver enzymes and liver damage; peripheral

sensory nerve damage;and possible genotoxic and carcinogenic effects.
• Effects in animal species include weight loss (wasting); lethaliB'; liver damage;

immunotoxicity;reproductive,neuro-, and fetotoxicity; teratogeniclty;and carcinogenicity.

• Wide variations are seen in species and strain sensitivities to PCBs, with humans among

the least sensitive species for some endpoints,but the most sensitive for developmental
neurotoxicity.

• 2,3,7,8-TCDD is the most toxic of the PCDDs, with an acute LDso in the lag/kgrangein

some species; sensitivity varies almost 4 orders of magnitude among animal species and
strains.

• Effects of the PCDDs in animals include liver damage, microsomal enzyme induction,

immunotoxicity, edema, systemic hemorrhage, bone marrow suppression, thymic atrophy,

weight loss, teratogencity,fetotoxicity, and carcinogenicity.

• PCDD effects in humans include liver damage, changes in lipid metabolism, porphyria
cutanea tarda, neurotoxicity, hematologicchanges, chloracne, hyperpigmentation,and

developmentalneuro- and immunotoxicity.
• The toxic effects of the PCDFs are similar to those of the PCDDs in animalsand show

similar structure-activityrelationships; toxicity increases with increasing structuralsimilarity
to 2,3,7,8-TCDD.

• Exposure of two human populations to mixtures of highly chlorinated PCBs in combination
with highly chlorinatedPCDFs caused severe and persistent chloracne, hyperpigmentation,
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ocular effects, nausea and diarrhea, hepatomegaly, peripheralneuropathy, carcinogenicity,
. and lethality; in one accident, increased infant mortality, developmental delays and

developmental neurotoxicity from in utero exposure have been well-documented.
• Delayed effects of 2,3,7,8-TCDD exposure include chloracne, elevated serum cholesterol

levels, hirsutism, and signs and symptoms of neurotoxicity; 2,3,7,8-TCDD and HxCDDs

are considered probable human carcinogens.
• Workplace standards have been set only for two of the highly.chlorinated commercial PCB

mixtures, Aroclors 1242 and 1254.

• No quantitative odor or irritation thresholds have been identified for PCBs or their
combustion products; they have poor warning qualities,

• No ERPG levels have been established for PCBs or their combustion products.

5.4 ESTIMATES OF HEALTH EFFECTS

The following estimates of body burdens and associated air levels and concentration-time

products are associated with significant but unquantiflable degrees of uncertainty. Many of the
data for various endpoints and chemicals were obtained in animal studies using well-defined

- dose levels but small numbers of animals. The endpoints for which there are human data are

based on much larger numbers of exposed individuals, but the exposures are much less well-

- defined both in terms of amount andmixture composition. In addition,assumptionwere made
with regardto absorptionand relevance of oralto inhalation exposure, as well as intetspecies

extrapolation.Furthermore,this analysis does not take into account the existing body burdenof

PCBs and related substances, as dataon the local population arenot at hand. The air levels

calculated in subsequent sections corresponding to the toxicological endpoints of interest
assume no previous exposure and, therefore, may not be protective. It would be desirable to
obtain data on the distribution of PCBs, PCDFs, and PCDDs in tissues or fluids of individuals

from this area or from an appropriate surrogate population and adjust the air levels

corresponding to toxicological endpoints of concern accordingly.

5.4.1 PCBs

In general, quantitative data are not available relating human responses to acute (< 14-d) PCB

exposure by inhalation, oral, or dermal mutes (ATSDR 1993). Thus, animal studies must

• provide a basis for estimating exposures and doses corresponding to most of the endpoints of
interest.

ii

Regarding the desired endpoints, two general observations must be made. First, the data permit
identification of a NOAEL but not a no-effects level. Second, the lowest observed adverse
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effects level (LOAEL) is used here as the basis for the onset of reversible effects endpoint,

with the assumptionthat the effect is reversible, although most studies were not designed to

determine reversibility. The fact that most mild skin andliver enzyme effects in PCB-exposed

workers appearto be reversible on cessation of exposure suggests that using the LOAEL in
this way is reasonable.

5.4.1.1 No observed adverse effects level (NOAEL)

The only animal studyproviding acutePCB exposure datafrom which NOAEL values could
be derived is that of Carter(1985), in which weanling ratswere fed Aroclor 1254 incorporated

into food at levels of 4 and 8 ppm for 4 d [equivalentto 0.5 and 1.0 mg/(kg •d)]. This
exposure resulted in increased serumcholesterol levels and relative liver weights in the 1.0

mg/(kg •d) group CLOAEL)but not in the 0.5 mg/(kg • d) group (NOAEL). For this
estimate, the total 4-d intakewas used for the animal NOAEL and LOAELs, or 2 mg/kg and

4 mg/kg.

An equivalent human NOAEL is calculatedfrom the ratdataof Carter(1985) using the
recently revised reference adult male body weight (ICRP 1994), as shown in Eq. 5.1:

4

AbsD, = D= x BW, (5.11)

where
AbsD h = total absorbeddose of substance in human (mg),
D, = absorbeddose of substancein animal per unit body weight (mg/kg),
BW, ---reference human body weight (73 kg).

The correspondingaunospheric levels that would result in a human absorbeddose

approximatingthe animal NOAEL for exposures rangingfrom 1 to 120 rain can be calculated

based on a light-activity adult human ventilationrateof 25 _in (ICRP 1994) or
0.025 m3/min, assuming equivalent absorptionby the inhalation and oral routes.

This assumptionof equivalent absorptionby oral and inhalation routes is based on limited

experimentaldata in rats and monkeys that show mo._ PCB congeners that were examined to
be very well absorbedupon acute oral administration.Absorption was 90 to >99%, mostly

>95%, for a number of congeners tested in ratsby Albro andFishbein (1972) and over 90%

for Aroclor 1248 given to rhesus monkeys (Allen, Norhack, and Hsu 1974). The

physicochemical propertiesof PCBs are such that they would also be expected to be efficiently
i
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absorbed on inhalation exposure (EPA 1993). One small inhalation study of six rats exposed

. for 2 h to 30 ghn 3 (Pydraul A200, 42% chlorine) showed that the PCBs were well and rapidly

absorbed, but the data do not permit quanfitation of the total amount absorbed (Benthe et al.

1972, as cited in ATSDR 1993).

A conservative assumption, therefore, is that the PCBs and related compounds are 100%

absorbed by the oral and inhalation mutes; as an example,the calculation of the air level is

shown in Eq. 5.2:

HEC = AbsD, (5.2)
¢'sx t

where

HEC = humanequivalent concentration in air (rag/m3),

= ventilationrate(m3/min);{/E= VTxf, whereVT= tidalvolume(m3)and
f = breathing frequency (breaths/min),

t = duration of exposure (rain).

The NOAEL 10-rain air level is 580 mg/m 3 and the corresponding concentration-time product
- is 5800 mg-min/m 3.

Similar calculations can be done, where appropriate data exist, to obtain absorbed doses and

air levels corresponding to the onset of reversible effects levels, the onset of irreversible effects

levels, and the LD_ILC_

The PCBs, especially the highly chlorinated ones, are extensively absorbed and retained in the

body and metabolized only slowly; their effects are often delayed and may be dependent on

total dose. Therefore, it is reasonable to use Haher's law to calculate air levels corresponding

to various exposure times resulting in the toxicological endpoint of concern once the absorbed

dose corresponding to that endpoint has been determined. Safety factors to allow for

interspecies extrapolation have not been applied to the animal data used in this analysis, as

humans appear to he about as sensitive as the rat and much less sensitive than the guinea pig

for systemic toxicity. Safety factors to allow for differences in individual sensitivity have

" generally not been used here as the purpose has been to develop estimates based on the

average individual rather than the most sensitive members of the population.

5-29



PCBs and Their Combustion Products

The air levels for three durationsof exposure correspondingto NOAEL, onset of reversible
effects, and LD_obody burdens for PCBs are listed in Table 5.4 andiUustratedfor durations

from 1 to 120 rain in Fig. 5.1.

5.4.1.2 Detection threshold

PCBs have poor warning qualities; no quantitativeodor detectionor irritationthresholds have

been identified. Chronic exposure to levels as low as 0.I mg/m3 have caused mild to moderate
skin irritation and acneiformeruptions in workers;I0 mg/m3 of Aroclor 1242 was unbearably

irritatingto workers (see Sect. 5.3.5).

5.4.1.3 Irritation/reversible effects

No human data are available on which to base an estimate of the onset of irritation (see

Sect. 5.3.5). Therefore, the LOAEL of 4 mg/kg from the rat studyof liver effects by Caner

(1985) is used as the basis for estimatingthe onset of reversible effects level for humans. The
correspondinghumanLOAEL is estimated to be 290 mg and the concentration-timeproduct,

12,000 mg-min/m3.

5.4.1.4 Irreversible effects

No animal data were found on which to base the onset of irreversibleeffects for liver or other

types of systemic toxicity. As mentioned previously, most animal experimentshave not been
designed to determine the reversibility or irreversibilityof the effects noted for PCBs.

A human dataset has been located, however, on which to base both a NOAEL andan onset of

irreversible effects level, at least for the general population.These may also be applied to the

female workerpopulation. The toxicological effect is in the categoryof developmental

neurotoxicity and consists of deleteriouseffects on visual memory in infants and on verbal and

quantitative short-termmemory in the same populationat age four. Tilson, Jacobson, and
Rogan (1990) identified a NOAEL of 1.0 ppm in human breast milk and presented a method

for estimating the correspondingbody burdenfor these effects on human infants born to
mothers with elevated PCB body burdens, presumablyfrom ingestion of PCB-contaminated

Lake Michigan fish. Jacobson,Jacobson,and Humphrey(1990) identified a threshold breast

milk concentrationof 1.25 ppm for the persisting cognitive effects at age four, this threshold is

used together with the approachof Tilson, Jacobsen, and Rogan (1990) to calculate the body

burden associated with this threshold,which is equatedwith the onset of irreversibleeffects.

These investigators have shown that the quantity of PCB-contaminatedbreast milk ingested is

unrelatedto the presence or degree of cognitive or other developmental deficits, indicating that
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Table SA. Summary of effect levels for PCBs and PCB-combustion product mixtures: air concentrations resulting
in absorbed doses of toxicants corresponding to endpoints

Air concentration by endpoint (mg/m 3)

Substance and Onset of Onset of General population
exposure time reversible irreversible General population ouset of

(mln) NOAEL effects effects LD_ LDso NOAEU' irreversible effects"

pCB_

10 580 1,200 3.0× 10_ 6 7.5

60 97 2_0 49,(300 1 1.3

120 49 97 7,5,000 0.5 0.63

]_oil c

5,800
1o

tin6

60 970

120 490
"e

10 1.9 19 79 _,

60 0.32 3.2 13

120 0.16 1.6 6.6



"u

¢,n
g_

Table 5.4. (coaL)

Air concentrstlou by endpoint (mg/m3)
C.5

Substance aud Onset of Onset of General population =.
exposure time reversible irreversible General population ouset d

(min) NOAEL effects effects LD_ LDso NOAEL" Irreversible effects"

PCDlY

I0 0.0012 0.0023 0.061 29

60 0.0(X)20 0.00039 0.010 4.9

t_ 120 0.000097 0.00020 0.0051 2.4

7.,3,7,8-TCDDs

10 0.00029 0.00058 0.015 7.3

60 0.0(X}049 0.000097 0.0026 1.2

120 0.00007.4 0.000049 0.013 0.61

"Femaleworkers;based on humandatafor developmentalneurotoxicity(Tikon, Jacobson,and Rogan 1990).
*Basedon animalexperimentaldatafor liver toxicity and lethality.
_ased on humandata fromYu Cheng poisoningepisode (PCB_F contaminationof ingestedrice-branoil); based on estimatedaverage intakeof PCBs; also

resultedin 20% perinatalmortalityof infants conceived in 3-yesr postexposure period.
*Based on toxicity of Binghamtonsoot sample to female Hartleyguinea pigs; calculatedon measuredPCB contentof soot (0.5%), which was also rich in PCDF and

PCDD/TCDD; adjustedfor enhancedtoxicity as if administeredin oil.
"Based on potency of TCDF/PCDFrelative to 2,3,7,8-TCDD.
/Based on potency of PCDD relative to 2,3,7,8-TCDD.
_rBasedon animal experimentaldata for liver enzyme induction,developmental male reproductivetoxicity, andlethality.
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the toxic effect results from in utero exposure.Because of the persistence of PCBs in the body,

• any female of childbearing age or within several years of puberty is a potential target whether

or not she is pregnant at the time of exposure. The 15-rag NOAEL body burden for visual
recognition memory for a 25-year-old, 60-kg, 25% body-fat, primiparous female calculated

from the 1.0 ppm breast-milk PCB levels [using the method of Tilson, Jacobson, and Rogan
(1990)] and that calculated in this analysis for the onset of irreversible effects (19 rag) were

adjusted by a safety factor of 10 [as recommended by Tilson, Jacobson, and Rogan (1990)] to
allow for variations in body weight, body fat content, number of previous pregnancies, and

sensitivity. This adjustmentwas necessary because of the assumptions employed in calculating

body burdens from breast-milk PCB concentrations;therefore, the body burdens are estimated
to be 1.5 mg (NOAEL) and 1.9 nag (onset of irreversible effects). The corresponding PCB air

levels for 10, 60, and 120-rain exposures are displayed in Table 5.4 and for 1 to 120-rain time

periods, in Fig. 5.2. The corresponding concentration-time products are 60 (NOAEL) and
75 mg-min/m3 (irreversible effects).

5.4.1.5 Lethal dose or concentration at 50% (LD_LCtu)

Single-dose oral LDsovalues are available for mink (750 mg/kg, Aroclor 1221) (Aulerich and

" Ringer 1977) and rats (1010 mg/kg, Aroelor 1254 in corn oil) (Garthoff et al. 1981). Because

Aroelor 1254 is a more highly-chlorinated mixture than Aroelor 1221 and human beings
' appear to have a PCB sensitivity more like the rat than the highly sensitive mink, an

equivalent human LDsoabsorbeddose of 74,000 mg was calculated from the rat value; the

correspondingconcentration-time level is 3.0 x I06 mg-min/m3.

$.4.1.6 Summary

• No data are available on which to base a quantitative estimate of a detection thi'eshold.

• The LOAEL for PCBs is based on a rat feeding study;the LOAEL for increased relative

liver weight was found to be 1.0 mg/(kg •d) or 4 mg/kg. The equivalent human body
burdenis estimated to be 290 mg for a 73-kg adult male. The correspondingconcentration-

time productis 12,000 mg-min/m3.

• A NOAEL body burdenof 1.5 mg and an onset of irreversibleeffects body burden of

1.9 mg for the generalpublic and female workers are based on human datafor irreversible
developmental neurotoxieity (deficits in visual recognition memory in infants, deficits in

" verbal andquantitative short-termmemory at age four in the same children).The

correspondingconcentration-timeproductfor the NOAEL is 60 and for irreversible effects

, is 75 mg-min/m3. No animaldatawere identifiedas a basis for the irreversible effects level
for systemic effects.
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• The acute oral LDso value for rats of 1010 mg/kg for Amclor 1254 exposure was selected as

the basis for estimating the equivalent human LDso body burden value of 74,000 mg and the

corresponding concentration-time value of 3.0 x 106 mg-min/m 3.

5.4.2 Toxicological Endpoints: Acute Exposure to TCDD, PCDD, and TCDF/PCDF

The makeup of toxic mixtures resulting from accidental releases of PCB pyrolysis products or

products of incomplete PCB combustion cannot be predicted. Therefore, the air levels of pure

2,3,7,8-TCDD and related polychlorinated compounds resulting in accumulation of absorbed

doses corresponding to the endpoints of interest have been identified here by relative potency

consideration for comparison with those of PCBs. These air levels can also be compared with

those of a PCB/PCDF mixture for which a human response can be quantitated (Sect. 5.4.3.1)

and with a PCB/PCDD/PCDF-laden soot mixture that has been tested in guinea pigs and

analyzed for chemical constituents (Sect. 5.4.3.2). The soot sample resulted from a PCB

transformer fire at Binghamton, New York; soot from that incident contained the most toxic
constituents of soots from a number of incidents evaluated and tabulated in a mid-1980s

NIOSH report (NIOSH 1986). Table 5.2 lists the constituents of soots from PCB incidents

including the Binghamton fire, as compiled by NIOSH (1986). This table could be used to

estimate the amounts of combustion products that might form in a fire. Additional detailed

information on soot composition from PCB accidents is found in a review by O'Keefe and

Smith (1989).

5.4.2.1 2,3,7,8-TCDD

NOAEL. Neubert (1991) identifies the animal NOAEL for liver enzyme induction from single
dose exposure as 1 ng/kg body weight (0.000001 mg/kg), based on data from several

investigators (Kitchin and Woods 1979; Abraham, Krowke, and Neubert 1988; Kruger et al.

1990). Derivation of an equivalent human NOAEL abso_ dose of 0.000073 mg is based

upon these studies in both rats and marmoset monkeys. The corresponding concentration-time

value is 0.0029 mg-min/m 3.

Onset of reversible effects. A LOAEL of 0.002 pg/kg (0.000002 mg/kg) for reversible liver

enzyme induction in female SD rats (Kitchin and Wood 1979) was selected as the basis for

estimating the human absorbed dose of 0.00015 mg corresponding to the onset of reversible

effects. The rats were exposed by single gavage dosing with 2,3,7,8-TCDD in com oil. The

corresponding concentration-time value is 0.0058 mg-min/m 3.

Onset of irreversible effects. No data for liver enzyme induction or other systemic toxicity

was found upon which to base a value for the onset of irreversible toxicity. However,
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administrationof a single oral dose of 2,3,7,8-TCDD in corn oil/acetone (19:1, v/v) to
. pregnantHolzman rats (SD-derived)on day 15 of gestationhas been shown to alterthe

neuroendocrinecontrolpattem of pituitaryluteinizing hormone secretion and control of male

sexual behavior in male offspring (Mably et al. 1992a). An even more sensitive endpoint in
the male offspring was found to be spermatogenesis,with a decrease to 57-74% of the control

value observedat the highest dose tested (MaDlyet al. 1992b). The lowest dose tested,

0.064 pg/kg (0.000064 mg/kg), had a statisticallysignificant effect on spermatogenesisthat

persistedthroughage 120 d, the time when maximumspermproductionis normally attained in
the rat.While the reductions in spermatogenesis were not sufficient to alter reproductive

performance in the rat,which produces I0 times more sperm than necessary for fertility,
reproductiveefficiency in humanmales is relatively low compared to the ratand other

mammalianspecies, usually with only 2-4 times the number of sperm needed for fertility
(Working 1988). Thus, reductionsin spermatogenesis in human males, even if small, could

have a significanteffect on fertility, particularlyin oligospermic men. The human absorbed

dose correspondingto the onset of irreversibleeffects is estimated to be 0.0038 mg; the related
concentration-timevalue is 0.15 mg-min/m3.

LDu. The 2,33,8-TCDD ratLDsoselected upon which to base a calculated equivalent human
- LDsoabsorbeddose of 1.8 mg is 25 pg/kg (0.025 mg/kg). This is based on a value of 25 pg/kg

for female and weanlingmale SD ratsgiven a single intraperitoneal0P) dose in olive oil
, (Beatty, Vauglm, and Neal 1978), andon a value of 22 pg/kg for acute oral exposure of

Sherman rats (Schwetz et al. 1973). The correspondingconcentration-timevalue is
73 mg-min/m3.

The air levels of 2,3,7,8-TCDD resulting in attainmentof absorbeddoses correspondingto the

toxicologic endpointsof concernare displayed graphicallyin Fig. 5.4. The absorbeddoses and
concentration-timeproductscorrespondingto these endpoints are listed in Table 5.1.

Summary. The following list provides a summaryof the information pertinentto

2,3,7,8-TCDD exposures.

• No dataare available on which to base a quantitativeestimate of a detection threshold.

• The acute NOAEL of I ng/kg body weight (0.000001 mg/kg) for liver enzyme induction in
rats and marmoset monkeys has been selected as the basis for a calculation of an equivalent

' human NOAEL of 0.0(O73 mg. The correspondingconcentration-timevalue is

0.0029 mg-min/m3.

. • The onset of reversible effects value of 0.00015 mg in humans is based on the acute oral

LOAEL of 0.002 pg/kg (0.000002 mg/kg) for reversible liver enzyme induction in female
SD rats. The correspondingconcenlJ'ation-timevalue is 0.0058 mg-min/m3.
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• The onset of irreversibleeffects absorbeddose estimate for humans of 0.0038 mg is based

on productionof developmental reproductivetoxicity (inhibition of spermatogenesis) by
acute oral exposure of pregnantrats at 0.000064 mg/kg. The correspondingconcentration-
time productfor humans is 0.15 mg-min/m3.

• The LDs0absorbeddose est_nate for humans of 1.8 mg is based on a rat value of 25 pg/kg

(0.025 mg/kg) for acute oral exposure. The correspondingconcentration-timeproduct for

humans is 73 mg-min/m3.

5.4.2.2 Other PCDDs and PCDFs

Values for equivalent toxicological endpointswere calculated from those of 2,3,7,8-TCDD
using factorsderived from a relative potency analysis for dioxins and dibenzofuransused

recently by Owen (1990). This analysis was based on the RApid Screening of Hazard(RASH)

methodology developed at Oak Ridge NationalLaboratory(ORNL) by Jones et al. (1985,

1988). The method uses publishedtoxicity data to derive an arrayof relative potency values
characterizing the toxicity potential of a chemical or substancecomparedto a reference

standard.The results of the RASH analysis for relative potency of dioxins and dibenzofurans
are shown in Table 5.5. It can be seen from this table that the TCDDs (epitomized by

2,3,7,8-TCDD) are the most toxic congeners, with the PCDDs being about one-fourth and the
chlorinated dibenzofuransabout one-twentieth as toxic as 2,3,7,8-TCDD.

|

Table 5.5. Relative potency of dioxin and dibenzofuran congeners

Congener Relativepotency"

TCDD 1

PCDD 0.25

TCDF 0.05
o

PCDF 0.05

q3wen1990.

EPA is developing its own approachto assessing the toxicity of mixture of dioxins, furans,
and PCBs in terms of toxicity equivalency factors (Barnes, Kutz, and Bottimore 1989; EPA

1991; Safe, Yao, and Davis 1990). However, this approachis still under development,and the
t

current set of factors is generally less conservative than those arrivedat by RASH analysis.

Thus, the RASH approach is preferredhere.
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Absorbeddoses and correspondingconcentration-timeproductsof PCDDs andTCDF/PCDFs
, related to varioustoxicological levels for acute exposureare listed in Table 5.1. Corresponding

air levels are displayed graphically for PCDDs in Fig. 5.4 andfor TCDF/PCDFsin Fig. 5.5.

5.4.3 Toxicological Endpoints: PCBs and Combustion Products

$.4.3.1 Exposure to PCB/PCDF-eontaminated rice.bran oil

In the Yusho and Yu-Cheng incidents discussed previously, two human populationswere

exposed orally to PCB/PCDF-contaminatedrice-brancooking oils over a period of months as a

result of leakage of PCB-ladenheat-exchangerfluid into the oil; the PCBs had been exposed
to elevated temperaturessufficient to cause the formationof highly chlorinatedPCBs and

PCDFs (230°C at 2-3 nun Hg) (Miyataet al. 1985; P. H. (:hen et al. 1985; Chen et al. 1992).
Exposure estimates for the Yu-C?tengincident allow calculationof a body burdenvalu¢ for the
level causing 1.2%lethality in the exposed population(LD_. Using the estimated average

intake of 1 g PCB (Chenet al. 1992) [intakerange: 0.7-1.84 g (Hsu et al. 1985)] and an
average body weight of 50 kg (Masuda et al. 1985), a PCB body burden of 1.46 g (-1500 rag)

for a reference Caucasianmale can be estimated.It should be kept in mind thatthis is an

- exposure to more highly chlorinatedPCBs thanthose containedby the unheatedcommercial

preparationor even typical used (heated) Kanechlor400 (Miyata et al. 1985). The intake of 1

• g of PCBs was accompaniedby an estimatedaverage intake of 3.8 mg of PCDFs and 586 mg
of polychlorinatedquaterphenyls(PCQs) (P. H. Chertet al. 1985). The PCQs are not thought

to have contributedmuch to the toxiceffects resulting from the exposure (Kashimotoet al.

1985). For purposes of this analysis, the LDta body bu_en of 1500 mg and corresponding
concentration-timeproduct(58,000 mg-min/ms) air levels are based only on the PCB intake.

The air levels corresponding to 10-, 60-, and 120-min exposures are shown in Table 5A and
for exposures of 1 to 120 min, in Fig. 5.6.

• The onset of lethality (LD_) estimatedbody burdenof 1500 mg for PCBs in rice-bran oil is
based on human data from the Yu-Cheng incident. The correspondingconcentration-time

productis 58,000 mg-min/ms.

5.4.3.2 Acute exposure to PCBs, 2,3,7,8-TCDD, PCDDs, and PCDFs in Binghamton soot

• Silkworth andcolleagues (1982) reportedthe results of acuteoral administrationof soot from

the Binghamton, New York, fire in an aqueous0.75% methyl cellulose suspension to guinea

, pigs. The soot had been shown to contain toxicologically significant amountsof 2,3,7,8-TCDD
and 2,3,7,8-TCDF contaminants in addition to PCBs (Smith et al. 1981). The acute NOAEL

from this study was 10 mg/kg for effects on body weight, relative organ weights, hematologic

5-37



PCBs and Their Combustion Products

w

values, and serum chemistry values. At the next dose tested, 100 mg/kg, effects on body

weight and relative organ weights of thymus and kidneys as well as other effects were judged

significant enough to select this as the onset of irreversible effects, particularly as some deaths

occurred at the next dose level, 250 mg/kg. Thus, no LOAEL can be identified from this study

on which to base the onset of reversible effects. The LDso value was determined both by

administration of soot suspension and also by administration of benzene extracts of soot. The

value derived from the aqueous suspension, 410 mg/kg, was selected as the basis for

estimating the equivalent human body burden for this report, for consistency with the other

endpoints. For comparison to the PCBoiI LDI_ data, the doses were adjusted based on the

measured PCB content of the soot (0.5%) and to reflect the increased toxicity of the

constituents had they been administered in an oil vehicle. [This adjustment was based on the

enhanced toxicity of pure 2,3,7,8-TCDD in this study given in corn oil (LDso = 2.5 pg/kg) as

compared to the aqueous methyl cellulose suspension (LDso = 19 pg/kg) (Silkworth et al.

1982).] The latter adjustment was made for purposes of comparison with the endpoints for

pure 2,3,7,8-TCDD (and the values for PCDD and PCDF/TCDF obtained with reference to

2,3,7,8-TCDD) in which the animal data were obtained by oral administration of the

compound in off.

The air concentrations for I0-, 60-, and 120-min exposure durations required to produce

human body burdens corresponding to the NOAEL, irreversible effects, and l-Dso values (0.48,

4.8, and 20 mg, respectively) are presented in Table 5.4 and shown for times ranging from 1

to 120 rain in Fig. 5.7. The corresponding concentration-time values are 19 mg-min/m 3,

190 mg-minfln 3, and 790 mg-min/m 3, respectively, and are listed in Table 5.1.

Silkworth et al. (1982) calculated the amounts of 2,3,7,8-TCDD (0.5 pg) and 2,3,7,8-TCDF

(20 pg) in the LDso dose of soot based on previous chemical analyses of the sample used in

the toxicity study (Smith et al. 1981) and concluded that if the toxicities were additive, these

components were not sufficient alone or together to be responsible for the observed level of

toxicity in the LDso study. They suggested that other highly chlorinated PCDDs and PCDFs

shown by others to be present in the soot contributed to the observed toxicity.

$.4.3.3 Summary

• The NOAEL absorbed dose estimate of 0.48 mg for PCBs in soot is based on acuteoral

exposure of female guinea pigs to soot from the Binghamton, New York, PCB fire in an

aqueous 0.75% methyl cellulose suspension. The corresponding concenlTation-time product

is 19 mg-min/m 3.

• No data were identified as a basis for estimating the onset of reversible effects level.
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• The human absorbeddose estimate of 4.8 mg for onset of irreversibleeffects is based on

• the effects of 100 mg/kg Binghamton soot in female guinea pigs. The corresponding

concentration-timeproductis 190 mg-min/m3.
• The LDsoabsorbeddose estimate for humans of 20 mg is based on the acute oral LD_oin

female guinea pigs of aqueous soot suspensionat 410 mg/kg. The corresponding
concentration-timeproductis 790 mg-min/m3.
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