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Preface

Extremely hazardous substances (EHSs)1 can be released accidentally as a
result of chemical spills, industrial explosions, fires, or accidents involving
railroad cars and trucks transporting EHSs.  The people in communities
surrounding industrial facilities where EHSs are manufactured, used, or
stored and in communities along the nation�s railways and highways poten-
tially are at risk of being exposed to airborne EHSs during accidental re-
leases.  Pursuant to the Superfund Amendments and Reauthorization Act of
1986, the U.S. Environmental Protection Agency (EPA) has identified
approximately 400 EHSs on the basis of acute lethality data in rodents.

As part of its efforts to develop acute exposure guideline levels for
EHSs, EPA and the Agency for Toxic Substances and Disease Registry
(ATSDR) in 1991 requested that the National Research Council (NRC)
develop guidelines for establishing such levels.  In response to that request,
the NRC published Guidelines for Developing Community Emergency
Exposure Levels for Hazardous Substances in 1993.

Using the 1993 NRC guidelines report, the National Advisory Commit-
tee (NAC) on Acute Exposure Guideline Levels for Hazardous Substances
�consisting of members from EPA, the Department of Defense (DOD), the
Department of Energy (DOE), the Department of Transportation, other
federal and state governments, the chemical industry, academe, and other
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organizations from the private sector�has developed acute exposure guide-
line levels (AEGLs) for approximately 80 EHSs.

In 1998, EPA and DOD requested that the NRC independently review
the AEGLs developed by NAC.  In response to that request, the NRC orga-
nized within its Committee on Toxicology the Subcommittee on Acute
Exposure Guideline Levels, which prepared this report.  This report is the
fourth volume in the series Acute Exposure Guideline Levels for Selected
Airborne Chemicals.  It reviews the AEGLs for chlorine, hydrogen chloride,
hydrogen fluoride, toluene 2,4- and 2,6-diisocyanate, and uranium hexa-
fluoride for scientific accuracy, completeness, and consistency with the
NRC guideline reports.

This report was reviewed in draft by individuals selected for their di-
verse perspectives and technical expertise, in accordance with procedures
approved by the NRC�s Report Review Committee.  The purpose of this
independent review is to provide candid and critical comments that will
assist the institution in making its published report as sound as possible and
to ensure that the report meets institutional standards for objectivity, evi-
dence, and responsiveness to the study charge. The review comments and
draft manuscript remain confidential to protect the integrity of the delibera-
tive process.  We wish to thank the following individuals for their review
of this report:  David H. Moore of Battelle Memorial Institute; Sam Kacew
of University of Ottawa; and Rakesh Dixit of Merck and Company, Inc.

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions
or recommendations nor did they see the final draft of the report before its
release.  The review of this report was overseen by Janice E. Chambers of
Mississippi State University, appointed by the Division on Earth and Life
Studies, who was responsible for making certain that an independent exami-
nation of this report was carried out in accordance with institutional proce-
dures and that all review comments were carefully considered.  Responsibil-
ity for the final content of this report rests entirely with the authoring com-
mittee and the institution.

The subcommittee gratefully acknowledges the valuable assistance
provided by the following people:  Ernest Falke and Paul Tobin, EPA;
George Rusch, Honeywell, Inc.; Sylvia Talmage, Cheryl Bast, and Carol
Wood, Oak Ridge National Laboratory; and Aida Neel, senior project assis-
tant for the Board on Environmental Studies and Toxicology.  Kelly Clark
edited the report.  We are grateful to James J. Reisa, director of the Board
on Environmental Studies and Toxicology, for his helpful comments.  The
subcommittee particularly acknowledges Kulbir Bakshi, project director for
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the subcommittee, for bringing the report to completion.  Finally, we would
like to thank all members of the subcommittee for their expertise and dedi-
cated effort throughout the development of this report.

Daniel Krewski, Chair
Subcommittee on Acute Exposure
Guideline Levels

Bailus Walker, Chair
Committee on Toxicology





xv

Contents

Introduction�������������...����������..1

Roster of the National Advisory Committee for 
Acute Exposure Guideline Levels for Hazardous Substances��...��7

Appendixes

1 Chlorine:
Acute Exposure Guideline Levels...................................................13

2 Hydrogen Chloride:
Acute Exposure Guideline Levels...................................................77

3 Hydrogen Fluoride:
Acute Exposure Guideline Levels.................................................123

4 Toluene 2,4- and 2,6-Diisocyanate:
Acute Exposure Guideline Levels.................................................198

5 Uranium Hexafluoride:
Acute Exposure Guideline Levels.................................................250





Acute Exposure Guideline Levels
for Selected Airborne Chemicals

Volume 4





1

Introduction

This report is the fourth volume in the series Acute Exposure Guideline
Levels for Selected Airborne Chemicals.

In the Bhopal disaster of 1984, approximately 2,000 residents living
near a chemical plant were killed and 20,000 more suffered irreversible
damage to their eyes and lungs following accidental release of methyl
isocyanate.  The toll was particularly high because the community had little
idea what chemicals were being used at the plant, how dangerous they
might be, and what steps to take in case of emergency.  This tragedy served
to focus international attention on the need for governments to identify
hazardous substances and to assist local communities in planning how to
deal with emergency exposures.

In the United States, the Superfund Amendments and Reauthorization
Act (SARA) of 1986 required that the U.S. Environmental Protection
Agency (EPA) identify extremely hazardous substances (EHSs) and, in
cooperation with the Federal Emergency Management Agency and the
Department of Transportation, assist Local Emergency Planning Commit-
tees (LEPCs) by providing guidance for conducting health-hazard assess-
ments for the development of emergency-response plans for sites where
EHSs are produced, stored, transported, or used.  SARA also required that
the Agency for Toxic Substances and Disease Registry (ATSDR) determine
whether chemical substances identified at hazardous waste sites or in the
environment present a public-health concern.
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1NAC is composed of members from EPA, DOD, many other federal and state
agencies, industry, academe, and other organizations.  The roster of NAC is shown
on page 8.

As a first step in assisting the LEPCs, EPA identified approximately
400 EHSs largely on the basis of their immediately dangerous to life and
health (IDLH) values developed by the National Institute for Occupational
Safety and Health (NIOSH) in experimental animals.  Although several
public and private groups, such as the Occupational Safety and Health
Administration (OSHA) and the American Conference of Governmental
Industrial Hygienists (ACGIH), have established exposure limits for some
substances and some exposures (e.g., workplace or ambient air quality),
these limits are not easily or directly translated into emergency exposure
limits for exposures at high levels but of short duration, usually less than 1
h, and only once in a lifetime for the general population, which includes
infants (from birth to 3 years of age), children, the elderly, and persons with
diseases, such as asthma or heart disease.

The National Research Council (NRC) Committee on Toxicology
(COT) has published many reports on emergency exposure guidance levels
and spacecraft maximum allowable concentrations for chemicals used by
the Department of Defense (DOD) and the National Aeronautics and Space
Administration (NASA) (NRC 1968, 1972, 1984a,b,c,d, 1985a,b, 1986a,b,
1987, 1988, 1994, 1996a,b, 2000).  COT has also published guidelines for
developing emergency exposure guidance levels for military personnel and
for astronauts (NRC 1986b, 1992).  Because of COT’s experience in recom-
mending emergency exposure levels for short-term exposures, in 1991 EPA
and ATSDR requested that COT develop criteria and methods for develop-
ing emergency exposure levels for EHSs for the general population.  In
response to that request, the NRC assigned this project to the COT Subcom-
mittee on Guidelines for Developing Community Emergency Exposure
Levels for Hazardous Substances.  The report of that subcommittee, Guide-
lines for Developing Community Emergency Exposure Levels for Hazard-
ous Substances (NRC 1993), provides step-by-step guidance for setting
emergency exposure levels for EHSs.  Guidance is given on what data are
needed, what data are available, how to evaluate the data, and how to pres-
ent the results. 

In November1995, the National Advisory Committee for Acute Expo-
sure Guideline Levels for Hazardous Substances (NAC)1 was established
to identify, review, and interpret relevant toxicologic and other scientific
data and to develop acute exposure guideline levels (AEGLs) for high-
priority, acutely toxic chemicals. The NRC’s previous name for acute expo-
sure levels—community emergency exposure levels (CEELs)—was re-
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placed by “AEGLs” to reflect the broad application of these values to plan-
ning, response, and prevention in the community, the workplace, transporta-
tion, the military, and the remediation of Superfund sites.

AEGLs represent threshold exposure limits (exposure levels below which
adverse health effects are not likely to occur) for the general public and are
applicable to emergency exposures ranging from 10 min to 8 h.  Three
levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five
exposure periods (10 min, 30 min, 1 h, 4 h, and 8 h) and are distinguished
by varying degrees of severity of toxic effects.  The three AEGLs are de-
fined as follows:

AEGL-1 is the airborne concentration (expressed as ppm [parts per
million] or mg/m3 [milligrams per cubic meter]) of a substance above
which it is predicted that the general population, including susceptible
individuals, could experience notable discomfort, irritation, or certain
asymptomatic nonsensory effects.  However, the effects are not dis-
abling and are transient and reversible upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m3)
of a substance above which it is predicted that the general population,
including susceptible individuals, could experience irreversible or
other serious, long-lasting adverse health effects or an impaired ability
to escape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m3)
of a substance above which it is predicted that the general population,
including susceptible individuals, could experience life-threatening
adverse health effects or death.

Airborne concentrations below AEGL-1 represent exposure levels that
can produce mild and progressively increasing but transient and nondis-
abling odor, taste, and sensory irritation or certain asymptomatic, non-
sensory adverse effects.  With increasing airborne concentrations above
each AEGL, there is a progressive increase in the likelihood of occurrence
and the severity of effects described for each corresponding AEGL.  Al-
though the AEGL values represent threshold levels for the general public,
including susceptible subpopulations, such as infants, children, the elderly,
persons with asthma, and those with other illnesses, it is recognized that
individuals, subject to unique or idiosyncratic responses, could experience
the effects described at concentrations below the corresponding AEGL.
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SUMMARY OF REPORT ON
GUIDELINES FOR DEVELOPING AEGLS

As described in the Guidelines for Developing Community Emergency
Exposure Levels for Hazardous Substances (NRC 1993) and the NAC
guidelines report Standing Operating Procedures on Acute Exposure
Guideline Levels for Hazardous Substances(NRC 2001), the first step in
establishing AEGLs for a chemical is to collect and review all relevant
published and unpublished information available on that chemical.  Various
types of evidence are assessed in establishing AEGL values for a chemical.
They include information from (1) chemical-physical characterizations, (2)
structure-activity relationships, (3) in vitro toxicity studies, (4) animal toxic-
ity studies, (5) controlled human studies, (6) observations of humans in-
volved in chemical accidents, and (7) epidemiologic studies.  Toxicity data
from human studies are most applicable and are used when available in
preference to data from animal studies and in vitro studies.  Toxicity data
from inhalation exposures are most useful for setting AEGLs for airborne
chemicals because inhalation is the most likely route of exposure and be-
cause extrapolation of data from other routes would lead to additional un-
certainty in the AEGL estimate.

For most chemicals, actual human toxicity data are not available or
critical information on exposure is lacking, so toxicity data from studies
conducted in laboratory animals are extrapolated to estimate the potential
toxicity in humans.  Such extrapolation requires experienced scientific
judgment. The toxicity data from animal species most representative of
humans in terms of pharmacodynamic and pharmacokinetic properties are
used for determining AEGLs.  If data are not available on the species that
best represents humans, the data from the most sensitive animal species are
used to set AEGLs.  Uncertainty factors are commonly used when animal
data are used to estimate risk levels for humans.  The magnitude of uncer-
tainty factors depends on the quality of the animal data used to determine
the no-observed-adverse-effect level (NOAEL) and the mode of action of
the substance in question.  When available, pharmacokinetic data on tissue
doses are considered for interspecies extrapolation.

For substances that affect several organ systems or have multiple ef-
fects, all end points, including reproductive (in both genders), developmen-
tal, neurotoxic, respiratory, and other organ-related effects, are evaluated,
the most important or most sensitive effect receiving the greatest attention.
For carcinogenic chemicals, excess carcinogenic risk is estimated, and the
AEGLs corresponding to carcinogenic risks of 1 in 10,000 (1 × 10-4), 1 in
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100,000 (1 × 10-5), and 1 in 1,000,000 (1 × 10-6) exposed persons are esti-
mated.

REVIEW OF AEGL REPORTS

As NAC began developing chemical-specific AEGL reports, EPA and
DOD asked the NRC to review independently the NAC reports for their
scientific validity, completeness, and consistency with the NRC guideline
reports (NRC 1993, 2001).  The NRC assigned this project to the COT
Subcommittee on Acute Exposure Guideline Levels.  The subcommittee has
expertise in toxicology, epidemiology, pharmacology, medicine, industrial
hygiene, biostatistics, risk assessment, and risk communication.

The AEGL draft reports are initially prepared by ad hoc AEGL Devel-
opment Teams consisting of a chemical manager, two chemical reviewers,
and a staff scientist of the NAC contractor—Oak Ridge National Labora-
tory.  The draft documents are then reviewed by NAC and elevated from
“draft” to “proposed” status.  After the AEGL documents are approved by
NAC, they are published in the Federal Register for public comment.  The
reports are then revised by NAC in response to the public comments, ele-
vated from “proposed” to “interim” status, and sent to the NRC Subcommit-
tee on Acute Exposure Guideline Levels for final evaluation.

The NRC subcommittee’s review of the AEGL reports prepared by
NAC and its contractors involves oral and written presentations to the sub-
committee by the authors of the reports.  The NRC subcommittee provides
advice and recommendations for revisions to ensure scientific validity and
consistency with the NRC guideline reports (NRC 1993, 2001).  The re-
vised reports are presented at subsequent meetings until the subcommittee
is satisfied with the reviews.

Because of the enormous amount of data presented in the AEGL re-
ports, the NRC subcommittee cannot verify all the data used by NAC.  The
NRC subcommittee relies on NAC for the accuracy and completeness of the
toxicity data cited in the AEGLs reports.

This report is the fourth volume in the series Acute Exposure Guideline
Levels for Selected Airborne Chemicals.  AEGL documents for chlorine,
hydrogen chloride, hydrogen fluoride, toluene 2,4- and 2,6-diisocyanate,
and uranium hexafluoride are published as an appendix to this report.  The
subcommittee concludes that the AEGLs developed in those documents are
scientifically valid conclusions based on the data reviewed by NAC and are
consistent with the NRC guideline reports.  AEGL reports for additional
chemicals will be presented in subsequent volumes.



6                                                       ACUTE EXPOSURE GUIDELINE LEVELS

REFERENCES

NRC (National Research Council).  1968.  Atmospheric Contaminants in Space-
craft.  Washington, DC:  National Academy of Sciences.

NRC (National Research Council).  1972.  Atmospheric Contaminants in Manned
Spacecraft. Washington, DC:  National Academy of Sciences.

NRC (National Research Council).  1984a.  Emergency and Continuous Exposure
Limits for Selected Airborne Contaminants, Vol. 1.  Washington, DC:  Na-
tional Academy Press.

NRC (National Research Council).  1984b.  Emergency and Continuous Exposure
Limits for Selected Airborne Contaminants, Vol. 2.  Washington, DC:  Na-
tional Academy Press.

NRC (National Research Council).  1984c.  Emergency and Continuous Exposure
Limits for Selected Airborne Contaminants, Vol. 3.  Washington, DC:  Na-
tional Academy Press.

NRC (National Research Council).  1984d.  Toxicity Testing:  Strategies to Deter-
mine Needs and Priorities.  Washington, DC:  National Academy Press.

NRC (National Research Council).  1985a.  Emergency and Continuous Exposure
Guidance Levels for Selected Airborne Contaminants, Vol. 4.  Washington,
DC:  National Academy Press.

NRC (National Research Council).  1985b.  Emergency and Continuous Exposure
Guidance Levels for Selected Airborne Contaminants, Vol. 5.  Washington,
DC:  National Academy Press.

NRC (National Research Council).  1986a.  Emergency and Continuous Exposure
Guidance Levels for Selected Airborne Contaminants, Vol. 6.  Washington,
DC:  National Academy Press.

NRC (National Research Council).  1986b.  Criteria and Methods for Preparing
Emergency Exposure Guidance Level (EEGL), Short-Term Public Emergency
Guidance Level (SPEGL), and Continuous Exposure Guidance level (CEGL)
Documents.  Washington, DC:  National Academy Press.

NRC (National Research Council).  1987.  Emergency and Continuous Exposure
Guidance Levels for Selected Airborne Contaminants, Vol. 7.  Washington,
DC:  National Academy Press.

NRC (National Research Council).  1988.  Emergency and Continuous Exposure
Guidance Levels for Selected Airborne Contaminants, Vol. 8.  Washington,
DC:  National Academy Press.

NRC (National Research Council).  1992.  Guidelines for Developing Spacecraft
Maximum Allowable Concentrations for Space Station Contaminants. Wash-
ington, DC:  National Academy Press.

NRC (National Research Council).  1993.  Guidelines for Developing Community
Emergency Exposure Levels for Hazardous Substances.  Washington, DC:
National Academy Press.

NRC (National Research Council).  1994.  Spacecraft Maximum Allowable Con-
centrations for Selected Airborne Contaminants, Vol. 1. Washington, DC:
National Academy Press.



INTRODUCTION                                                                                                             7

NRC (National Research Council).  1996a.  Spacecraft Maximum Allowable Con-
centrations for Selected Airborne Contaminants, Vol. 2. Washington, DC:
National Academy Press.

NRC (National Research Council).  1996b.  Spacecraft Maximum Allowable Con-
centrations for Selected Airborne Contaminants, Vol. 3. Washington, DC:
National Academy Press.

NRC (National Research Council).  2000.  Spacecraft Maximum Allowable Con-
centrations for Selected Airborne Contaminants, Vol. 4. Washington, DC:
National Academy Press.

NRC (National Research Council)  2001. Acute Exposure Guideline Levels for
Selected Airborne Chemicals.  Volume 1.  Washington, DC: National Acad-
emy Press.

NRC (National Research Council).  2001.  Standing Operating Procedures for
Developing Acute Exposure Guideline Levels for Airborne Chemicals.  Wash-
ington, DC: National Academy Press.

NRC (National Research Council)  2002. Acute Exposure Guideline Levels for
Selected Airborne Chemicals.  Volume 2.  Washington, DC: National Academy
Press.

NRC (National Research Council)  2003. Acute Exposure Guideline Levels for
Selected Airborne Chemicals.  Volume 3.  Washington, DC: National Acad-
emy Press.



8

Roster of the 
National Advisory Committee for
Acute Exposure Guideline Levels

for Hazardous Substances

Committee Members

George Rusch
Chair, NAC/AEGL Committee
Department of Toxicology and
Risk Assessment
Honeywell, Inc.
Morristown, NJ

Steven Barbee
Arch Chemicals, Inc.
Norwalk, CT

Ernest Falke
Chair, SOP Workgroup
U.S. Environmental Protection
Agency
Washington, DC

Lynn Beasley
U.S. Environmental Protection
Agency
Washington, DC

George Alexeeff
Office of Environmental Health
Hazard Assessment
California EPA
Oakland, CA

Robert Benson
U.S. Environmental Protection
Agency
Region VIII
Denver, CO

Jonathan Borak                        
Yale University                       
New Haven, CT

William Bress
Vermont Department of Health
Burlington, VT



ROSTER OF THE NATIONAL ADVISORY COMMITTEE                                                          9

George Cushmac
Office of Hazardous Materials
Safety
U.S. Department of Transporation
Washington, DC

Larry Gephart
Exxon Mobil Biomedical Sciences
Annandale, NJ

John P. Hinz
U.S. Air Force
Brooks Air Force Base, TX

James Holler
Agency for Toxic Substances and
Disease Registry
Atlanta, GA

Thomas C. Hornshaw
Office of Chemical Safety
Illinois Environmental Protection
Agency
Springfield, IL

Nancy K. Kim
Division of Environmental Health
Assessment
New York State Department of
Health
Troy, NY

Loren Koller
Loren Koller & Associates
Corvallis, OR

Glenn Leach
U.S. Army Center for Health
Promotion and Preventive
Medicine
Aberdeen Proving Grounds, MD

John Morawetz
International Chemical Workers
Union
Cincinnati, OH

Richard W. Niemeier
National Institute for Occupational
Safety and Health
Cincinnati, OH

Marinelle Payton
Department of Public Health
Jackson State University
Jackson, MS

George Rodgers
Department of Pediatrics
Division of Critical Care
University of Louisville
Louisville, KY

Robert Snyder
Environmental and Occupational
Health Sciences Institute
Piscataway, NJ

Thomas J. Sobotka
U.S. Food and Drug
Administration
Laurel, MD

Richard Thomas
International Center for
Environmental Technology
McLean, VA



10                                                    ROSTER OF THE NATIONAL ADVISORY COMMITTEE

Oak Ridge National Laboratory Staff

Cheryl Bast
Oak Ridge National Laboratory
Oak Ridge, TN

Sylvia Talmage
Oak Ridge National Laboratory
Oak Ridge, TN

Carol Wood
Oak Ridge National Laboratory
Oak Ridge, TN

National Advisory Committee Staff

Paul S. Tobin
Designated Federal Officer, AEGL
Program
U.S. Environmental Protection
Agency
Washington, DC

Marquea King
Senior Scientist
U.S. Environmental Protection
Agency
Washington, DC



Appendixes





1This document was prepared by the AEGL Development Team comprising
Sylvia Talmage (Oak Ridge National Laboratory) and members of the National
Advisory Committee (NAC) on Acute Exposure Guideline Levels for Hazardous
Substances, including Larry Gephart (Chemical Manager) and George Alexeeff and
Kyle Blackman (Chemical Reviewers). The NAC reviewed and revised the
document and AEGLs as deemed necessary.  Both the document and the AEGL
values were then reviewed by the National Research Council (NRC) Subcommittee
on Acute Exposure Guideline Levels.  The NRC subcommittee concludes that the
AEGLs developed in this document are scientifically valid on the basis of the data
reviewed by the NRC and are consistent with the NRC guidelines reports (NRC
1993, 2001).

13

1

Chlorine1

Acute Exposure Guideline Levels

SUMMARY

Chlorine is a greenish-yellow, highly reactive halogen gas that has a pun-
gent, suffocating odor.  The vapor is heavier than air and will form a cloud
in the vicinity of a spill.  Like other halogens, chlorine exists in the diatomic
state in nature.  Chlorine is extremely reactive and rapidly combines with
both inorganic and organic substances.  Chlorine is used in the manufacture
of a wide variety of chemicals, as a bleaching agent in industry and house-
hold products, and as a biocide in water and waste treatment plants.
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Chlorine is an irritant to the eyes and respiratory tract; reaction with
moist surfaces produces hydrochloric and hypochlorous acids.  Its irritant
properties have been studied in human volunteers, and its acute inhalation
toxicity has been studied in several laboratory animal species.  The data
from the human and laboratory animal studies were sufficient for develop-
ing acute exposure guideline levels (AEGLs) for the five exposure durations
(i.e., 10 and 30 minutes [min] and 1, 4, and 8 hours [h]).  Regression analy-
sis of human data on nuisance irritation responses (itching or burning of the
eyes, nose, or throat) for durations of 30-120 min and during exposures to
chlorine at 0-2 parts per million (ppm) determined that the relationship
between concentration and time is approximately C2 × t = k (where C =
concentration, t = time, and k is a constant) (ten Berge and Vis van Heemst
1983).

The AEGL-1 was based on a combination of studies that tested healthy
human subjects as well as atopic individuals (Rotman et al. 1983;
Shusterman et al. 1998) and asthmatic patients (D�Alessandro et al. 1996).
Atopic and asthmatic individuals have been identified as susceptible popu-
lations for irritant gases.  The highest no-observed-adverse-effect level
(NOAEL) for notable irritation and significant changes in pulmonary func-
tion parameters was 0.5 ppm in two studies.  Eight atopic subjects were
exposed for 15 min in one study (Shusterman et al. 1998), and eight healthy
exercising individuals and an exercising atopic individual were exposed for
two consecutive 4-h periods in the other (Rotman et al. 1983).  The subjects
in the Shusterman et al. (1998) study experienced nasal congestion, but
irritation was described as none to slight.  The exercising atopic individual
in the Rotman et al. (1983) study experienced nondisabling, transient,
asymptomatic changes in pulmonary function parameters.  The selection of
0.5 ppm is supported by the lack of symptoms and lack of changes in pul-
monary air flow and airway resistance in five asthmatic subjects inhaling
0.4 ppm for 1 h (D�Alessandro et al. 1996).

Because susceptible populations comprising atopic and asthmatic indi-
viduals were tested at similar concentrations, with incorporation of exercise
into the protocol of one study, an intraspecies uncertainty factor (UF) of 1
was applied.  The intraspecies UF of 1 is further supported by the fact that
pediatric asthmatic subjects do not appear to be more responsive to irritants
than adult asthmatic subjects (Avital et al. 1991).  The AEGL-1 value was
not time scaled for several reasons.  First, the Rotman et al. (1983) study
was for 8 h with a single 1-h break.  Second, the response to chlorine ap-
pears to be concentration-dependent rather than time-dependent, as the
pulmonary function parameters of individuals tested in this study, including



CHLORINE                                                                                                 15

those for the atopic individual, did not increase between the 4- and 8-h
measurements.  

The AEGL-2 values were based on two of the studies used to derive the
AEGL-1.  Both healthy and susceptible human subjects inhaled chlorine at
1.0 ppm for 1 h (D�Alessandro et al. 1996) or 4 h (Rotman et al. 1983).
Both healthy and susceptible subjects experienced some sensory irritation
and transient changes in pulmonary function measurements.  Greater
changes were observed in pulmonary parameters among the susceptible
subjects compared with the normal groups.  In the latter study (Rotman et
al. 1983), an atopic individual experienced no respiratory symptoms other
than some sensory irritation during the 4-h exposure, but his airway resis-
tance nearly tripled.  He experienced shortness of breath and wheezing
during a second 4-h exposure.  Five individuals with nonspecific airway
hyper-reactivity or asthma also experienced a statistically significant fall in
pulmonary air flow and an increase in airway resistance during a 1-h expo-
sure at 1.0 ppm (D�Alessandro et al. (1996).  There were no respiratory
symptoms during the exposure.  The susceptible individual in the Rotman
et al. (1983) study remained in the exposure chamber for the full 4 h with-
out respiratory symptoms.  Therefore, when considering the definition of
the AEGL-2, the first 4 h of exposure was a no-effect level in a susceptible
individual.  Because the subjects were susceptible individuals, one of the
subjects was undergoing light exercise during the exposures (making him
more vulnerable to sensory effects), and an exercising susceptible individ-
ual exhibited effects that did not impede escape for the 4-h exposure dura-
tion (consistent with the definition of the AEGL-2), an intraspecies UF of
1 was applied. 

Chlorine is a highly irritating and corrosive gas that reacts directly with
the tissues of the respiratory tract with no pharmacokinetic component
involved in toxicity; therefore, effects are not expected to vary greatly
among other susceptible populations.  Time-scaling was considered appro-
priate for the AEGL-2 because it is defined as the threshold for irreversible
effects, which, in the case of irritants, generally involves tissue damage.
Although the end point used in this case�a no-effect concentration for
wheezing that was accompanied by a significant increase in airways resis-
tance�has a different mechanism of action than that of direct tissue dam-
age, it is assumed that some biomarkers of tissue irritation would be present
in the airways and lungs.  The 4-h 1-ppm concentration was scaled to the
other time periods using the C2 × t = k relationship.  The scaling factor was
based on regression analyses of concentrations and exposure durations that
attained nuisance levels of irritation in human subjects (ten Berge and Vis
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van Heemst 1983).  The 10-min value was set equal to the 30-min value in
order to not exceed the highest exposure of 4.0 ppm in controlled human
studies.  

In the absence of human data, animal lethality data served as the basis
for AEGL-3.  The mouse was not chosen as an appropriate model for le-
thality because mice often showed delayed deaths, which several authors
attributed to bronchopneumonia.  Because the mouse was shown to be more
sensitive to chlorine than the dog and rat, and because the mouse does not
provide an appropriate basis for quantitatively predicting mortality in hu-
mans, a value below those resulting in no deaths in the rat (213 ppm and
322 ppm) and above that resulting in no deaths in the mouse (150 ppm) for
a period of 1 h was chosen (MacEwen and Vernot 1972; Zwart and
Woutersen 1988).  The AEGL-3 values were derived from a 1-h concen-
tration of 200 ppm.  That value was calculated applying a total UF of 10�3
to extrapolate from rats to humans (interspecies values for the same end
point differed by a factor of approximately 2 within each of several studies),
and 3 to account for differences in human sensitivity.  The susceptibility of
asthmatic subjects relative to healthy subjects when considering lethality is
unknown, but the data from two studies with human subjects showed that
doubling a no-effect concentration for irritation and bronchial constriction
resulted in potentially serious effects in asthmatic subjects but not in normal
individuals.  Time-scaling was considered appropriate for the AEGL-3,
because tissue damage is involved. (Data in animal studies clearly indicate
that time scaling is appropriate when lung damage is observed.)  The
AEGL-3 values for the other exposure times were calculated using the C2

× t = k relationship, which was derived based on the end point of irritation
from a study with humans. 

The calculated values are listed in Table 1-1.

1.  INTRODUCTION

Chlorine is the most abundant naturally occurring halogen.  Halogens
do not occur in the elemental state in nature.  When formed experimentally,
chlorine is a greenish-yellow, diatomic gas (Cl2) with a pungent, suffocating
odor.  Chlorine is used in the manufacture of a variety of nonagricultural
chemicals, such as vinyl chloride and ethylene dichloride; as a bleaching
agent in the paper industry (along with chlorine dioxide [ClO2]); as com-
mercial and household bleaching agents (in the form of chlorates [ClO3G]
and hypochlorites [OClG]); and as a biocide in water purification and waste
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TABLE 1-1  Summary of AEGLs Values for Chlorine (ppm [mg/m3])

Classification
10
min

30
min 1 h 4 h 8 h

End Point 
(Reference)

AEGL-1a

(Nondisabling)
0.5
(1.5)

0.5
(1.5)

0.5
(1.5)

0.5
(1.5)

0.5b

(1.5)
No to slight
changes in pulmo-
nary function pa-
rameters in
humans (Rotman
et al. 1983;
D�Alessandro et
al. 1996; Shuster-
man et al. 1998)

AEGL-2 
(Disabling)

2.8
(8.1)

2.8
(8.1)

2.0
(5.8)

1.0
(2.9)

0.7
(2.0)

1.0 ppm for 4 h
was a NOAEL for
an asthma-like at-
tack in human sub-
jects; the other val-
ues were time-
scaled  (Rotman et
al. 1983;
D�Alessandro et
al. 1996)

AEGL-3 
(Lethal)

50
(145)

28
(81)

20
(58)

10
(29)

7.1
(21)

Threshold for
lethality in the rat
(MacEwen and
Vernot 1972;
Zwart and
Woutersen 1988)

aThe distinctive, pungent odor of chlorine will be noticeable to most individuals at these
concentrations.
bBecause effects were not increased following an interrupted 8-h exposure of an atopic
individual to 0.5 ppm, the 8-h AEGL-1 was set equal to 0.5 ppm. 
Abbreviations: mg/m3, milligrams per cubic meter; ppm, parts per million.

treatment systems (Perry et al. 1994).  Chlorine gas was used as a chemical
warfare agent during World War I (Withers and Lees 1987).  The vapor is
heavier than air and will form a cloud in the vicinity of a spill.

As of January 1999, world annual capacity for chlorine production was
estimated at almost 50 million metric tons (CEH 2000).  Chlorine is pro-
duced at chlor-alkali plants at over 650 sites worldwide, and North America
accounts for 32% of capacity (operating rates are greater than 83% of ca-
pacity).   In the early 1990s, chlorine was produced at 49 facilities, operated
by 29 companies, in the United States (Perry et al. 1994).  In 1993, U.S.
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production was reported at 24 billion pounds (C&EN 1994).  The major
global market for chlorine is ethylene dichloride production (about 33%)
(CEH 2000).

Chlorine is extremely reactive and enters into substitution or addition
reactions with both inorganic and organic substances.  Moist chlorine unites
directly with most elements.  Reaction with water produces hydrochloric
(HCl) and hypochlorous acid (HClO) (Budavari et al. 1996; Perry et al.
1994).  Other relevant chemical and physical properties are listed in Table
1-2.  According to Amoore and Hautala (1983), the odor threshold is 0.31
ppm, and a range of 0.2-0.4 ppm was reported in other studies.  There is
considerable variation in detecting the odor among subjects; for many indi-
viduals, the ability to perceive the odor decreases over exposure time
(NIOSH 1976).  

Chlorine is an eye and respiratory tract irritant and, at high doses, has
direct toxic effects on the lungs.  It reaches the lungs because it is only
moderately soluble in water and it is not totally absorbed in the upper respi-
ratory tract at high concentrations.  The acute inhalation toxicity of chlorine
has been studied in several laboratory animal species, and its irritant proper-
ties have been studied with human volunteers.

2.  HUMAN TOXICITY DATA

2.1  Acute Lethality

For humans, a 5-min lethal concentration in 10% of subjects (LCl0) of
500 ppm (NTIS 1996) and a possible 30-min lethal exposure of 872 ppm
have been reported (Perry et al. 1995).  Both of those secondary sources
cited data from Prentiss (1937) as well as data from other early sources. 

Although accidental releases have resulted in deaths (e.g., Jones et al.
1986), no studies were located in which acute lethal exposure concentra-
tions were measured.  Probit analysis of available information on the
lethality of chlorine to animals and humans was used by Withers and Lees
(1985b) to estimate a concentration lethal to 50% of the population (LC50).
Their model incorporates the effects of physical activity, inhalation rate, the
effectiveness of medical treatment, and the lethal toxic load function.  The
estimated 30-min LC50 at a standard level of activity (inhalation rate of 12
liters [L]/min) for the regular, vulnerable, and average (regular plus vulner-
able) populations, as described by the authors, were 250, 100, and 210 ppm,
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TABLE 1-2  Chemical and Physical Properties of Chlorine
Parameter Value Reference
Synonyms Bertholite; hypochlorite;

hypochlorous acid
Budavari et al. 1996

Molecular formula Cl2 Budavari et al. 1996
Molecular weight 70.9 Budavari et al. 1996
CAS registry no. 7782-50-5 Budavari et al. 1996
Physical state Gas Budavari et al. 1996
Color Greenish-yellow Budavari et al. 1996
Solubility in water 0.092 moles/L Budavari et al. 1996
Vapor pressure 5,025 mm Hg at 20°C Matheson Gas Co.

1980
Vapor density 1.4085 at 20°C AIHA 1988
Density (water =1) 1.56 at boiling point Perry et al. 1994
Melting point -101°C Budavari et al. 1996
Boiling point -34.05°C Budavari et al. 1996
Flammability Nonflammable Matheson Gas Co.

1980
Conversion factors 
in air

1 ppm = 2.9 mg/m3

1 mg/m3 = 0.34 ppm
ACGIH 2001

respectively.  The LC10 for the three populations were 125, 50, and 80 ppm,
respectively.

2.2.  Nonlethal Toxicity

Exposures at 30 ppm and 40-60 ppm have been reported to cause in-
tense coughing and serious damage, respectively (ILO 1998), but no docu-
mentation of those values was given. 

2.2.1.  Experimental Studies 

Five well-conducted and well-documented studies using human volun-
teers were located.  Those studies are summarized in Table 1-3.
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In the first part of a two-part experiment, 31 un-acclimated male and
female subjects (age range 20-32 years [y]) were exposed to chlorine at 0.0,
0.5, 1.0, or 2.0 ppm for 4 h or at 0.5 ppm or 1.0 ppm for 8 h (Anglen 1981).
Not all subjects were exposed to all concentrations.  Exposure days were
randomly assigned, and the subjects did not know the test concentration,
although the investigator did.  In part two, eight nonsmoking males, ages
23-33 y, were exposed to concentrations of chlorine at 0.0, 0.5, or 1.0 ppm
for 8 h.  The 8-h sessions were broken into two 4-h sessions with a 30- or
60-min lunch break.  A 15-min exercise period during each hour of expo-
sure was designed to increase the average heart rate to 100 beats per minute.
During the exposures, the subjects filled out a subjective questionnaire
concerning 14 sensations ranging from smell to shortness of breath and
using a scale of 0 (no sensation) to 5 (unbearable).  Eye irritation was docu-
mented photographically; other signs of irritation were documented with
pre- and post-exposure examinations by a physician.  Pulmonary function
tests (forced vital capacity [FVC] and forced expiratory volume at 1 second
[FEV1]) for each subject were measured before, during, and after exposures.
The data were analyzed in terms of mean or median response, percent re-
sponding to greater than or equal to a set value, and responses to ranges or
indices of irritation; the data were analyzed statistically where appropriate
(p > 0.167, p > 0.025).  Paired t-tests involving differences in values be-
tween pre-exposure and post-exposure times were used to analyze the pul-
monary function measurements.  Chlorine concentrations in the exposure
chamber, measured by a variety of colorimetric and instrumental methods,
were consistent.

At the tested concentrations, most of the subjects did not consider the
sensations of smell or taste of chlorine unpleasant; therefore, those sensa-
tions were not included in the remainder of the analyses.  In part one, the
greatest number of subjects responded positively to the irritant sensation of
itching or burning of the throat (described by the subjects as �feeling as if
they had been talking for a long time�).  Statistical differences were seen for
that sensation at 1 and 2 ppm compared with controls; the level of response
was $3 (nuisance or greater) for the 2-ppm concentration.  A concentration
of 0.5 ppm resulted in subjective irritation values between 1 (just percepti-
ble) and 2 (distinctly perceptible) and produced no change in pulmonary
functions.  In part two, exposure at 1 ppm produced statistically significant
changes in pulmonary function and increased subjective irritation at 8 h.
No significant differences in pulmonary function measurements were seen
at the end of a 4-h exposure at 1 ppm.  Some differences in pulmonary
function were seen at the end of 4 h at the 2-ppm concentration, but not
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at the end of 2 h.  Most of the exposed subjects did not report sensations of
nausea, headache, dizziness, or drowsiness at any concentration during the
exposures.  Male subjects were more sensitive to the irritant effects of chlo-
rine than female subjects.  The author concluded that exposure at 2 ppm for
up to 30 min produced no significant increase in subjective irritation (sever-
ity of response not stated) over that seen during control exposures, and 2-h
exposures at 2 ppm or 4-h exposures at 1 ppm produced no significant
changes in pulmonary function (Anglen 1981).

In a follow-up study, Rotman et al. (1983) reported pulmonary function
tests of eight male subjects, ages 19-33 y, exposed at 0.0, 0.5, and 1.0 ppm,
like in the Anglen (1981) study.  Air samples were collected eight times
daily, and analysis for chlorine was accomplished using a modified NIOSH-
recommended methyl orange method.  The subjects were blind to the expo-
sure concentration, but the study investigators were not.  While in the cham-
ber, each subject exercised for 15 min of each hour on an inclined treadmill
or a by a simple step test at a rate that produced a heart rate of 100 beats per
minute.  Subjects exited the exposure chamber after 4 h to undergo the
pulmonary function tests and then reentered the chambers.  Comparisons of
pre- and post-exposure pulmonary functions were made by paired t-tests
between the percent change from baseline values obtained at analogous
times after a sham exposure.  Insignificant differences were observed with
the sham versus the 0.5-ppm exposure.  Compared with the sham changes
from baseline, the changes in the 1.0-ppm exposure group were small, but
statistically significant (p < 0.05); those changes were in FEV1, peak expira-
tory flow rate (PEFR), forced expiratory flow rate at 50% and 25% vital
capacity (FEF50 and FEF25), total lung capacity (TLC), airway resistance
(Raw), and difference in nitrogen concentration between 750 milliliters (mL)
and 1,250 mL of exhaled vital capacity ()N2).  At 8 h, changes were present
in FVC, FEV1, forced expired volume in 1 second as %FEV (FEV1%),
PEFR, FEF50, FEF25, and Raw.  Raw had the greatest response to chlorine
exposure with an increase of 31% after 4 h of exposure at 1.0 ppm com-
pared with increases of up to 6% during sham exposures.  Most of those
parameters had returned to pre-exposure values by the following day.  How-
ever, a ninth subject whose pre-exposure lung parameters indicated obstruc-
tive airway disease (as defined by DuBois et al. [1971]) did not complete
the full 8 h of exposure at 1.0 ppm because of shortness of breath and
wheezing; his values were not included in the statistical analysis.  The
atopic individual experienced changes in several pulmonary function pa-
rameters after exposure to chlorine at 0.5 ppm.  The greatest change for this
individual was in Raw, which increased by 40% over the pre-exposure value
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after 4 h of exposure at 0.5 ppm and by 33% over the pre-exposure value
after 8 h of exposure at 0.5 ppm.  Changes in Raw in the healthy subjects
were 5% and 15% for the respective time periods.  Following the 4-h expo-
sure at 1.0 ppm, Raw increased from a pre-exposure value of 3.3 centimeters
(cm) of water per liter per second to 14.4 cm of water per liter per second
in the atopic individual.  The authors concluded that at the 1-ppm concen-
tration, serious subjective symptoms of irritation were not produced in
healthy adults, but transient altered pulmonary function was observed.

The authors discussed the implications of changing baselines and sig-
nificant changes over time with sham exposures, the latter with respect to
diurnal variation in pulmonary function.  Baselines differed on different
days of the tests (e.g., the pre-exposure baselines for total lung capacities
[TLCs] were 7.09 L and 6.55 L on two different days, which is significantly
different [p < 0.05]; the TLC decreased after the sham exposure, but in-
creased after the 0.5-ppm exposure).  However, differences in parameters
between baseline and post-exposure for sham exposures were fewer in
number and generally smaller in amount than for the 1 ppm treatment.  It
should be noted that in normal subjects, several pulmonary function tests
(FVC, FEV1, and FEF25-75%) may have daily changes of 5% to 13% and
week to week changes of 11% to 21% (EPA 1994).

D�Alessandro et al. (1996) exposed 12 male and female volunteers,
ages 18-50 y, to chlorine for 1 h.  Five of the subjects were without airway
hyper-reactivity (defined by baseline methacholine hyper-responsiveness)
and seven were diagnosed with airway hyper-reactivity.  Five of the seven
with airway hyper-reactivity had clinical histories of asthma (one was being
treated regularly with corticosteroids).  Ten subjects, five normal and five
hyper-reactive (three of which had asthma), were exposed to a concentra-
tion of chlorine at 1.0 ppm.  Five of the subjects with asthma were exposed
at 0.4 ppm.  They were not blinded to the exposure status.  The subjects
were exposed to chlorine by mask while in the sitting position; there were
no air exposures.  Chlorine was measured with a chlorine analyzer.  The
following pulmonary function parameters were measured or calculated
immediately following and 24 h after exposure: FEV1, TLC, carbon monox-
ide diffusing capacity (DCO), Raw, and FEF25-75%.  After asthmatic subjects
were exposed at 0.4 ppm, there were no statistically significant changes in
any parameters, including FEV1 and Raw, either immediately following or
24 h after exposure.  Immediately following the exposure at 1.0 ppm, there
were statistically significant changes in FEV1 and Raw for both normal and
hyper-reactive subjects compared with baseline values.  Hyper-reactive
subjects showed a greater relative decrease in FEV1 (16% compared with
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4% for normal subjects) and a greater relative increase in Raw (108% com-
pared with 39% for the normal subjects).  Although one hyper-responsive
subjects� FEV1 fell by 1,200 mL, and the Raw more than tripled, the mean
changes were considered modest by the authors.  The hyper-responsive
subject with the greatest increase in Raw following exposure at 1.0 ppm
showed virtually no change following exposure at 0.4 ppm.  Two subjects
characterized as hyper-responsive experienced undefined respiratory symp-
toms following exposure at 1.0 ppm.  For all subjects, most values were
close to baseline by 24 h post-exposure.  The fact that none of the subjects
found the odor of chlorine appreciable at either concentration is interesting.

In a single-blind crossover study, Shusterman et al. (1998) measured
nasal air resistance via active posterior rhinomanometry in eight subjects
with seasonal allergic rhinitis and eight nonrhinitic subjects.  Measurements
were made before, immediately after, and 15 min after a 15-min exposure
to either filtered air or chlorine at 0.5 ppm in filtered air administered
through a nasal mask in a climate-controlled chamber.  Each subject served
as his or her control, and subjects were free of medications for at least 24
h prior to testing.  Subjects were between 18 and 40 y of age.  The mean
percent change in nasal air resistence from baseline to immediately after
exposure was +24% in the subjects with allergic rhinitis and +3% in the
nonrhinitic group.  The mean percent change from baseline to 15 min after
exposure was +21% in the subjects with allergic rhinitis and -1% in the
nonrhinitic subjects.  Differences between groups were significant (p <
0.05) for both post-exposure times.  Rhinitic subjects reported greater
exposure-related increases in odor intensity, nasal irritation, and nasal con-
gestion than did nonrhinitic subjects, but the relationship between subjec-
tive and objective nasal congestion was weak.  No significant exposure-
related changes were observed for rhinorrhea, postnasal drip, or headache.
Pulmonary peak flow was also obtained before and after exposure and none
of the subjects exhibited clinically significant changes in peak flow (de-
creases of $10% of baseline), nor did they complain of cough, wheezing,
or chest tightness during chlorine exposure days.

Joosting and Verberk (1974) exposed eight subjects, ages 28-52, at 0.5-
4 ppm for 2 h.  The subjects were all members of a Dutch subcommittee on
toxicology.  Subjective reactions were noted every 15 min.  Subjects exited
the chambers every 15 min to perform spirometry tests.  Concentrations of
chlorine at 0.5 ppm and 1.0 ppm did not produce noticeable effects in 2 h;
2 ppm produced very slight eye, nose, and throat irritation; and 4 ppm re-
sulted in a distinctly perceptible to offensive level of irritation of the nose
and throat and desire to cough.  The highest score was for irritation of the
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throat, for which the average response was nuisance.  No sensory irritation
scores reached unbearable.  No effects on lung function (vital capacity
[VC], FEV, and forced inspiratory volume [FIV]) occurred at the lower
concentrations; effects on lung function were not reported in the 4-ppm
exposure group because only 2-3 subjects completed the exposure.

Older studies were located in the literature; those have been reviewed
and critiqued by NIOSH (1976) and OSHA (1989).  In several older studies
in which measurement techniques and/or ranges of measured values were
not given, concentrations as low as 0.027 ppm produced slight sensory
effects in humans and concentrations at 0.5-4.0 ppm produced sensory
irritation (NIOSH 1976).  For example, Rupp and Henschler (1967) re-
ported that human volunteers experienced burning of the eyes after expo-
sure at 0.5 ppm for 15 min.  In a separate test, the subjects reported respira-
tory irritation during exposure at 0.5 ppm and discomfort during exposure
at 1 ppm.  The study has been criticized for its lack of controls as well as
the possible presence of confounding chemicals (OSHA 1989).  However,
the results of the Rupp and Henschler (1967) study that indicated some
irritation at 0.5 ppm and 1 ppm are not all that different from the results of
Anglen (1981), Rotman et al. (1983), and D�Alessandro et al. (1996).

2.2.2.  Epidemiologic Studies

Few epidemiologic studies document average chlorine exposure con-
centrations over long periods of time; concentration variations over time;
or exposure durations to various concentrations.  Interpretation of results is
often complicated by unknown previous exposures to chlorine, exposures
to other chemicals, and smoking habits.  NIOSH (1976) discussed available
epidemiological studies conducted prior to 1976.  In most of the cited stud-
ies, work-room concentrations averaged <1 ppm.  The report noted the
difficulty in correlating exposures to effects.

Patil et al. (1970) compared the health of 382 workers in 25 chlorine
production plants in the United States and Canada with that of unexposed
workers in the same plants.  All subjects were male, between the ages of 19
and 69.  Time-weighted average exposures to chlorine ranged from 0.006
ppm to 1.42 ppm, with a mean of 0.146 ppm; almost all workers were ex-
posed to <1 ppm.  The average number of exposure years was 10.9.  There
were no statistically significant (p < 0.05) signs or symptoms on a dose-
response relation basis in chest x-rays, electrocardiograms, or pulmonary
function tests.  Nor were there dose-response relationships with cough,
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sputum production, frequency of colds, dyspnea, palpitation, chest pain,
fatigue, tremors, gastrointestinal problems, dermatitis, or hematologic pa-
rameters.  Subjective complaints of tooth decay were dose-related, but that
complaint was not borne out by physical examination.

A study of respiratory effects in 52 Italian electrolytic cell workers with
an average exposure to chlorine of 0.298 ± 0.181 ppm was undertaken by
Capodaglio et al. (1970, as cited in ACGIH 1995, 1996).  Of five respira-
tory function tests (FEV1, VC, DCO, residual volume, and helium concentra-
tion gradient in a single breath during washout), only carbon monoxide
diffusing capacity showed a slight but significant difference; however,
cigarette smoking may have contributed to that observation.

Mortality and morbidity (respiratory symptoms, disease, and functions)
of workers exposed to chlorine in the pulp and paper industry over a 10-y
period (1963-1973) were similar to those of the general white male popula-
tion (Ferris et al. 1979).  Mean and maximum exposure concentrations in
the pulp mill were to trace amounts (< 0.0005 ppm).  In an earlier study
(Ferris et al. 1964), exposures in the pulp mill were more variable (mean,
7.4 ppm; range up to 64 ppm) and slight adverse effects on respiratory
ailments were found.  Exposures were also to chlorine dioxide.

Between 1984 and 1989, a prospective study was conducted on the
effects of chlorine exposure on workers in a chlorine manufacturing plant
(Kusch 1994).  Chlorine exposures and pulmonary function tests (FVC,
FEV1, and FEF25-50%), taken over a period of 5 y were compared with a
control group.  The average exposure in the control group was 0.058 ppm,
and the average exposure in the workers was 0.092 ppm.  There were no
measurable effects on pulmonary function related to chlorine exposure.

2.2.3.  Accidents

An accident at a chemical plant in India resulted in the exposure of 88
workers as well as police and fire-fighting personnel to a measured concen-
tration of 66 ppm for an unspecified amount of time (Shroff et al. 1988).
No further details on the exposure concentration or duration were given.
The workers, ages 21-60 y, were admitted to the hospital within an hour of
exposure with symptoms of dyspnea, coughing, irritation of the throat and
eyes, headache, giddiness, chest pain, and abdominal discomfort.  Examina-
tions revealed hilar congestion, bronchial vasculature, respiratory incapaci-
tation at the PFT (undefined); bronchoscopy revealed tracheobronchial
congestion, chronic bronchitis, scattered hemorrhages, and bronchial ero-
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sion.  Bronchial smears of 28 patients on day 5 after the accident showed
basal-cell and goblet-cell hyperplasia; acute inflammation; and
chromatolysis of columnar epithelial cells, multinucleated syncytial respira-
tory epithelial cells with degenerating cilia, and nonpigmented alveolar
macrophages.  In some patients these effects progressed to bronchopneumo-
nia, epithelial regeneration, and repair by fibrosis by day 25 post-exposure.

During an industrial accident, a group of workers was presumably
exposed to concentrations up to 30 ppm (based on symptoms�actual expo-
sure concentration and duration not known) (Abhyankar et al. 1989).  Initial
symptoms included watering eyes, sneezing, cough, sputum, retrostenal
burning, dyspnea, apprehension, and vomiting.  All patients were asymp-
tomatic by 2 weeks (wk) post-exposure; at 6 months (mo) post-exposure,
all spirometry tests (FVC, FEV1) were within the normal range.  Those
patients known to have a pre-existing lung condition did not show any
additional evidence of lung damage.

Incidents of acute poisonings at indoor swimming pools have been
reported (Decker 1988), but air concentrations during those incidents are
unknown.  In a study in Spain, the mean air concentration measured during
five nonconsecutive days in four enclosed swimming pools was 0.42 ± 0.24
milligrams per cubic meter (mg/m3) (0.14 ± 0.08 ppm) (Drobnic et al.
1996).  The samples were taken at <10 cm above the water, the breathing
zone of swimmers.

Acute exposure to chlorine/chloramine gas occurs often among the
general public through the mixing of domestic home cleaners (Mrvos et al.
1993); swimming pool chlorinator tablets (Wood et al. 1987); and inten-
tional self administration (Rafferty 1980).  In the case of home exposures,
a review of 216 cases reported to a Regional Poison Information Center
showed that symptoms, primarily cough with resulting shortness of breath,
resolved within 1 to 6 h without medical intervention.  There was no infor-
mation on exposure concentrations (Mrvos et al. 1993).

2.3.  Developmental and Reproductive Effects

No studies on developmental and reproductive effects in humans were
located.

2.4.  Genotoxicity

No data concerning the genotoxicity of chlorine in humans via inhala-
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tion exposures were identified in the available literature.  When chlorine
(sodium hypochlorite) at concentrations of 20 ppm and above was added to
cultures of human lymphocytes, chromosomal aberrations (breaks and
rearrangements) and endomitotic figures were observed (Mickey and
Holden 1971).

2.5.  Carcinogenicity

No increase in neoplasms was reported in an epidemiology study of
workers engaged in the production of chlorine (Patil et al. 1970).  The range
of time-weighted exposures to chlorine was 0.006-1.42 ppm.

2.6.  Summary

Anglen (1981) conducted a study on 31 male and female subjects in
which slight but statistically significant changes in pulmonary function and
subjective irritation resulted from exposure to chlorine at 1 ppm for 8 h (two
4-h sessions).  Subjective sensory irritation (itching or burning of the throat)
was described as �just perceptible� or �distinctly perceptible.�  A 30-min
exposure at 2 ppm produced no increase in subjective irritation.  An 8-h
exposure at 0.5 ppm produced no changes in lung function and no signifi-
cant sensory irritation.  A 4-h exposure at 1 ppm produced no changes in
pulmonary function tests, but an 8-h exposure at 1 ppm produced slight
declines in some pulmonary function tests.  Most of these findings were
confirmed in a study by Rotman et al. (1983) in which eight healthy volun-
teers were exposed at 0.5 ppm or 1.0 ppm for an interrupted 8 h.  Transient
but statistically significant declines in six of 15 pulmonary function tests
were associated with exposure at 1 ppm for 4 or 8 h but not with exposure
at 0.5 ppm for 4 or 8 h.  These studies reported that there was no effect of
chlorine exposure on carbon monoxide diffusing capacity, thus indicating
there is no significant pulmonary edema from the exposures.  However, an
atopic subject in the Rotman et al. study (1983) suffered an asthma-like
attack resulting from exposure to chlorine at 1 ppm;  that subject withstood
exposure, testing, and exercise for the first 4 h, but exited the exposure
chamber �before the full 8-h exposure to 1 ppm.�  Changes in his pulmo-
nary function measurements were greater than those of the other test sub-
jects.  The atopic subject completed the interrupted 8-h exposure at 0.5
ppm.  
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The Anglen and Rotman studies were supported by two additional
studies.  In the first study (Angelen 1981), subjects with airway hyper-reac-
tivity, including asthmatic subjects, showed no significant changes in FEV1
or Raw following a 1-h exposure at 0.4 ppm.  Exposure of both normal and
hyper-reactive subjects at 1.0 ppm significantly decreased FEV1 and signifi-
cantly increased Raw in both sets of subjects; the hyper-reactive subjects
showed a significantly greater response than normal subjects.  However, the
mean changes were considered modest by the authors.  In the second study,
subjective sensory irritation of healthy individuals reached �nuisance� level
at an exposure concentration of 4 ppm for 2 h (Joosting and Verberk 1974).
This study showed that time, as well as concentration, was a factor in sub-
jective response to chlorine inhalation.

No useful exposure data could be derived from epidemiology studies
or human exposures to accidental releases of chlorine.  No studies were
located on developmental and reproductive effects.  In an in vitro study,
chlorine was genotoxic at 20 ppm.

3.  ANIMAL TOXICITY DATA

3.1  Acute Lethality

A summary of the acute lethality data is presented in Table 1-4.  Some
of those studies were reviewed by Withers and Lees (1985a).  According to
Withers and Lees (1985a), many of the older studies had deficiencies in gas
analysis methods and exposure conditions.  More recent studies contradict
the results in the older studies (e.g., the 3-h LC50 of 10 ppm in mice reported
by Schlagbauer and Henschler [1967, as cited in AIHA 1988] is contradicted
by the nonlethal 6-h exposure at 9.3 ppm for 5 d reported in the more recent
study by Buckley et al. [1984]).  Nevertheless, some of the older studies
(Lipton and Rotariu 1941, as cited in Withers and Lees 1985a; Silver et al.
1942, as cited in Withers and Lees 1985a; Schlagbauer and Henschler 1967,
as cited in AIHA 1988) are cited in Table 1-4 for comparison purposes.  More
recent studies are discussed below.

3.1.1.  Dogs 

In an early study, Underhill (1920) reported on mortality in dogs fol-
lowing 30-min exposures to a range of concentrations (50-2,000 ppm).  A
total of 112 male and female dogs of several breeds were used.  Acute mor-
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TABLE 1-4  Summary of Acute Lethal Inhalation Data in Animals

Species
Concentration
(ppm)

Exposure
Time Effecta Reference

Dog 650 30 min LC50 Underhill 1920;
Withers and Lees
1985a

Rat 5,500
2,841

5 min
5 min

LC50    
No deaths

Zwart and
Woutersen 1988

Rat 1,946 10 min LC50 Zwart and
Woutersen 1988

Rat 700
547

30 min
30 min

LC50

No deaths
Zwart and
Woutersen 1988

Rat 1,000 53 min LC50 Weedon et al. 1940
Rat 455 1 h LC50 Zwart and

Woutersen 1988
Rat 288b

322
1 h
1 h

LC01

No deaths
Zwart and
Woutersen 1988

Rat 293c

213
1 h
1 h

LC50

No deaths
Back et al. 1972; 
MacEwen and
Vernot 1972; 
Vernot et al. 1977

Rat 250 7.3 h LC50 Weedon et al. 1940
Rat 63 >16 h LC50 Weedon et al. 1940
Mouse 290 6 min No deaths Bitron and

Aharonson 1978
Mouse 1,057

754
10 min
10 min

LC50

No deaths
Zwart and
Woutersen 1988

Mouse 676 10 min LC50 Silver et al. 1942d

Mouse 628 10 min LC50 Lipton and Rotariu
1941d

Mouse 549 10 min 25-45% 
mortality

Silver et al. 1942d

Mouse 380 10 min 10% 
mortality

Silver et al. 1942d

Mouse 302 10 min LC50 Alarie 1980
Mouse 290 11 min LC50 Bitron and

Aharonson 1978
            (Continued)
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TABLE 1-4  Continued

Species
Concentration
(ppm)

Exposure
Time Effecta Reference

Mouse 290 15 min 80% 
mortality

Bitron and
Aharonson 1978

Mouse 290 25 min 100% 
mortality

Bitron and
Aharonson 1978

Mouse 1,000 28 min LC50 Weedon et al. 1940
Mouse 504 30 min LC50 Zwart and

Woutersen 1988
Mouse 127

55
30 min
30 min

LC50
No deaths

Schlagbauer and
Henschler 1967e

Mouse 170 55 min LC50 Bitron and
Aharonson 1978

Mouse 137c 1 h LC50 Back et al. 1972; 
MacEwen and
Vernot 1972; 
Vernot et al. 1977

Mouse 250
200
150

1 h
1 h
1 h

LC80
LC01
No deaths

O�Neil 1991

Mouse 170 2 h 80% 
mortality

Bitron and
Aharonson 1978

Mouse 10 3 h 80% 
mortalityf

Schlagbauer and
Henschler 1967e

Mouse 250 7.3 h LC50 Weedon et al. 1940
Mouse 63 >16 h LC50 Weedon et al. 1940
Rabbit 500 30 min 100% 

mortality
Barrow and Smith
1975

aLC50 and LC100 values were obtained immediately after exposure (Weedon et al. 1940),
3 h post-exposure (Alarie 1980), 10 d post-exposure (Silver et al. 1942), 14 d post-
exposure (Back et al. 1972; MacEwen and Vernot 1972; Vernot et al. 1977; Zwart and
Woutersen 1988), and 30 d post-exposure (Bitron and Aharonson 1978).
bCalculated by Zwart and Woutersen (1988) using probit analysis; note this value is
lower than the concentration resulting in no deaths.
cAuthors report a 20-30% loss of chlorine in the exposure chambers; the concentrations
given are measured concentrations.
dAs cited in Withers and Lees 1985a.
eAs cited in AIHA 1988.
fThese results conflict with results of other studies.
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talities, defined as deaths within 3 d of the exposure, were 0%, 6%, 20%,
43%, 50%, 87%, and 92% at concentration ranges of 50-250 ppm, 400-500
ppm, 500-600 ppm, 600-700 ppm, 700-800 ppm, 800-900 ppm, and 900-
2,000 ppm, respectively.  However, some delayed deaths, occurring as the
result of bronchopneumonia following subsidence of acute pulmonary
edema, resulted in all groups; one of nine suffered a delayed death (time not
given) at the 50-250 ppm range.  Withers and Lees (1985a) analyzed these
data using the method of Litchfield and Wilcoxon (1949) and calculated an
LC50  of 650 ppm.  That value is based on the concentration in ppm at 25°C.
Underhill (1920) initially made the conversion from mg/m3 to ppm based
on a temperature of 0°C.  Dogs exposed to chlorine became excited and
displayed signs of respiratory irritation; those signs were followed by la-
bored breathing (Underhill 1920).

3.1.2.  Rats 

Back et al. (1972), MacEwen and Vernot (1972), and Vernot et al.
(1977) reported the same 1-h LC50 of 293 ppm (95% confidence limits, 260-
329 ppm) for Sprague-Dawley rats.  MacEwen and Vernot (1972) noted a
20-30% loss of chlorine in the exposure chambers, probably due to conden-
sation on the walls.  Therefore, the concentrations given are measured con-
centrations.  Rats experienced immediate eye and nose irritation followed
by lacrimation, rhinorrhea, and gasping after 1 h of exposure at all tested
concentrations (213, 268, 338, and 427 ppm).  Rats surviving the 213 ppm
and 268-ppm exposures gained less weight than the control group during
the 14-d post-exposure period.  No deaths occurred in rats exposed at 213
ppm for 1 h.  Weedon et al. (1940) exposed groups of eight rats to 63, 240,
or 1,000 ppm for 16 h or until death.  Times to 50% mortality were >16 h,
7.3 h, and 53 min, respectively.

Zwart and Woutersen (1988) exposed specific pathogen free (SPF)
Wistar-derived rats to chlorine at 322-5,793 ppm for exposure durations of
5 min to 1 h to calculate LC50 values.  Observations were made over a 14-d
period after which the animals were sacrificed and histologic examinations
were made; additional groups of rats were exposed and examined 2 d after
exposure.  Rats exposed at the highest concentrations during the 30- and 60-
min exposures showed signs of restlessness, eye and nasal irritation, labored
breathing, and reduced respiratory rate.  Mortalities occurred during expo-
sure as well as within the first week of the observation period.  Increased
lung weights were positively correlated with higher concentrations and
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longer exposure durations.  At the high concentrations, 5,793 ppm for 5 min
and 2,248 ppm for 10 min, effects were observed in the nose, larynx, and
trachea; at those and the lower concentrations, lung lesions, including focal
aggregates of mononuclear inflammatory cells, increased septal cellularity,
squamous metaplasia of bronchiolar epithelium, and edema, were observed
in one or more animals.  Hyperplasia of the larynx and trachea observed at
2 d post-exposure was resolved by 14 d post-exposure in surviving rats.  In
rats in which minute-volume was measured, death occurred in several ani-
mals following a reduction in minute-volume to #39% of the pre-exposure
level.  According to the authors, the 1-h LC01 of 288 ppm (95% confidence
interval, 222-345 ppm), estimated by probit analysis, appeared to corre-
spond with the onset of irreversible lung damage.  The breathing pattern
during the exposures changed from regular inspiration directly followed by
a regular expiration to rapid shallow breathing that lasted less than a minute.
That was followed by maximal inhalation directly after expiration and a
long post-inspiratory pause.  No deaths occurred at 2,841 ppm for 5 min,
547 ppm for 30 min, or 322 ppm for 60 min.

In a subchronic study, three of 10 female F-344 rats exposed at 9 ppm
for 6 h/d, 5 d/wk died by the 30th exposure (Barrow et al. 1979).  In another
study, groups of eight 30-wk-old male and female SPF rats were exposed
to chlorine at approximately 117 ppm for 3 h/d, 7 d/wk until half of the
animals of each gender died (Bell and Elmes 1965).  Total exposure time
to 50% mortality was 29 h for males and 32 h for females.  When the re-
sponse of conventional rats was compared with that of SPF rats, the re-
sponse was more severe in the conventional rats, who exhibited prolifera-
tion of goblet cells and increased mucus, emphysema, and polymorpho-
nuclear cells in the lungs.

3.1.3.  Mice 

Back et al. (1972), MacEwen and Vernot (1972), and Vernot et al.
(1977) reported a 1-h LC50 of 137 (95% confidence limits, 119-159 ppm).
Weedon et al. (1940) exposed groups of four mice to 63, 240, or 1,000 ppm
for 16 h or until death.  Times to 50% mortality were >16 h, 7.3 h, and 28
min, respectively.

Bitron and Aharonson (1978) exposed male albino mice to 170 ppm
and 290 ppm for several exposure times and calculated 50% mortality as a
function of exposure time (Lt50).  Mice were restrained during the expo-
sures.  Observations were made over a 30-d period.  Lt50 for the 170-ppm
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and 290-ppm exposures were 55 min and 11 min, respectively.  The results
of this work were unusual in that many of the deaths were delayed, occur-
ring during the second week of the observation period, rather than during
and immediately following exposure.  No mice died within a 30-d observa-
tion period following exposure at 290 ppm for 6 min.  No deaths occurred
in BALB/c mice exposed at 50, 100, or 150 ppm for 1 h (O'Neil 1991).
Mice were observed for at least 5 d post-exposure.

Zwart and Woutersen (1988) exposed Swiss mice to chlorine at 579-
1,654 ppm for 10 min and 458-645 ppm for 30 min to calculate LC50 values.
Mortality observations were made over a 14-d period.  Nearly one-third of
the mice died during the second week post-exposure, indicating to the au-
thors that the deaths may have been due to secondary infection.  Increased
lung weights were positively correlated with higher concentrations and
longer exposure durations.  No deaths occurred at a concentration of chlo-
rine at 754 ppm for 10 min.

Alarie (1980) reported that the 10-min LC50 of male Swiss-Webster
mice decreased from 302 ppm in uncannulated mice to 131 ppm when
chlorine was delivered directly to the trachea via cannulation.  

As part of an experiment on immune response, groups of 10 BALB/c
mice were exposed at 50, 100, 150, 200, or 250 ppm for 1 h (O�Neil 1991).
Mortality occurred at 200 ppm (two mice, 4-5 d post-exposure) and at 250
ppm (8/10 mice).

3.2.  Nonlethal Toxicity

Data on effects following exposures to nonlethal concentrations of
chlorine are available for the monkey, rat, mouse, guinea pig, and rabbit.
Studies utilizing acute exposure durations are summarized in Table 1-5.

3.2.1.  Nonhuman Primates 

No studies on single acute exposures were located.  Klonne et al. (1987)
exposed Rhesus monkeys to chlorine at 0, 0.1, 0.5, or 2.3 ppm for 6 h/d, 5
d/wk for 1 y.  In the group exposed at 2.3 ppm, ocular irritation as well as
treatment-related histopathologic changes limited to the nasal passages and
trachea were observed at 1 y.  Those lesions, consisting of focal, epithelial
hyperplasia with loss of cilia and decreased numbers of goblet cells, were
considered mild in the group exposed at 2.3 ppm and were not present in all
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animals.  Lesions in the lower exposure groups were minimal.  No statisti-
cally significant differences were observed between control and exposure
groups for pulmonary diffusing capacity of carbon monoxide or distribution
of ventilation values (number of breaths to 1% N2).

3.2.2.  Rats 

Demnati et al. (1995) exposed groups of four male Sprague-Dawley rats
(nose-only) to chlorine at 0, 50, 100, 200, 500, or 1,500 ppm for 2-10 min
in order to study effects on airway mucosa and lung parenchyma.  Histo-
logic examinations were performed at 1, 3, 6, 12, 24, and 72 h after expo-
sure.  Exposures to concentrations of #500 ppm did not induce significant
histologic changes.  Lungs from control rats and from rats exposed at 50-
100 ppm for 2 min were normal within 72 h; at concentrations of 200 ppm
and 500 ppm for 2-5 min, there was only slight perivascular edema in all
exposed rats.  Exposure at 1,500 ppm for 2 min produced only slight ef-
fects, including mild perivascular edema and occasional small clusters of
polymorphonuclear leukocytes in the mucosa of large airway.  The 10-min
exposure at 1,500 ppm caused significant changes that varied with time
after exposure�airspace and interstitial edema associated with bronchial
epithelial sloughing at 1 h, decreased edema and the appearance of mucosal
polymorphonuclear leucocytes at 6-24 h, and epithelial regeneration as
evidenced by hyperplasia and goblet cell metaplasia at 72 h.  No deaths
were reported.

Exposure at 25 ppm lowered the respiratory rate by 50% (RD50) in F-
344 rats, presumably during a 10-min test (Barrow and Steinhagen
1982);during exposure for 6 h, the RD50 was 10.9 ppm (Chang and Barrow
1984).  Groups of 9-10 male F-344 rats were exposed to a concentration of
chlorine at 9.1 ppm (the RD50 of mice) for 1, 3, or 5 d (6 h/d) and examined
for respiratory tract pathology (Jiang et al. 1983).  Sacrifice took place
immediately after exposure.  In all animals, lesions were present in the nasal
passages with less severe changes in the nasopharynx, larynx, trachea, and
lungs.  Lesions in the nasal passages involved epithelial degeneration with
epithelial cell exfoliation, erosion, and ulceration (respiratory epithelium)
and extensive epithelial erosion and ulceration (olfactory epithelium of the
dorsal meatus).  Electron microscopy examination revealed loss of respira-
tory and olfactory cilia and cellular exfoliation of the naso- and maxillo-
turbinates.
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When male and female F-344 rats were exposed to chlorine at 0, 1, 3,
or 9 ppm for 6 h/d, 5 d/wk for 6 wk, effects were observed in the upper and
lower respiratory tract (Barrow et al. 1979).  Lesions in male and female
rats exposed at 9 ppm included widespread inflammation throughout the
respiratory tract with hyperplasia and hypertrophy of epithelial cells of the
respiratory bronchioles, alveolar ducts, and alveoli.  Hepatocellular cyto-
plasmic vacuolation was observed in both genders exposed at 3 ppm or 9
ppm, and renal tubule effects were observed in male rats exposed at 9 ppm.
Effects observed in animals exposed at 1 ppm or 3 ppm were much less
severe than those observed at 9 ppm.  In addition, decreased body weight
gains were observed in females at all exposure concentrations and in males
at 3 ppm and 9 ppm.

Groups of 14-wk-old male and female SPF rats were exposed to chlo-
rine at approximately 40 ppm for 3 h/d for a total of 42 h (Bell and Elmes
1965).  No deaths occurred.  Signs and symptoms of exposure included
coughing, sneezing, and runny and blood-stained noses after 3 h.  Histo-
logic examinations of the lungs revealed recovery by 14 d post-exposure.
Exposure of conventional rats for 1 h daily to 14-18 ppm, for a total of 24
exposure hours in 4 wk, also resulted in no mortality (Elmes and Bell 1963).
The authors considered the chlorine concentrations overestimates, because
the exposed rats huddled together in the exposure cage.

Groups of 70 male and 70 female F-344 rats were exposed to chlorine
gas at 0, 0.4, 1.0, or 2.5 ppm for 6 h/d, 5 d/wk (males) or 3 alternate d/wk
(females) for 2 y (CIIT 1993; Wolf et al. 1995).  Concentration-dependent
lesions confined to the nasal passages were observed in all animals.  These
lesions were most severe in the anterior nasal cavity and included respira-
tory and olfactory epithelial degeneration, septal fenestration, mucosal
inflammation, respiratory epithelial hyperplasia, squamous metaplasia and
goblet cell hypertrophy and hyperplasia, and secretory metaplasia of the
transitional epithelium of the lateral meatus.  Body weights were depressed
compared with controls, but no early deaths occurred.

3.2.3.  Mice

Groups of four male Swiss-Webster mice were exposed to chlorine
concentrations at 0.7-38.4 ppm for 10 min (Barrow et al. 1977).  The RD50
was 9.3 ppm.  The RD50 of male OF1 mice was calculated at 3.5 ppm by
Gagnaire et al. (1994).  Although that exposure was for 60 min, the de-
crease occurred by 10 min.  The protocol of ASTM (1991) was followed by
Gagnaire et al., but the OF strain is not the strain of mice suggested for use
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in measuring sensory irritation.  The ASTM (1991) RD50 test calls for male
Swiss-Webster mice and a 10-min exposure period.

In a follow-up study to that of Barrow et al. (1977), Buckley et al.
(1984) exposed male Swiss-Webster mice to the RD50 (9.3 ppm) for 6 h/d
for 5 d.  Half of each group was necropsied immediately after the last expo-
sure and the other half was necropsied 72 h post-exposure.  No deaths were
reported.  Lesions in both the anterior respiratory epithelium adjacent to the
dorsal meatus and in the respiratory epithelium included exfoliation, inflam-
mation erosion, ulceration, and necrosis.  Chlorine reached the lower respi-
ratory tract, as indicated by tracheal lesions and terminal bronchiolitis, with
occlusion of the affected bronchioles by serocellular exudate.  Recovery
was minimal to moderate after 72 h.

Groups of 9-10 male Swiss-Webster mice were exposed at 9.1 ppm, the
approximate RD50 for 1, 3, or 5 d (6 h/d) and examined for respiratory tract
pathology (Jiang et al. 1983).  Sacrifice took place immediately after expo-
sure.  Respiratory tract lesions were similar to those of the rat described
above (lesions in the nasal passages with less severe changes in the naso-
pharynx, larynx, trachea, and lungs).

Groups of 70 male and 70 female B6C3F1 mice were exposed to chlo-
rine gas at 0, 0.4, 1.0, or 2.5 ppm for 6 h/d, 5 d/wk for 2 y (CIIT 1993; Wolf
et al. 1995).  Concentration-dependent lesions confined to the nasal pas-
sages were observed in all animals.  These lesions were most severe in the
anterior nasal cavity and included respiratory and olfactory epithelial degen-
eration, septal fenestration, mucosal inflammation, respiratory epithelial
hyperplasia, squamous metaplasia and goblet cell hypertrophy and hyper-
plasia, and secretory metaplasia of the transitional epithelium of the lateral
meatus.  Body weights were depressed (males, all exposures; females, 2.5
ppm) compared with controls, but no early deaths occurred.

3.2.4.  Guinea pigs

Arlong et al. (1940, as cited in NIOSH 1976) exposed guinea pigs to
1.7 ppm for 5 h daily over 87 d.  No deaths were reported during the 300-d
observation period.  No other details of the study were available.

3.2.5.  Rabbits

Groups of two male and two female rabbits were exposed at 0, 50, 100,
or 200 ppm for 30 min and tested for lung changes as measured by volume-
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pressure relationships and inspiratory-expiratory flow rate at times from 30
min to 60 d post-exposure (Barrow and Smith 1975).  Rabbits exposed at
50 ppm showed no changes at any time periods.  Recovery of flow rate
ratios occurred by 14 d post-exposure in the 100-ppm groups and by 60 d
post-exposure in the 200-ppm group.  Pulmonary compliance in the 100-
ppm and 200-ppm groups did not return to control levels within 60 d.  Ex-
aminations of the lungs revealed hemorrhages, pneumonitis and anatomic
emphysema in the 100-ppm and 200-ppm groups at 3 and 14 d post-expo-
sure; those changes were not present at 60 d post-exposure.

3.3.  Developmental and Reproductive Effects

No studies addressing developmental or reproductive effects following
inhalation exposure to chlorine were located.  However, because effects on
development and reproduction would be systemic, due to circulating chlo-
rine, the effects of oral administration of chlorine may have bearing on the
chlorine hazard assessment.  Those data, reviewed by EPA (1996) and
AIHA (1988), demonstrated no or insufficient evidence of reproductive or
developmental toxicity.

Groups of 10 male B6C3F1 mice were dosed by oral gavage with 1 mL
of test solution containing OClG or HOCl at 40, 100, or 200 mg/L/d for 5
d (Meier et al. 1985).  Animals were sacrificed at 1, 3, or 5 wk after the last
treatment, and the caudae epididymides were examined for sperm head
abnormalities.  No abnormalities were observed at 1 and 5 wk post-treat-
ment in the groups treated with OClG or at any time in the groups treated
with HOCl.  A small but statistically significance difference compared with
controls was observed in the groups administered OClG at all dose levels at
3 wk.  These results do not clearly indicate an effect on fertility.

Druckrey (1968) administered highly chlorinated drinking water (100
mg/L) to seven consecutive generations of BD II rats.  The average daily
dose was estimated at 10 mg/kg/d.  No treatment-related effects were ob-
served on any generation.  Carlton et al. (1986) administered chlorine in
deionized water by gavage male and female Long Evans rats at doses of 1.0,
2.0, or 5.0 mg/kg/d to for 66-76 d.  Dosing began prior to mating and con-
tinued during gestation and lactation.  Groups of offspring were necropsied
at 21 d after birth or at 40 d of age; the latter group was dosed following
weaning.  No statistically significant differences were observed between the
control and treated rats in litter survival, litter size, or pup weight.

HOCl, formed by bubbling chlorine gas through water, was adminis-
tered in the drinking water to Sprague-Dawley rats for 2.5 mo, prior to and
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throughout gestation (Abdel-Rahman 1982).  Concentrations were 0, 1, 10,
or 100 mg/L.  Rats were sacrificed on day 20 of gestation and fetuses were
examined for bone and soft-tissue defects.  No increase in resorptions were
found in any treatment group.  A significant increase in skeletal anomalies
at the 100 mg/L concentration (incompletely ossified or missing sternebrae
and rudimentary ribs) was interpreted as a nonspecific retardation in
growth.  The increase in skeletal defects was not significant in the 10 mg/L
and 100 mg/L groups compared with the controls.  Total defects�skeletal
and soft tissue�were increased significantly over the control group in the
100 mg/L group.  Maternal toxicity�body weight, food consumption,
clinical signs�was not described.

3.4.  Genotoxicity

No data on inhalation exposures were located in the available literature.
Genotoxicity studies were conducted via oral dosing of groups of 10 male
B6C3F1 mice with 1 mL of test solution containing OClG or HOCl at con-
centrations of 40, 100, or 200 mg/L for 5 d (Meier et al. 1985).  Chlorine
was not mutagenic in the bone marrow micronucleus and cytogenetic as-
says.  Sodium hypochlorite produced chromosomal aberrations in several
mammalian cell tests (NTP 1992).

3.5.  Chronic Toxicity and Carcinogenicity

Groups of male and female F-344 rats were exposed by inhalation to
chlorine concentrations at 0, 0.4, 1.0, or 2.5 ppm for 2 y (CIIT 1993; Wolf
et al. 1995).  Histologic examinations of the nose and major organs revealed
no increase in the incidence of neoplasia over that of control groups.  F-344
rats and B6C3F1 mice of both genders administered chlorinated or
chloraminated drinking water for 2 y showed no increased incidences of
neoplasms (NTP 1992).

3.6.  Summary

Few animal studies addressed no- or mild-effect levels at exposure
times of 10 min to 8 h.  No gross or microscopic lung changes occurred in
rabbits following a 30-min exposure at 50 ppm (Barrow and Smith 1975).
The highest 30-min values resulting in no deaths (LC0) for the rat and rabbit
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were 547 ppm (Zwart and Woutersen 1988) and 200 ppm (Barrow and
Smith 1975), respectively.  The 60-min concentrations resulting in no
deaths in the rat and mouse were 322 (Zwart and Woutersen 1988) and 150
ppm (O'Neil 1991), respectively.  No deaths, but moderate to severe lesions
of the respiratory tract and peribronchiolitis, occurred in rats following a 6-
h exposure at 9.1 ppm (Jiang et al. 1983).

Thirty-minute LC50 values ranged from 137 ppm in the mouse (Back et
al. 1972) to 700 ppm in the rat (Zwart and Woutersen 1988).  The 60-min
LC50 and LC01 values for the rat were 455 ppm and 288 ppm (Zwart and
Woutersen 1988).

Chlorine administered in the drinking water or by gavage to rats or mice
did not cause reproductive or developmental problems (Druckrey 1968;
Abdel-Rahman 1982; Meier et al. 1985; Carlton et al. 1986).  A 2-y inhala-
tion study with rats showed no evidence of carcinogenicity (CIIT 1993;
Wolf et al. 1995).  Mutagenicity tests were generally negative (Meier et al.
1985).

4.  SPECIAL CONSIDERATIONS

4.1.  Metabolism and Disposition

Pharmacokinetic data following acute exposures were not available.
Metabolic and kinetic considerations are not relevant regarding the determi-
nation of AEGL values because animals die of acute respiratory failure.
Chlorine gas reacts at the site of contact, and very little of the chemical is
absorbed into the bloodstream (Eaton and Klaassen 1996).

4.2.  Mechanism of Toxicity

Although of moderate solubility, chlorine is categorized as a Category
I gas because it is so rapidly irreversibly reactive in the surface liquid and
tissue of the respiratory tract (EPA 1994).  Studies with repeated exposures
of laboratory animals indicate that at moderate to high concentrations, chlo-
rine is not effectively scrubbed in the upper respiratory tract and is therefore
capable of exerting its effects over the entire respiratory tract (Barrow et al.
1979); however, at low concentrations (#2.5 ppm for up to 2 y), chlorine is
effectively scrubbed in the anterior nasal passages as indicated by the ab-
sence of lesions in the lower respiratory tract of rats, mice (Wolf et al.
1995), and monkeys (Klonne et al. 1987).
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Chlorine gas combines with tissue water to form hydrochloric and
hypochlorous acids (HCl and HClO); the latter spontaneously breaks down
into HCl and free O�, which combines with water, releasing oxygen radicals
(OG).  The oxygen radical produces major tissue damage, which is enhanced
by the presence of HCl (Perry et al. 1994; Wolf et al. 1995).

The response to inhalation of chlorine can range from sensory irritation
and reflex bronchoconstriction to death, the latter due to pulmonary edema.
The sensory irritation response to chlorine is due to stimulation of the
trigeminal nerve endings in the respiratory mucosa, which results in a de-
crease in respiratory rate (Alarie 1981).  Reflex bronchoconstriction is a
local reaction in which cholinergic-like agents bind to respiratory tract cell
surface receptors and trigger an increase in the intracellular concentration
of cyclic guanosine monophosphate.  That facilitates contraction of the
smooth muscles that surround the trachea and bronchi, causing a decrease
in airway diameter and a corresponding increase in resistance to airflow that
may result in wheezing, coughing, a sensation of chest tightness, and dys-
pnea (Witschi and Last 1996).  Death can occur from lack of oxygen during
an asthmatic attack or if chlorine reaches the lungs and causes pulmonary
edema; delayed deaths that occur starting 3 d after exposure might be due
to bronchial infection (Underhill 1920; Withers and Lees 1985a; Bitron and
Aharonson 1978), which may be treatable in humans.

4.3.  Structure-Activity Relationships

The combined human and animal data on chlorine are sufficient for
derivation of inhalation exposure guidelines and the use of structure-activity
comparisons is not necessary.  Like hydrogen chloride (HCl) and fluorine
(F2), Cl2 is an irritant to the eyes, skin, and respiratory tract.  When com-
pared with mortality data for HCl and F2 (Wohlslagel et al. 1976; ATSDR
1993; Perry et al. 1994; NAC 1996), chlorine is more toxic than HCl but
slightly less toxic than F2 to laboratory rodents.

4.4.  Concentration-Exposure Duration Relationship

When considering low concentrations of chlorine that do not result in
tissue damage and the response of atopic and asthmatic individuals, time-
scaling might not be relevant.  Several studies, such as those of Shusterman
et al. (1998) and D�Alessandro et al. (1996), were conducted for short peri-
ods of time�15 min and 1 h, respectively�because responses were ex-
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pected within those time periods.  Furthermore, in the Rotman et al. (1983)
study, pulmonary function parameters of the tested individuals, including
those for the atopic individual, did not change between the 4- and 8-h mea-
surements, indicating a sustained effect during exposure.

Time-scaling is relevant at the AEGL-2 and AEGL-3 levels where
tissue damage is involved.  When data are lacking for desired exposure
times, scaling across time might be based on the relationship between con-
centration and exposure duration when a common end point is used.  The
relationship between concentration and time is described by Cn × t = k, in
which the exponent n may be different from 1.  ten Berge and Vis van
Heemst (1983) analyzed the data of Anglen (1981) on irritation response in
humans.  Irritation consisted of itching or burning of the eyes, nose, or
throat and scores ranged from 0 (no sensation) to 5 (unbearable), with a
score of 3 representing a nuisance level or irritation.  Regression analysis
of the percent of subjects reporting a nuisance irritation response to concen-
trations at 1 ppm and 2 ppm over exposure durations of 30 min and 120 min
resulted in an n value of 1.9.

Several sets of mortality data from animal studies were available for
calculating the relationship between concentration and exposure time.
Using the probit analysis method of ten Berge et al. (1986) and/or regres-
sion analysis, the data sets and their values for n are Bitron and Aharonson
(1978), n = 3.5;  Zwart and Woutersen (1988), n = 1.0; and Weedon et al.
(1940), n = 1.1.  The probit analysis method applied to the data for 11 irri-
tant gases from ten Berge et al. (1986) also results in a range of values for
n of 1.0-3.5.  In the Bitron and Aharonson (1978) study, the mice were
restrained (which usually results in lower lethality values than for unre-
strained animals) and deaths were delayed, occurring during the second
week of the observation period rather than during and immediately follow-
ing exposure.  Because of the questionable methodology and the delayed
deaths (possibly due to bacterial infection) in the Bitron and Aharonson
(1978) study, that study will not be considered for calculating a time-scaling
relationship for chlorine.  Respiratory irritation is an initial step in the pro-
gression of irritation that leads to pulmonary edema and death.  Based on
the evidence for a similar mechanism of action for irritation and death, an
n value of 2 will be used for time-scaling for chlorine.  An n value of 2 for
time-scaling the threshold for lethality for chlorine is supported by data for
another halogen.  Using the end point of lethality, the concentration-expo-
sure duration relationship for fluorine for several mammalian species was
Cn × t = k, where n was approximately slightly less than 2 (NAC 1996).
Based on relative toxicity (Section 4.3), the n value for chlorine would be
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higher than that of fluorine when extrapolating from longer to shorter expo-
sure durations.

4.5.  Other Relevant Information

4.5.1.  Susceptible Populations 

Chlorine is highly irritating and corrosive to the tissues of the respira-
tory tract.  At low concentrations, the direct action of chlorine on the respi-
ratory tract is not expected to vary greatly among most healthy individuals,
including infants, children, and the elderly.  For example, at the low con-
centration of 0.5 ppm, neither healthy nor atopic subjects exhibited clini-
cally significant changes (decreases of $10%) in peak air flow (Shusterman
et al. 1998).  At 0.4 ppm, there were no statistically significant changes in
several respiratory parameters in either healthy or asthmatic subjects
(D�Alessandro et al. 1996).  In the Rotman et al. (1983) study where numer-
ous pulmonary parameters were measured, healthy subjects responded in a
similar manner at 1 ppm.

Data from the Rotman et al. (1983) and D�Alessandro et al. (1996)
studies on chlorine exposures and individuals with airway hyper-reactivity
or asthma indicate that, compared with the general population, the respira-
tory tracts of those individuals may be very reactive to the presence of
chlorine, as reported in Section 2.2.1.  Responsiveness to inhaled agents
varies among individuals with airway hyper-reactivity and asthma.  In chil-
dren, asthma may be defined as mild, moderate, or severe depending on the
response to an inhaled agonist (Larsen 1992).  With mild asthma, symptoms
are infrequent and brief, and treatment is with inhaled $-agonists as needed.
Moderate asthma is defined by symptoms occurring twice weekly, and
treatment is with cromolyn sodium or slow-release theophylline.  Severe
asthmatic patients have daily symptoms, and daily treatment with oral or
inhaled steroids is required.  One individual in the D�Alessandro et al.
(1996) study with airway hyper-reactivity had a clinical history of asthma
and �was being treated regularly with inhaled or systemic corticosteroids.�

There is a concern that children with airway hyper-reactivity and
asthma may be more sensitive to inhaled irritants and allergens than adult
asthmatic subjects.  Avital et al. (1991) studied the response to methacho-
line challenge in 182 asthmatic children (132 males and 50 females) of
various ages.  All therapy except corticosteroid therapy and slow-release
theophylline was discontinued prior to the study.  The children were divided
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into three age groups�1-6 y, 7-11 y, and 12-17 y�and into three clinical
groups according to their minimal therapeutic requirements�mild, moder-
ate, and severe asthma.  In older children, responsiveness was measured by
the methacholine provocation concentration that produced a 20% fall in
FEV1.  In younger children, responsiveness was determined by wheezing,
persistent cough, or tachypnea following a methacholine challenge.  Bron-
chial reactivity correlated inversely with the severity of bronchial asthma
according to minimal drug requirements and was similar over the age range
for each severity group.  That is, in each severity category (mild, moderate,
or severe asthma), the mean concentration of methacholine that evoked the
designated response was the same regardless of the age group.  Avital et al.
(1991) compared their results with the responses of asthmatic adults chal-
lenged with histamine from a study by Cockcroft et al. (1977).  Mean ages
of the adults were between 30 y and 40 y.  Although the classes of asth-
matic severity in Cockcroft et al. (1977) were only broadly comparable to
those in Avital et al. (1991), there was a �striking similarity� in the results.
That is, the concentration at which adults in each class of severity
responded to histamine was similar to the methacholine concentration at
which the children reacted in the respective severity classes.

Adults were tested in the D�Alessandro et al. (1996) study, but the ages
of the individuals in the lower range of age (18 y) were close to those of the
older children in the Avital et al. (1991) study.  The range of provocative
concentrations of methacholine in the D�Alessandro et al. (1996) study
overlapped the range of the severe asthmatic subjects in the Avital et al.
(1991) study, indicating that at least one adult in the former study was as
responsive to methacholine as the children with severe asthma.  Further-
more, during the exposure to chlorine at 1 ppm, the atopic individual in the
Rotman et al. (1983) study, who was not on medication, responded to a
greater degree, as measured by a fall in FEV1, than any of the subjects with
airway reactivity or asthma in the D�Alessandro et al. (1996) study.  Fol-
lowing a 4-h exposure to chlorine at 1 ppm, the FEV1 of the atopic individ-
ual was 45% of the pre-exposure value (Rotman et al. 1983), whereas fol-
lowing the 1-h exposure at 1 ppm, the FEV1 of the most sensitive individual
with airway hyper-reactivity or asthma was 61% of the pre-exposure value
(D�Alessandro et al. 1996).  The final FEV1 for both subjects was the same,
1,900 mL.

Another consideration when evaluating the response of individuals with
airway hyper-reactivity and asthma to irritants and allergens is the time of
response following challenge.  Individuals in the D�Alessandro et al. (1996)
study were exposed to chlorine for only 1 h; the response of the atopic
individual in the Rotman et al. (1983) study may have occurred early, al-
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though wheezing did not occur until after 4 h of exposure.  According to the
literature, asthmatic reactions may be immediate (within minutes of expo-
sure) or delayed (hours after exposure) (Larsen 1992).  In the Avital et al.
(1991) study, response to provocative concentrations of methacholine oc-
curred within 2 min.  In both studies with chlorine (Rotman et al. 1983;
D�Alessandro et al. 1996), individuals had responded by the time they were
tested for pulmonary function changes (after 1 h and after 4 h of exposure),
and there were no reported delayed or greater effects within the 24-h post-
exposure period.  Although not conclusive, the data appear to indicate that
the response to chlorine is concentration-dependent rather than time-de-
pendent.  Thus, a 1-h exposure to chlorine is sufficient to elicit a response
in susceptible individuals; if a response is not present at 1 h, it is unlikely
to occur with continued exposure.

4.5.2.  Reactive Airways Dysfunction Syndrome

In humans, the reported long-term effects of accidental exposures at
high concentrations of chlorine (evidenced by the presence of a yellow-
green cloud) are conflicting, some authors noting residual pulmonary abnor-
malities (Kowitz et al. 1967; Alberts and do Pico 1996), and others either
reporting no significant permanent damage (Weill et al. 1969; Kaufman and
Burkons 1971; Jones et al. 1986) or reporting that the presence of perma-
nent damage was questionable (Charan et al. 1985).  Several case reports
described respiratory hyper-responsiveness following acute exposures to
chlorine at high concentrations.  This syndrome, called reactive airways
disease or reactive airways dysfunction syndrome (RADS), is initiated by
one or several exposures to high concentrations of an irritating gas.  Case
studies were reviewed by Alberts and do Pico (1996) and Lemiere et al.
(1996).  In several of the studies, a clear interpretation of the results was
complicated by the lower values in pulmonary function tests of smokers.

4.5.3.  Gender and Species Variability 

Several studies indicated gender differences in responses to chlorine
exposure, females rats (Barrow et al. 1979; Wolf et al. 1995) and monkeys
(Klonne et al. 1987) developing lesions at lower concentrations than males.
However, male mice were slightly more sensitive to chlorine than female
mice (Wolf et al. 1995).



48                                                            ACUTE EXPOSURE GUIDELINE LEVELS

The data also allow an examination of interspecies differences.  In those
studies in which investigators tested the lethality of chlorine to two species
(rat and mouse), the LC50 values were within a factor of approximately 2 of
each other (Weedon et al. 1940; Back et al. 1972; Zwart and Woutersen
1988).

4.5.4.  Tolerance to Repeated Exposures

Following repeated exposures, rats developed sensory irritation toler-
ance to chlorine, as indicated by an increase in the RD50 following pretreat-
ment (Barrow and Steinhagen 1982).  The RD50 was 25 ppm in non-pre-
treated rats, whereas RD50 values increased to 90, 71, and 454 ppm when
rats were pretreated at 1, 5, or 10 ppm, respectively, for 6 h/d, 5 d/wk for 2
wk and exposed 16-24 h following the last day of pretreatment.

5.  DATA ANALYSIS FOR AEGL-1

5.1.  Summary of Human Data Relevant to AEGL-1

NIOSH (1976) discussed available epidemiology studies conducted
prior to 1976.  In those studies, and in a more recent study (Ferris et al.
1979), work room concentrations averaged <1 ppm, and no effects could be
clearly documented.  However, those studies generally included a �healthy
worker� population.

The studies by Anglen (1981) and Rotman et al. (1983) indicate that
there are no significant sensory irritation and no serious pulmonary function
changes associated with 4- or 8-h exposures in healthy human subjects of
both genders at 0.5 ppm or 1.0 ppm.  However, an atopic individual, whose
baseline pulmonary parameters were outside of the normal range, as defined
by DuBois et al. (1971), experienced changes in several pulmonary function
parameters after exposure to chlorine at 0.5 ppm (Rotman et al. 1983).  The
greatest change for that individual was in Raw, which increased 40% over
the pre-exposure value after 4 h of exposure at 0.5 ppm and increased 33%
over the pre-exposure value after 8 h of exposure at 0.5 ppm.  Changes in
Raw in the healthy subjects were 5% and 15% for the respective time peri-
ods.  Transient changes in pulmonary function (specifically Raw) were seen
at 1.0 ppm for 4 h in the Rotman et al. study (1983) and at 2 ppm for 4 h in
the Anglen (1981) study; however, sensory irritation reached nuisance
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levels at the latter concentration-exposure time combination.  In healthy
subjects, no lung function measurements were changed at 2.0 ppm for 2 h
(Anglen 1981).  The FEV1, a particularly reproducible and sensitive mea-
sure of obstructive or restrictive flows in the lung (Witschi and Last 1996),
changed by less than 10% following exposure at 1 ppm for 4 h.  The atopic
individual did not tolerate the 1-ppm exposure during a second 4-h expo-
sure period because of serious respiratory effects.

In the study by D�Alessandro et al. (1996), subjects with a clinical
history of asthma were tested.  In the study by Shusterman et al. (1998),
subjects with seasonal allergic rhinitis were tested. A concentration at
0.4 ppm for 1 h elicited no statistically significant response in airflow or
resistance in asthmatic subjects (D�Alessandro et al. 1996).  In the same
study, a concentration at 1.0 ppm for 1 h elicited significant changes in
several pulmonary function parameters for both normal subjects and sub-
jects with asthma, but the mean changes were considered modest by the
study authors.  However, the Raw of one subject with asthma more than
tripled during the exposure at 1.0 ppm. 

5.2.  Summary of Animal Data Relevant to AEGL-1

All short-term animal studies were conducted at concentrations that
produced effects greater than those defined by the AEGL-1.

5.3.  Derivation of AEGL-1

The studies by Anglen (1981), Rotman et al. (1983), D�Alessandro et
al. (1996), and Shusterman et al. (1998) are all relevant to the development
of AEGL-1 values.  Those studies addressed sensory irritation as well as
symptomatic and asymptomatic changes in several pulmonary function
parameters.  In addition, the studies used a diverse population, including
healthy, atopic, and asthmatic subjects.  Exercise was incorporated into the
protocol of the Rotman et al. (1983) study, simulating conditions of stress.
The studies indicate that 0.5 ppm, for 15 min (Shusterman et al. 1998) or for
an interrupted 8 h with incorporation of exercise into the protocol (Rotman
et al. 1983), is the highest NOAEL consistent with the definition of an
AEGL-1 (i.e., a NOAEL for notable discomfort and irritation accompanied
by non-disabling, transient, asymptomatic effects).  The next highest con-
centration tested, 1.0 ppm for more than 4 h, resulted in effects, such as
shortness of breath and wheezing, greater than those defined by an AEGL-
1.  The NOAEL of 0.5 ppm was identified from the study of Rotman et al.
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subjects in the study of D�Alessandro et al. (1996).  That NOAEL supports
the choice of 0.5 ppm in the study of Rotman et al. (1983).  In fact, the
single exercising atopic subject proved to be more sensitive at 0.5 ppm, as
indicated by asymptomatic changes in pulmonary function parameters, than
were the non-exercising asthmatics exposed at 0.4 ppm. 

Because subjects identified as most susceptible to the irritant effects of
chlorine were tested (atopic and asthmatic individuals), an intraspecies
uncertainty factor (UF) of 1 was applied.  The intraspecies UF of 1 is also
supported by the fact that bronchoconstriction is induced in pediatric and
adult asthmatic subjects at similar levels of challenge (Avital et al. 1991).
Therefore, an additional UF to protect pediatric asthmatic subjects is not
necessary.  Time-scaling was not applied to the AEGL-1 for several rea-
sons.  The study conducted by Rotman et al. (1983) actually lasted more
than 8 h (two 4-h sessions with a 1-h break between).  That reduces the
uncertainty usually associated with scaling from shorter to longer time
periods.  Because effects were not increased following an interrupted 8 h of
exposure at 0.5 ppm in the susceptible individual, the 8-h AEGL-1 was also
set at 0.5 ppm.  The use of the same value across all exposure durations is
supported by the fact that the response to the irritant effects of chlorine
appears to be concentration-dependent rather than time-dependent. Calcu-
lations are presented in Appendix A; results are presented in Table 1-6.
Figure 1-1 is a plot of the derived AEGL values and all of the human and
animal data on chlorine.

6.  DATA ANALYSIS FOR AEGL-2

6.1.  Summary of Human Data Relevant to AEGL-2

The studies by Joosting and Verberk (1974), Anglen (1981), Rotman
et al. (1983), and D�Alessandro et al. (1996) address sensory irritant effects
in humans as well as differences in pulmonary function tests during expo-
sures at 1.0 ppm for up to 8 h and 2.0 ppm and 4.0 ppm for 4 h.  As previ-
ously noted, Rotman et al. (1983) used an exercising atopic individual, and
D�Alessandro et al. (1996) used five subjects with nonspecific airway
hyper-reactivity, three of which had clinical histories of asthma.  For
healthy individuals, the concentrations tested by Rotman et al. (1983) and
D�Alessandro et al. (1996) resulted in effects below the definition of the
AEGL-2.  However, in one atopic subject, the 1-ppm concentration for
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TABLE 1-6  AEGL-1 Values for Chlorine (ppm [mg/m3]) 
10 min 30 min 1 h 4 h 8 h
0.5 (1.5) 0.5 (1.5) 0.5 (1.5) 0.5 (1.5) 0.5 (1.5)

more than 4 h resulted in shortness of breath and wheezing as well as seri-
ous pulmonary function changes (Rotman et al. 1983).  In the D�Alessandro
et al. (1996) study, there was a significant fall in FEV1 and airway resis-
tance immediately after exposure at 1.0 ppm in both healthy and asthmatic
subjects, but the fall among asthmatic subjects was greater.  Two of the
subjects with airway hyper-reactivity experienced undefined respiratory
symptoms following the exposure.  Those subjects were not specifically
identified as asthmatics.   The 2-ppm concentration tested by Anglen (1981)
reached nuisance levels by 4 h and was accompanied by transient changes
in pulmonary functions.  Joosting and Verberk (1974) did not find differ-
ences in pulmonary function after exposure at 2 ppm for 2 h; concentrations
at 4 ppm for 2 h were irritating, but pulmonary function measurements were
not made.  Subjective sensory irritation of the throat reached an average
level of �nuisance� (distinctly perceptible to offensive) at 4 ppm for 2 h;
irritation of the nose and the desire to cough averaged �distinctly percepti-
ble� (range, up to nuisance).  No sensory response was reported as unbear-
able during these exposures.  Although airflow resistance, the major pulmo-
nary effect found in the Rotman et al. (1983) study, was not measured by
Joosting and Verberk (1974), Anglen (1981) reported that the changes in
other pulmonary parameters at 2 ppm for 4 or 8 h were completely revers-
ible by the next day.

6.2.  Summary of Animal Data Relevant to AEGL-2

Alarie (1981), the author of the ASTM (1981) RD50 test, considered the
RD50 for male Swiss-Webster mice to be intolerable to humans but non-
lethal over a period of hours.  The RD50 of male Swiss-Webster mice was
9.3 ppm, as reported by Barrow et al. (1977).  Lesions were present in the
nasal passages, and some changes were present in the lower respiratory tract
of rats exposed at 9.1 ppm for 6 h (Jiang et al. 1983).  Mice �tolerated� that
concentration 6 h/d for 5 d without deaths (Buckley et al. 1984).  No gross
or microscopic lung changes occurred in rabbits following a 30-min expo-
sure at 50 ppm (Barrow and Smith 1975). 
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TABLE 1-7  AEGL-2 Values for Chlorine (ppm [mg/m3])

10 min 30 min 1 h 4 h 8 h

2.8 (8.1) 2.8 (8.1) 2.0 (5.8) 1.0 (2.9) 0.71 (2.0)

6.3.  Derivation of AEGL-2

Because human data are available, they should be used to calculate the
AEGL-2.  In the Rotman et al. (1983) study, the exposure of a susceptible
subject to chlorine at 1 ppm for 4 h did not produce respiratory symptoms,
but an exposure for more than 4 h resulted in serious asthma-like symptoms
and serious pulmonary function changes.  The pulmonary function changes
were reversible, and the ability to escape was not impaired, but an asthma-
like attack that occurred during the longer exposure must be considered a
serious health effect.  Therefore, the first 4-h exposure, which was without
symptoms, can be considered a NOAEL for the symptoms that define
AEGL-2.  In the D�Alessandro et al. study (1996), two subjects with airway
hyper-reactivity and three subjects with asthma also experienced significant
changes in several pulmonary function parameters following a 1-h exposure
at 1.0 ppm.  No respiratory symptoms were experienced during the expo-
sure, although undefined symptoms were experienced later.  Because indi-
viduals representative of the susceptible population were tested and their
reactions met the definition of the AEGL-2, no UF for differences in human
sensitivity was applied.  Time-scaling was applied to the AEGL-2 values
because the 1.0-ppm concentration meets the definition of nuisance irrita-
tion, as described by ten Berge and Vis van Heemst (1983), and evacuation
or sheltering should take place at the high short-term exposure concentra-
tions that might cause an asthma attack.  The 4-h 1-ppm concentration was
scaled to the other time periods using the C2 × t = k relationship, derived by
ten Berge and Vis van Heemst (1983).  The 10-min value was set equal to
the 30-min value so that the highest exposure of 4.0 ppm in the controlled
human studies was not exceeded.  Results are presented in Table 1-7
(above), and the calculations are presented in Appendix A.

The 1-y study in which exposure of Rhesus monkeys to a concentration
of Cl2 at 2.3 ppm resulted in mild histopathologic changes in the nasal pas-
sages and trachea (Klonne et al. 1987) supports the safety of this short-term
exposure for humans.  Regarding size, anatomy, and tissue distribution, the
respiratory tract of the monkey is an appropriate model for humans.



54                                                            ACUTE EXPOSURE GUIDELINE LEVELS

7.  DATA ANALYSIS FOR AEGL-3

7.1.  Summary of Human Data Relevant to AEGL-3

Although exposure concentrations as high as 30 ppm (actual exposure
concentration and duration not known) and 66 ppm for unspecified amounts
of time have been reported by Abhyankar et al. (1989) and Shroff et al.
(1988), respectively, measurement methods and/or exposure times were not
well-documented.  No deaths were reported at those exposures.  No reliable
data on concentrations that caused death in humans were located.

7.2.  Summary of Animal Data Relevant to AEGL-3 

The most recent available data for relevant exposure times show that 1-
h concentrations that resulted in no deaths range from 150 ppm in the
mouse (O�Neil 1991) to 322 ppm in the rat (Zwart and Woutersen 1988).
On the basis of the rat data, Zwart and Woutersen (1988) calculated an LC01
of 288 ppm.  Thirty-minute concentrations that resulted in no deaths were
547 ppm in the rat (Zwart and Woutersen 1988) and 200 ppm in the rabbit
(Barrow and Smith 1975).  The mouse data of Zwart and Woutersen (1988)
were insufficient for calculating an LC01.  In addition, lethality measure-
ments in many of the mouse studies were complicated by delayed deaths
(Bitron and Aharonson 1978; O�Neil 1991), which were attributed to pneu-
monia.  Mice might not be an appropriate model for extrapolation to hu-
mans, as stated by ten Berge et al. (1986) and the NRC (1991) for HCl.  The
NRC (1991) states that when considering lethal concentrations of respira-
tory irritants (such as HCl), the mouse �may not be an appropriate model
for extrapolation to humans,� because �mice appear to be much more sus-
ceptible to the lethal effects of HCl than other rodents or baboons.  To some
extent, this increased susceptibility may be due to less effective scrubbing
of HCl in the upper respiratory tract.�  

7.3.  Derivation of AEGL-3

Because the experimental data in mice appeared to provide an overly
conservative estimate of lethality that was not consistent with the overall
preponderance of the data, a value less than the concentration that resulted
in no deaths in rats but greater than the value that resulted in no deaths in
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mice was chosen as the basis for the AEGL-3 values.  The 200-ppm value
is below the 1-h highest nonlethal concentrations (213 ppm and 322 ppm)
and the LC01 (288 ppm) in two well-conducted studies with rats (MacEwen
and Vernot 1972; Zwart and Woutersen 1988) and above the 1-h highest
nonlethal concentration in mice, 150 ppm (O�Neil 1991).  The 200-ppm
concentration is an LC20 for the mouse.  A UF of 3 was used to extrapolate
from rats to humans (the data show that interspecies differences were within
a factor of approximately 2 for lethality).  In addition, chlorine is a contact-
site, direct-acting toxicant; there is no metabolic or pharmacokinetic compo-
nent to chlorine-induced effects, and there is likely to be little difference
between species in the response of biologic tissues to chlorine exposure.
Also, for intraspecies differences, corrosive gases acting at the point of
contact would predict low variability in a population; thus a UF of 3 is
applied to protect susceptible individuals.  The relative sensitivity of asth-
matic individuals when considering lethality is unknown, but the data from
the Rotman et al. (1983) and D�Alessandro et al. (1996) studies show that
doubling a no-effect concentration for irritation and bronchial constriction
resulted in potentially serious effects.  The data were divided by a combined
UF of 10 and were scaled to the 30-min and 4- and 8-h exposure durations
using the C2 × t = k relationship, which was based on a nuisance level of
human irritation (ten Berge and Vis van Heemst 1983).  Application of a
larger intraspecies UF, such as 10 (for a total of 30), would result in an 8-h
AEGL-3 value of 2.3 ppm.  It is unlikely that asthmatic subjects would
suffer life-threatening symptoms at 2.3 ppm.  The values appear in Table 1-
8 and the calculations are presented in Appendix A.

It should be noted that the 1-h AEGL-3 of 20 ppm is below the AEGL-3
derived from the 1-h rat LC01 (the threshold for lethality) of 28.8 ppm
(288/10).

8.  SUMMARY OF AEGLs

8.1.  AEGL Values and Toxicity End Points 

In summary, the AEGL values for various levels of effects and various
exposure periods were derived using the following methods.  The AEGL-1
was based on a study with human volunteers, including a susceptible indi-
vidual, in which a concentration of chlorine at 0.5 ppm for 4 h produced no
sensory irritation and resulted in only mild transient effects on pulmonary
parameters in the healthy individuals.  Pulmonary changes in the susceptible
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TABLE 1-8  AEGL-3 Values for Chlorine (ppm [mg/m3])
10 min 30 min 1 h 4 h 8 h

50 (145) 28 (81) 20 (58) 10 (29) 7.1 (21)
 

individual were greater than those in healthy subjects, but did not result in
symptoms above the definition of the AEGL-1.  Because both genders were
tested in one of the studies, a susceptible individual was observed in the
other study, and subjects were undergoing light exercise (making them
more vulnerable to sensory irritation), no UF to account for differences in
human sensitivity was applied.  The 0.5-ppm no-effect concentration for
susceptible individuals is supported by a 1-h 0.4-ppm no-effect concentra-
tion for individuals with airway hyper-reactivity or asthma.  The 0.5-ppm
exposure was considered a threshold for more severe effects, regardless of
exposure duration. 

The AEGL-2 values were based on the same studies used to derive the
AEGL-1s.  In those studies healthy human volunteers experienced transient
changes in pulmonary function measurements and a susceptible individual
experienced an asthma-like attack (shortness of breath and wheezing) fol-
lowing a more than 4-h exposure to chlorine at 1 ppm.  The susceptible
individual remained in the exposure chamber for the full 4 h before the
symptoms occurred.  Because both genders were tested, subjects were un-
dergoing light exercise (making them more vulnerable to sensory irritation),
and a susceptible individual was tested, no UF was applied to account for
differences in human sensitivity.  Similar effects and symptoms in individu-
als with airway hyper-reactivity or asthma exposed at 1.0 ppm for 1 h sup-
ports the application of no intraspecies UF for the 4-h concentration.  The
4-h 1-ppm concentration was scaled to the other time periods using the C2

× t = k relationship.
In the absence of human data, the AEGL-3 values were based on a

concentration lower than the highest value that resulted in no deaths for the
rat but equal to the LC20 for the mouse.  The data resulting from exposure
of mice to chlorine were either incomplete or complicated by delayed
deaths.  The 1-h concentration of 200 ppm was divided by a UF of 3 to
extrapolate from animals to humans (interspecies values for the same end
point differed by a factor of approximately 2 within each of several studies)
and by a UF of 3 to account for differences in human sensitivity (the toxic
effect is the result of a chemical reaction with biologic tissue of the respira-
tory tract, which is unlikely to differ among individuals).  The AEGL-3
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values for the other exposure times were calculated based on the C2 × t =
k relationship.

The three AEGL levels for the four exposure times are listed in Table
1-9.

8.2.  Extant Standards and Guidelines for Chlorine

Standards and guidance levels for workplace and community exposures
are listed in Table 1-10.  The 8-h AEGL-1 and the ACGIH TLV-TWA
values are the same, and, although not specifically stated, the TLV-TWA
is based on the absence of irritation during the 8-h exposure at 0.5 ppm in
the Anglen (1981) and Rotman et al. (1983) studies.  Those and another,
more recent study are also the basis for the AEGL-1 and AEGL-2 values.
The AEGL-1 is specifically protective of asthmatic subjects.

The NIOSH IDLH is based on acute inhalation toxicity data in humans,
Freitag (1941, as cited in NIOSH 1994a), and several secondary sources, such
as ILO (1998).  Exposure at 30 ppm is stated to cause intense coughing fits,
and exposure at 40-60 ppm for 30-60 min might cause serious damage (ILO
1998).  The IDLH is higher than the AEGL-2, but less than the AEGL-3.  The
AEGL-2 is lower because it is specifically protective of asthmatic patients.

The ERPG-1 is based on an 8-h human exposure at 1 ppm that pro-
duced slight transient pulmonary effects in healthy subjects (Anglen 1981;
Rotman et al. 1983).  The 1-h AEGL-1 is lower than the ERPG-1 because

TABLE 1-9  Summary and Relationship of AEGL Values

Classification
Exposure Duration
10 min 30 min 1 h 4 h 8 h

AEGL-1
(Nondisabling)

0.5 ppm
(1.5
mg/m3)

0.5 ppm
(1.5
mg/m3)

0.5 ppm
(1.5
mg/m3)

0.5 ppm
(1.5
mg/m3)

0.5 ppm
(1.5
mg/m3)

AEGL-2
(Disabling)

2.8 ppm
(8.1
mg/m3)

2.8 ppm
(8.1
mg/m3)

2.0 ppm
(5.8
mg/m3)

1.0 ppm
(2.9
mg/m3)

0.71 ppm
(2.0
mg/m3)

AEGL-3
(Lethal)

50 ppm
(145
mg/m3)

28 ppm
(81
mg/m3)

20 ppm
(58
mg/m3)

10 ppm
(29
mg/m3)

7.1 ppm
(21
mg/m3)

Abbreviations: mg/m3, milligrams per cubic meter; ppm, parts per million. 
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TABLE 1-10  Extant Standards and Guidelines for Chlorine (ppm)

Guideline

Exposure Duration

10 min 30 min 1 h 4 h 8 h

AEGL-1 0.5 0.5 0.5 0.5 0.5 

AEGL-2 2.8 2.8 2.0 1.0 0.71 

AEGL-3 50 28 20 10 7.1

ERPG-1 (AIHA)a 1

ERPG-2 (AIHA) 3 

ERPG-3 (AIHA) 20 

EEGL (NRC)b 3 

PEL-Ceiling
(OSHA)c

1

IDLH (NIOSH)d 10 

REL-Ceiling
(NIOSH)e

0.5 

TLV-TWA
(ACGIH)f

0.5 

TLV-STEL
(ACGIH)g

1.0 

MAK
(Germany)h

0.5 

MAK - Peak Limit
(Germany)i

1.0

MAC - Ceiling
(The Netherlands)j

1.0 

aERPG (emergency response planning guidelines) of the American Industrial Hy-
giene Association) (AIHA 2001).  ERPG-1 is the maximum airborne concentration
below which it is believed nearly all individuals could be exposed for up to 1 h
without experiencing symptoms other than mild, transient adverse health effects or
without perceiving a clearly defined objectionable odor.  The ERPG-1 for chlorine
is based on the transient effects on pulmonary function parameters observed during
exposure at 1.0 ppm in the studies of Anglen (1981) and Rotman et al. (1983).  The
ERPG-2 is the maximum airborne concentration below which it is believed nearly
all individuals could be exposed for up to 1 h without experiencing or developing
irreversible or other serious health effects or symptoms that could impair an individ-
ual�s ability to take protection action.  The ERPG-2 for chlorine is based on the
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human data and the subchronic and chronic animal studies. The ERPG-3 is the
maximum airborne concentration below which it is believed nearly all individuals
could be exposed for up to 1 h without experiencing or developing life-threatening
health effects. The ERPG-3 for chlorine is based on scientific judgment; the studies
of Schlagbauer and Henschler (1967, as cited in AIHA 1988) and Withers and Lees
(1985) are mentioned. 
bEEGL (emergency exposure guidance level) (NRC 1985). The EEGL is the con-
centration of a contaminant that can cause discomfort or other evidence of irritation
or intoxication in or around the workplace, but avoids death, other severe acute
effects, and long-term or chronic injury.  EEGLs were developed for healthy mili-
tary personnel.  The EEL (emergency exposure limit) for chlorine was set in 1966
and 1971 on the basis of nose and eye irritation.  After review of the Rotman et al.
(1983) data, the 8-h EEL was kept at 3 ppm, but the 24-h EEGL was lowered to 0.5
ppm.
cOSHA PEL�ceiling (permissible exposure limit�ceiling of the Occupational Safety
and Health Administration) (OSHA 1997).  The PEL�ceiling should not be ex-
ceeded at any dime during a work day (instantaneous monitoring or 15-min TWA).
dIDLH (immediately dangerous to life and health standard of the National Institute
of Occupational Safety and Health) (NIOSH 1994).  The IDLH represents the
maximum concentration from which one could escape within 30 min without any
escape-impairing symptoms or irreversible health effects.  The IDLH for chlorine
is based on acute inhalation toxicity data in humans, specifically Freitag (1941, as
cited in NIOSH 1994a) and several secondary sources.
eNIOSH REL-ceiling (recommended exposure limits�ceiling) (NIOSH 1997). The
REL-ceiling should not be exceeded at any time during a work day.
fACGIH TLV�TWA (Threshold Limit Value�time-weighted average of the Ameri-
can Conference of Governmental Industrial Hygienists) (ACGIH 2000).  The time-
weighted average concentration for an 8-h work day and a 40-h work week to
which nearly all workers may be repeatedly exposed, day after day, without adverse
effects.  The TWA is based on the absence of pulmonary effects at a concentration
of chlorine at 0.5 ppm (from Rotman et al. 1983).
gACGIH TLV�STEL (Threshold Limit Value�short-term exposure limit) (ACGIH
2001).  A 15-min TWA exposure that should not be exceeded at any time during
the work day even if the 8-h TWA is within the TLV� TWA.  Exposures above the
TLV�TWA up to the STEL should not be longer than 15 min and should not occur
more than 4 times per day.  There should be at least 60 min between successive
exposures in this range.  The STEL is based on significant changes in pulmonary
function parameters during exposure at 1.0 ppm observed in the Rotman et al.
(1983) study.
hMAK (Maximale Argeitsplatzkonzentration [Maximum Workplace Concentra-
tion]) (Deutsche Forschungsgemeinschaft [German Research Association] 2000).
The MAK is defined analogous to the ACGIH TLV�TWA.
iMAK Spitzenbegrenzung (peak limit) (German Research Association 2001). The
peak limit constitutes the maximum average concentration to which workers can be
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exposed for a period up to 30 min with no more than two exposure periods per work
shift; total exposure may not exceed the 8-h MAK.
jMAC (Maximaal Aanvaaarde Concentratie [Maximal Accepted Concentration])
(SDU Uitgevers [under the auspices of the Ministry of Social Affairs and Employ-
ment], The Hague, The Netherlands 2000).  The MAC is defined analogous to the
ACGIH TLV�TWA.

it is specifically protective of the asthmatic population.  The ERPG-2 is
based on human data and subchronic and chronic animal data (un-
referenced) and is only slightly higher than the 1-h AEGL-2.  The ERPG-3
is based on a preponderance of the animal data (unreferenced) and is the
same as the 1-h AEGL-3.

8.3.  Data Adequacy and Research Needs

The human database is extensive (Joosting and Verberk 1974; Anglen
1981; Rotman et al.1983; D�Alessandro et al. 1996; Shusterman et al. 1998)
and addresses the healthy population as well as asthmatic and atopic indi-
viduals.  Both genders were tested during exercise in the Anglen (1981)
study, and both sensory irritation and pulmonary function parameters were
measured.  Rotman et al. (1983) measured a range of pulmonary function
parameters and included a susceptible individual.  D�Alessandro et al.
(1996) tested subjects with airway hyper-reactivity or asthma.  In addition,
in the study by Anglen (1981), exposure concentrations were measured by
several different methods, all of which gave similar results.  Exposure con-
centrations were similarly measured in the Rotman et al. (1983) study.
Animal studies involved single and multiple species acute tests with multi-
ple dosing regimens and indicated a clear dose-response relationship.
Longer-term animal studies that can be used to support the safety of acute
exposures were also available.  At the higher concentrations, tissue and
organ pathology indicated the same toxic mechanism across species.

The mammalian lethality database is extensive and includes four spe-
cies and exposure times of 5 min to 16 h, as well as chronic studies.  How-
ever, some of the studies were judged to suffer from methodology and
concentration-analysis shortcomings.  The mouse appeared to be more
sensitive to chlorine than the rat, and in several studies, lethality may have
been due to bronchopneumonia, a treatable effect in humans.  When devel-
oping emergency exposure guidance levels (EEGLs) for hydrogen chloride,
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also an irritant chemical, the NRC did not consider the mouse an appropri-
ate model for extrapolations to humans.  Therefore, basing the AEGL-3
levels on a concentration higher than the highest nonlethal level in mice but
lower than the highest nonlethal concentration in rats is considered appro-
priate.
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APPENDIX A

Derivation of Chlorine AEGLs

Derivation of AEGL-1

Key studies: Rotman et al. 1983; D�Alessandro et al. 1996; 
Shusterman et al. 1998

Toxicity 
end point: Transient pulmonary function changes in atopic 

individual exposed at 0.5 ppm for an interrupted 8 h;
non-significant changes in pulmonary peak air flow
in eight atopic individuals exposed at 0.5 ppm for 15
min; no statistically significant pulmonary parameter
changes in asthmatic subjects exposed at 0.4 ppm for
1 h

Time-scaling: No time scaling; because there is adaptation to the
slight irritation that defines the AEGL-1 end point,
the same value (0.5 ppm) was used across all time
points

Uncertainty 
factors: 1, because susceptible individuals were tested and

one of the susceptible individuals was exercising,
making him more susceptible to sensory irritation
(no-effect level in healthy exercising individuals of
both genders)

Calculations: Because the 0.5 ppm concentration was indicative of
a NOAEL for more serious pulmonary changes, the
0.5 ppm concentration was used for all exposure
durations.  The susceptible individual underwent an
interrupted 8-h exposure at 0.5 ppm without
increased symptoms, so that concentration was also
used for the 8-h AEGL-1 
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Derivation of AEGL-2

Key studies: Rotman et al. 1983; D�Alessandro et al. 1996

Toxicity 
end point: No-effect concentration for serious health effect 

(asthma-like attack) in a sensitive, exercising
individual exposed at 1 ppm for 4 h and in
individuals with airway hyper-reactivity (including 3
asthmatic individuals) exposed at 1 ppm for 1 h

Time-scaling: C2 × t = k (ten Berge and Vis van Heemst 1983)
(1 ppm)2 × 240 min = 240 ppm2Amin

Uncertainty 
factors: 1.  The value was based on effects consistent with

the AEGL-2 definition in a susceptible, exercising
individual and in asthmatics subjects

30-min AEGL-2: C2 × 30 min = 240 ppm2Amin
C = 2.8 ppm

1-h AEGL-2: C2 × 60 minutes = 240 ppm2Amin
C = 2 ppm

4-h AEGL-2: 1 ppm for 4 h; basis for derivation of other exposure 
durations

8-h AEGL-2: C2 × 480 min = 240 ppm2Amin
C = 0.71 ppm

The 10-min AEGL-2 was set equal to the 30-min AEGL-2 so that the
highest human test concentration of 4.0 ppm was not exceeded.

Derivation of AEGL-3

Key studies: Zwart and Woutersen 1988; MacEwen and Vernot 
1972
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Toxicity 
end point: 1-h lethality value; an end point below the highest

concentration resulting in no deaths in the rat and
above the highest concentration resulting in no
deaths in the mouse was chosen because the mouse
was shown to be more sensitive than other mammals
to irritant gases, including chlorine, and does not
provide an appropriate basis for quantitatively
predicting mortality in humans

Time-scaling: C2 × t = k (ten Berge and Vis van Heemst 1983)
(200 ppm/10)2 × 60 min = 24,000 ppm2Amin

Uncertainty 
factors: Combined uncertainty factor of 10

3 for interspecies variability (interspecies values for 
the same end point differed by a factor of 
approximately 2 in several studies)

3 for differences in human sensitivity (the toxic
effect is the result of a chemical reaction with
biologic tissue of the respiratory tract, which is
unlikely to differ among individuals)

10-min AEGL-3: C2 × 10 min = 24,000 ppm2Amin
C = 50 ppm

30-min AEGL-3: C2 × 30 min = 24,000 ppm2Amin
C = 28.3 ppm

1-h AEGL-3: 200 ppm/10 = 20 ppm

4-h AEGL-3: C2 × 240 min = 24,000 ppm2Amin
C = 10 ppm

8-h AEGL-3: C2 × 480 min = 24,000 ppm2Amin
C = 7.1 ppm
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APPENDIX B

ACUTE EXPOSURE GUIDELINE LEVELS FOR
CHLORINE (CAS No. 7782-50-5)

DERIVATION SUMMARY

AEGL-1
10 min 30 min 1 h 4 h 8 h
0.5 ppm 0.5 ppm 0.5 ppm 0.50 ppm 0.50 ppm

Key references: (1) Rotman, H.H., M.J. Fliegelman, T. Moore, R.G. Smith, 
D.M. Anglen, C.J. Kowalski, and J.G. Weg.  1983.  Effects
of low concentrations of chlorine on pulmonary function in 
humans.  J. Appl. Physiol. 54:1120-1124.
(2) Shusterman, D.J., M.A. Murphy, and J.R. Balmes.  
1998.  Subjects with seasonal allergic rhinitis and 
nonrhinitic subjects react differentially to nasal provocation
with chlorine gas.  J. Allergy Clin. Immunol. 101:732-740.
(3) D�Alessandro, A., W. Kuschner, H. Wong, H.A. 
Boushey, and P.D. Blanc. 1996.  Exaggerated responses to 
chlorine inhalation among persons with nonspecific airway 
hyperreactivity.  Chest 109:331-337. 

Test species/strain/number: Eight male subjects, one atopic subject (Rotman
et al. 1983); eight atopic subjects and eight nonatopic subjects (Shusterman et
al. 1998); five asthmatic subjects and five nonasthmatic subjects
(D�Alessandro et al. 1996).
Exposure route/concentrations/durations:  
Inhalation; 0.0, 0.5, 1.0 ppm for 8 h; break at 4 h for an unreported period of
time to undergo pulmonary function tests followed by chamber reentry;
subjects exercised for 15 min of every hour during exposures; sham
exposures were included (Rotman et al. 1983)
Inhalation; 0.0 ppm or 0.5 ppm for 15 min (Shusterman et al. 1998)
Inhalation; 0.4 ppm or 1.0 ppm for 1 h (D�Alessandro et al. 1996)
Effects:  
0.5 ppm for 4 h�no effects in eight of nine subjects; transient changes in
pulmonary functions in one of nine subjects.
1.0 ppm for 4 h�some irritation, transient changes in pulmonary functions in
nine subjects including an atopic individual; asthma-like episode in one of
nine subjects when exposure duration extended to more than 4 h (Rotman et
al. 1983).
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AEGL-1 Continued
0.5 ppm for 15 min�nasal congestion; nonsignificant changes in pulmonary
peak flow (Shusterman et al. 1998). 0.4 ppm for 1 h�no statistically
significant pulmonary function effect in asthmatic individuals (D�Alessandro
et al. 1996).
End point/concentration/rationale:  0.5 ppm forr 4 h resulted in no effects in
healthy human subjects and transient changes in pulmonary functions for a
susceptible individual who had obstructive airways disease prior to the
exposure. The 0.5-ppm concentration was chosen as the basis for the AEGL-
1 because the next highest concentration produced effects consistent with an
AEGL-2 (coughing, wheezing, and a considerable increase in airways
resistance) in a susceptible individual.  Supported by studies of Shusterman et
al. (1998) and D�Alessandro et al. (1996).
Uncertainty factors/rationale:  
Total uncertainty factor: 1
Interspecies: Not applicable; human subjects tested.

Intraspecies:1. An atopic individual who had obstructive airways 
disease prior to the exposure and was considered characteristic 
of the �susceptible� population was tested.  This individual was 
did not exhibit adverse effects.  The choice of an intraspecies 
uncertainty factor of 1 is supported by another study in which a 
concentration of 0.4 ppm for 1 h was a no-effect concentration for 
changes in pulmonary function parameters in individuals with 
airway hyper-reactivity/asthma and by a study in asthmatic subjects 
exposed at 0.4 ppm

Modifying factor:  Not applicable
Animal to human dosimetric adjustment:  Not applicable; human data used
Time-scaling:  Not applied; because 0.5 ppm appeared to be the threshold for
more severe changes in pulmonary parameters in the atopic individual
regardless of exposure duration, the 0.5 ppm was used for all AEGL-1
exposure durations. 
Data adequacy: The Angelen (1981) study was well conducted and
documented and reinforces a study conducted earlier at the same facilities in
which 31 male and female subjects were tested for sensory irritation. The
Rotman et al. (1983) study went into greater detail than the earlier study,
measuring 15 pulmonary function parameters before, during, and after
exposures. Subjects were exercising during exposures and this study included
a susceptible individual.  The choice of intraspecies uncertainty factor was
supported by a study of shorter duration with asthmatics.
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AEGL-2
10 min 30 min 1 h 4 h 8 h
2.8 ppm 2.8 ppm 2.0 ppm 1.0 ppm 0.71 ppm

Key references: (1) Rotman, H.H., M.J. Fliegelman, T. Moore, R.G. 
Smith, D.M. Anglen, C.J. Kowalski, and J.G. Weg.  1983.  
Effects of low concentrations of chlorine on pulmonary 
function in humans.  J. Appl. Physiol. 54:1120-1124.
(2) D�Alessandro, A., W. Kuschner, H. Wong, H.A. 
Boushey, and P.D. Blanc.  1996.  Exaggerated responses to 
chlorine inhalation among persons with nonspecific airway 
hyperreactivity.  Chest 109:331-337.

Test species/strain/gender/number:  Nine human male subjects, including
atopic individual (Rotman et al. 1983); 10 human subjects of which five had
airway reactivity/asthma (D�Alessandro et al. 1996)
Exposure route/concentration/duration:  
Inhalation; 0.0, 0.5, 1.0 ppm for 8 h; break at 4 h for an unreported time
period to undergo pulmonary function tests followed by chamber reentry;
subjects exercised for 15 min of every hour during exposures; sham
exposures were included (Rotman et al. 1983)
Inhalation; 0.4 or 1.0 ppm for 1 h (D�Alessandro et al. 1996) 
Effects:
0.5 ppm for 4 h�no effects in eight healthy subjects; transient changes in
pulmonary functions in one of nine subjects.
1.0 ppm for 4 h�some irritation, transient changes in pulmonary functions
nine subjects including an atopic individual; asthma-like episode in one of
nine subjects when exposure duration extended beyond 4 h.
1.0 ppm for 1 h�increased airway resistance in asthmatic individuals
(D�Alessandro et al. 1996).
End point/concentration/rationale: 1 ppm for 4 h was a no-effect exposure for
serious health symptoms in an atopic exercising individual, and 1 ppm for 1 h
was a symptomless effect on airway resistance in asthmatic individuals. 
However, the increase in airways resistance was considered the NOAEL for
an AEGL-2 effect.
Uncertainty factors/rationale:  
  Total uncertainty factor: 1

Interspecies:  Not applicable; human subjects tested.
Intraspecies: 1.  A susceptible exercising individual who had 
obstructive airways disease prior to the exposure and was considered 
characteristic of the �susceptible� population was tested.  The 
application of an intraspecies uncertainty factor of 1 is supported by 
another study in which individuals with airway hyperreactivity/asthma 
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AEGL-2 Continued
showed similar pulmonary function changes and some clinical 
symptoms but no asthma-like attack following exposure at 1.0 ppm 
for 1 h. 

Modifying factor:  Not applicable
Animal to human dosimetric adjustment: Not applicable; human data used
Time-scaling:  Cn × t = k where n = 2.  This value describes the
concentration-exposure duration relationship for the end point of nuisance
irritation (ten Berge and Vis van Heemst 1983, IChemE Symposium Series
No. 80:17-21). 
Data adequacy:  The Angelen (1981) study was well conducted and
documented and reinforces a study conducted earlier at the same facilities in
which 31 male and female subjects were tested for sensory irritation. The
Rotman et al. (1983) study went into greater detail than the earlier study,
measuring 15 pulmonary function parameters before, during, and after
exposures. Subjects were exercising during exposures, and a susceptible
individual was included.  The choice of intraspecies uncertainty factor was
supported by a study of shorter duration with asthmatic subjects
(D�Alessandro et al. 1996).
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AEGL-3
10 min 30 min 1 h 4 h 8 h
50 ppm 28 ppm 20 ppm 10 ppm 7.1 ppm

Key references: (1) MacEwen, J.D. and E.H. Vernot.  1972, Toxic Hazards 
Research Unit Annual Technical Report.  1972.  Wright-
Patterson Air Force Base, Dayton, OH; 
(2) Zwart, A. and Woutersen.  1988.  Acute inhalation 
toxicity of chlorine in rats and mice: time-concentration 
mortality relationships and effects on respiration.  J. 
Hazard. Mater. 19:195-208;
(3) O�Neil, C.E.  1991.  Immune responsiveness in chlorine 
exposed mice.  PB92-124478, Prepared for NIOSH, 
Cincinnati, OH.

Test species/strain/gender/number: (1) Sprague-Dawley rats, 10/exposure
group; (2) Wistar-derived rats, 10/exposure group; (3) BALB/c mice,
10/exposure group
Exposure route/concentrations/durations:  Inhalation;  (1) 213-427 ppm for 1
h, (2) 322-595 ppm for 1 h, (3) 50-250 ppm for 1 h
Effects:  (1) no deaths at 213 ppm for 1 h (Sprague-Dawley rat); (2) no
deaths at 322 ppm for 1 h (Wistar-derived rat); (3) no deaths at 150 ppm for 1
h (BALB/c mouse)
End point/concentration/rationale: 200 ppm for 1 h (the estimated mean of
highest experimental nonlethal values for the rat and mouse) was chosen as
the basis for the 1-h AEGL-3.  Mice appeared to be unusually sensitive to
chlorine, and in some studies, delayed deaths were attributed to
bronchopneumonia rather than direct effects of chlorine.
Uncertainty factors/rationale:  
Total uncertainty factor: 10

Interspecies:  3.  The mouse and rat LC50 values did not differ by more 
than a factor of 2 to 3, and the mouse was consistently more sensitive.  In
some mouse studies delayed deaths were attributed to bronchopneumonia
rather than direct effects of chlorine exposure.
Intraspecies:  3.  Chlorine is a highly reactive, irritating, and corrosive 
gas whose effect on respiratory tissues is not expected to differ greatly 
among individuals.

Modifying factor:  Not applicable
Animal to human dosimetric adjustment: Not applied
Time-scaling:  Cn × t = k where n = 2.  This value describes the
concentration-exposure duration relationship for the end point of nuisance
irritation (ten Berge and Vis van Heemst 1983, IChemE Symposium Series 
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AEGL-3 Continued
No. 80:17-21).  The irritation mechanism of action leads to pulmonary edema
and potential lethality.  An n of 2 is also relevant to animal lethality studies.
Data adequacy: The database for chlorine is extensive with multiple studies of
lethality conducted at several exposure durations and involving several
species. Studies with multiple dosing regimens showed a clear dose-response
relationship. Longer-term studies that support the safety of the values were
also available. Tissue and organ pathology indicated that the toxic mechanism
was the same across species.




