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Preface

Extremely hazardous substances (EHSs)? can be released accidentally as a
result of chemical spills, industrial explosions, fires, or accidents involving rail-
road cars and trucks transporting EHSs. Workers and residents in communities
surrounding industrial facilities where EHSs are manufactured, used, or stored
and in communities along the nation’s railways and highways are potentially at
risk of being exposed to airborne EHSs during accidental releases or intentional
releases by terrorists. Pursuant to the Superfund Amendments and Reauthoriza-
tion Act of 1986, the U.S. Environmental Protection Agency (EPA) has identi-
fied 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 Hazard-
ous Substances in 1993.

Using the 1993 NRC guidelines report, the National Advisory Committee
(NAC) on Acute Exposure Guideline Levels for Hazardous Substances—
consisting of members from EPA, the Department of Defense (DOD), the De-
partment of Energy (DOE), the Department of Transportation, other federal and
state governments, the chemical industry, academia, and other organizations
from the private sector—has developed acute exposure guideline levels
(AEGLs) for approximately 200 EHSs.

In 1998, EPA and DOD requested that the NRC independently review the
AEGLs developed by NAC. In response to that request, the NRC organized
within its Committee on Toxicology the Committee on Acute Exposure Guide-
line Levels, which prepared this report. This report is the sixth volume in the

?As defined pursuant to the Superfund Amendments and Reauthorization Act of 1986.

Xi
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xii Preface

series Acute Exposure Guideline Levels for Selected Airborne Chemicals. 1t re-
views the AEGLs for allylamine, ammonia, aniline, arsine, crotonaldehyde,
trans and cis + trans, 1, 1-dimethylhydrazine, 1, 2-dimethylhydrazine, iron pen-
tacarbonyl, methyl hydrazine, nickel carbonyl, phosphine, and 8 metal
phosphides for scientific accuracy, completeness, and consistency with the NRC
guideline reports.

This report was reviewed in draft by individuals selected for their diverse
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 insti-
tutional standards for objectivity, evidence, and responsiveness to the study
charge. The review comments and draft manuscript remain confidential to pro-
tect the integrity of the deliberative process. We wish to thank the following
individuals for their review of this report: Deepak K. Bhalla, Wayne State Uni-
versity; David W. Gaylor, Gaylor and Associates, LLC; and Samuel Kacew,
University of Ottawa.

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 Robert Goyer, University of Western
Ontario (Emeritus). Appointed by the National Research Council, he was re-
sponsible for making certain that an independent examination of this report was
carried out in accordance with institutional procedures and that all review com-
ments were carefully considered. Responsibility for the final content of this re-
port rests entirely with the authoring committee and the institution.

After the review of the draft was completed, the committee evaluated
AEGLs that were developed for 8 metal phosphides. Because the acute toxicity
of metal phosphides results from the phosphine generated from hydrolysis of the
metal phosphides, their AEGL values are likewise based upon phosphine
AEGLs. Therefore Chapter 10 of this report was expanded to present AEGL
values for phosphine and the metal phosphides. We wish to thank Ian Greaves,
University of Minnesota, and Wallace Hayes, Harvard School of Public Health,
for their review of this revised chapter. The review was overseen by Samuel
Kacew.

The committee gratefully acknowledges the valuable assistance provided
by the following persons: Ernest Falke, Marquea D. King, Iris A. Camacho, and
Paul Tobin (all from EPA); George Rusch (Honeywell, Inc.); Cheryl Bast, Syl-
via Talmage, Robert Young, and Sylvia Milanez (all from Oak Ridge National
Laboratory). We are grateful to James J. Reisa, director of the Board on Envi-
ronmental Studies and Toxicology (BEST), for his helpful comments. Other
staff members who contributed to this effort are Raymond Wassel (senior pro-
gram officer), Aida Neel (program associate), Ruth Crossgrove (senior editor),
Radiah Rose (senior editorial assistant), and Mirsada Karalic-Loncarevic (man-
ager, Technical Information Center). The committee particularly acknowledges

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 6
http://lwww.nap.edu/catalog/12018.html

Preface Xiii

Kulbir Bakshi, project director for the committee, for bringing the report to
completion. Finally, we would like to thank all members of the committee for
their expertise and dedicated effort throughout the development of this report.

Donald E. Gardner, Chair
Committee on Acute Exposure
Guideline Levels

William E. Halperin, Chair
Committee on Toxicology
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Introduction

This report is the sixth 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, or what steps to take an
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 U.S. Department of Transpor-
tation, assist local emergency planning committees (LEPCs) by providing guid-
ance for conducting health hazard assessments for the development of emer-
gency 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 hazard-
ous waste sites or in the environment present a public health concern.

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 val-
ues, developed by the National Institute for Occupational Safety and Health in
experimental animals. Although several public and private groups, such as the
Occupational Safety and Health Administration and the American Conference of
Governmental Industrial Hygienists, 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 hour (h), and

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 6

http://lwww.nap.edu/catalog/12018.html

4 Acute Exposure Guideline Levels

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 space-
craft maximum allowable concentrations for chemicals used by the U.S. De-
partment of Defense (DOD) and the National Aeronautics and Space Admini-
stration (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 recommending emergency exposure
levels for short-term exposures, in 1991 EPA and ATSDR requested that COT
develop criteria and methods for developing emergency exposure levels for
EHSs for the general population. In response to that request, the NRC assigned
this project to the COT Subcommittee on Guidelines for Developing Commu-
nity Emergency Exposure Levels for Hazardous Substances. The report of that
subcommittee, Guidelines for Developing Community Emergency Exposure
Levels for Hazardous 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 present
the results.

In November1995 the National Advisory Committee (NAC)' for Acute
Exposure Guideline Levels for Hazardous Substances was established to iden-
tify, 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 exposure levels—community
emergency exposure levels (CEELs)—was replaced by the term AEGLs to re-
flect the broad application of these values to planning, response, and prevention
in the community, the workplace, transportation, the military, and the remedia-
tion 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 ap-
plicable to emergency exposures ranging from 10 minutes (min) to 8 h. Three
levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five expo-
sure 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 defined as follows:

AEGL-1 is the airborne concentration (expressed as parts per million
[ppm] or milligrams per cubic meter [mg/m’]) of a substance above which it is
predicted that the general population, including susceptible individuals, could
experience notable discomfort, irritation, or certain asymptomatic nonsensory

'NAC is composed of members from EPA, DOD, many other federal and state agen-
cies, industry, academia, and other organizations. The NAC roster is shown on page 9.
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effects. However, the effects are not disabling and are transient and reversible
upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible 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/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible 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 nondisabling odor,
taste, and sensory irritation or certain asymptomatic nonsensory adverse effects.
With increasing airborne concentrations above each AEGL, there is a progres-
sive increase in the likelihood of occurrence and the severity of effects described
for each corresponding AEGL. Although the AEGL values represent threshold
levels for the general public, including susceptible subpopulations, such as in-
fants, 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 correspond-
ing AEGL.

SUMMARY OF REPORT ON GUIDELINES
FOR DEVELOPING AEGLS

As described in Guidelines for Developing Community Emergency Expo-
sure Levels for Hazardous Substances (NRC 1993) and the NRC guidelines re-
port, Standing Operating Procedures for Developing Acute Exposure Guideline
Levels for Hazardous Chemicals (NRC 2001a), the first step in establishing
AEGLs for a chemical is to collect and review all relevant published and unpub-
lished information. Various types of evidence are assessed in establishing AEGL
values for a chemical. These include information from (1) chemical-physical
characterizations, (2) structure-activity relationships, (3) in vitro toxicity studies,
(4) animal toxicity studies, (5) controlled human studies, (6) observations of
humans involved 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 in vivo and in vitro studies. Toxicity data from inhala-
tion exposures are most useful for setting AEGLs for airborne chemicals be-
cause inhalation is the most likely route of exposure and because extrapolation
of data from other routes would lead to additional uncertainty in the AEGL es-
timate.

For most chemicals, actual human toxicity data are not available or critical
information on exposure is lacking, so toxicity data from studies conducted in
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laboratory animals are extrapolated to estimate the potential toxicity in humans.
Such extrapolation requires experienced scientific judgment. The toxicity data
for 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, data from the most sensi-
tive animal species are used. Uncertainty factors are commonly used when ani-
mal 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 consid-
ered for interspecies extrapolation.

For substances that affect several organ systems or exert multiple effects,
all endpoints (including reproductive (in both genders), developmental, neuro-
toxic, respiratory, and other organ-related effects are evaluated, the most impor-
tant 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 x 10™*), 1 in 100,000 (1 x 10~°), and 1 in
1,000,000 (1 x 10™°) exposed persons are estimated.

REVIEW OF AEGL REPORTS

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

The AEGL draft reports are initially prepared by ad hoc AEGL develop-
ment teams consisting of a chemical manager, two chemical reviewers, and a
staff scientist of the NAC contractor—OQOak Ridge National Laboratory. The
draft documents are then reviewed by NAC and elevated from “draft” to “pro-
posed” status. After the AEGL documents are approved by NAC, they are pub-
lished in the Federal Register for public comment. The reports are then revised
by NAC in response to the public comments, elevated from “proposed” to “in-
terim” status, and sent to the NRC Committee on Acute Exposure Guideline
Levels for final evaluation.

The NRC committee’s review of the AEGL reports prepared by NAC and
its contractors involves oral and written presentations to the committee by the
authors of the reports. The NRC committee provides advice and recommenda-
tions for revisions to ensure scientific validity and consistency with the NRC
guideline reports (NRC 1993, 2001a). The revised reports are presented at sub-
sequent meetings until the subcommittee is satisfied with the reviews.
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Because of the enormous amount of data presented in AEGL reports, the
NRC committee cannot verify all of the data used by NAC. The NRC committee
relies on NAC for the accuracy and completeness of the toxicity data cited in the
AEGL reports.

Thus far, the committee has prepared five reports in the series Acute Ex-
posure Guideline Levels for Selected Airborne Chemicals (NRC 2001b, 2002,
2003, 2004, 2007). This report is the sixth volume in that series. AEGL docu-
ments for allylamine, ammonia, aniline, arsine, crotonaldehyde, cis/trans-, cro-
tonaldehyde, trans-iso, 1, 1-dimethylhydrazine, iron pentacarbonyl, methyl hy-
drazine, nickel carbonyl, phosphine, and 8 metal phosphides are each published
as an appendix to this report. The committee concludes that the AEGLs devel-
oped in these appendixes 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.
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Ammonia

Acute Exposure Guideline Levels

PREFACE

Under the authority of the Federal Advisory Committee Act (P.L. 92-463)
of 1972, the National Advisory Committee for Acute Exposure Guideline Levels
for Hazardous Substances has been established to identify, review, and interpret
relevant toxicological and other scientific data and develop acute exposure
guideline levels (AEGLs) for high-priority, acutely toxic chemicals.

AEGLs represent threshold exposure limits for the general public and are
applicable to emergency exposure periods ranging from 10 minutes (min) to 8
hours (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 distin-
guished by varying degrees of severity of toxic effects. The three AEGLs are
defined as follows:

AEGL-1 is the airborne concentration (expressed as parts per million
[ppm] or milligrams per cubic meter [mg/m’]) of a substance above which it is
predicted that the general population, including susceptible individuals, could

"This document was prepared by the AEGL Development Team composed of
Kowetha Davidson (Oak Ridge National Laboratory) and Susan Ripple (Chemical Man-
ager and National Advisory Committee [NAC] on Acute Exposure Guideline Levels for
Hazardous Substances member). The NAC reviewed and revised the document and
AEGLs as deemed necessary. Both the document and the AEGL values were then re-
viewed by the National Research Council (NRC) Committee on Acute Exposure Guide-
line Levels. The NRC committee has concluded that the AEGLs developed in this docu-
ment are scientifically valid conclusions based on the data reviewed by the NRC and are
consistent with the NRC guideline reports (NRC 1993, 2001).

58
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experience notable discomfort, irritation, or certain asymptomatic nonsensory
effects. However, the effects are not disabling and are transient and reversible
upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible 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/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening health effects or death.

Airborne concentrations below the AEGL-1 represent exposure levels that
can produce mild and progressively increasing but transient and nondisabling
odor, taste, and sensory irritation or certain asymptomatic nonsensory effects.
With increasing airborne concentrations above each AEGL, there is a progres-
sive increase in the likelihood of occurrence and the severity of effects described
for each corresponding AEGL. Although the AEGL values represent threshold
levels for the general public, including susceptible subpopulations, such as in-
fants, 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 correspond-
ing AEGL.

SUMMARY

Ammonia is a colorless, corrosive, alkaline gas that has a very pungent
odor. The odor detection level ranges from 5 to 53 ppm. Ammonia is used as a
compressed gas and in aqueous solutions. It is also used in household cleaning
products, in fertilizers, and as a refrigerant. Exposure to ammonia occurs as a
result of accidents during highway and railway transportation, accidental re-
leases at manufacturing facilities, and farming accidents.

Ammonia is very soluble in water. Because of its exothermic properties,
ammonia forms ammonium hydroxide and produces heat when it contacts moist
surfaces, such as mucous membranes. The corrosive and exothermic properties
of ammonia can result in immediate damage (severe irritation and burns) to the
eyes, skin, and mucous membranes of the oral cavity and respiratory tract. In
addition, ammonia is effectively scrubbed in the nasopharyngeal region of the
respiratory tract because of its high solubility in water.

The database for ammonia consisted primarily of case reports, human
studies, and experimental studies on lethality and irritation in animals. The case
reports were of limited use for quantitative evaluation, but the human and ani-
mal studies contained quantitative data useful for deriving AEGL values.

No reliable quantitative exposure data were available for humans dying as
a result of accidental exposure to ammonia. One case report noted the death of
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an individual exposed to a high unknown concentration of ammonia. Other case
reports also contained no exposure estimates but showed that high concentra-
tions of ammonia caused severe damage to the respiratory tract, particularly in
the tracheobronchial and pulmonary regions. Death was most likely to occur
when damage caused pulmonary edema. Nonlethal, irreversible, or long-term
effects occurred when damage progressed to the tracheobronchial region, mani-
fested by reduced performance on pulmonary function tests, bronchitis, bron-
chiolitis, emphysema, and bronchiectasis. Nondisabling reversible effects were
manifested by irritation to the eyes, throat, and nasopharyngeal region of the
respiratory tract. The odor of ammonia can be detected by humans at concentra-
tions >5 ppm; the odor is highly penetrating at 50 ppm (10 min). Human volun-
teers exposed to ammonia showed slight irritation at 30 ppm (10 min); moderate
irritation to the eyes, nose, throat, and chest at 50 ppm (10 min to 2 h); moderate
to highly intense irritation at 80 ppm (30 min to 2 h); highly intense irritation at
110 ppm (30 min to 2 h); unbearable irritation at 140 ppm (30 min to 2 h), and
excessive lacrimation and irritation at 500 ppm. Reflex glottis closure, a protec-
tive response to inhaling irritant vapors, occurred at 570 ppm for 21- to 30-year-
old subjects, 1,000 ppm for 60-year-old subjects, and 1,790 ppm for 86- to 90-
year-old subjects.

Acute lethality studies in animals showed that the lethal concentration in
50% (LCsp) of the rats ranged from 40,300 ppm for a 10-min exposure to 7,338
and 16,600 ppm for 60-min exposures. For the mouse, LCs, values were 21,430
ppm for a 30-min exposure (almost all animals died in less than 13 min), 10,096
ppm for a 10-min exposure, and 4,230 and 4,837 ppm for 60-min exposures.
Comparative data for the same exposure duration show that mice were more
sensitive than rats to the acute exposure to ammonia (10-min LCs, values for
mice and rats are 10,096 and 40,300 ppm, respectively). The lowest lethal con-
centration was 1,000 ppm for a cat exposed via an endotracheal tube, which
probably exacerbated the effects in the tracheobronchial region (bronchopneu-
monia, bronchitis, bronchiolitis, and emphysema) by bypassing the scrubbing
action of the nasopharyngeal region. Rats exposed by inhalation to lethal con-
centrations of ammonia showed signs of dyspnea, irritation to the eyes and nose,
and hemorrhage in the lungs. Mice exposed to lethal concentrations of ammonia
showed signs of irritation to the eyes and nose, along with tremors, ataxia, con-
vulsions, seizures, and pathological lesions in the alveoli. Effects at nonlethal
concentrations in mice and rats consisted of mild effects on the respiratory epi-
thelium of the nasal cavity (mice and rats), reduction in the respiratory rate
(mice), and evidence of eye irritation (rat). The RDs, (concentration causing a
50% reduction in respiratory rate) for the mouse was 300 ppm for a 30-min ex-
posure.

The AEGL-1 value was based on a study in which 2/6 human subjects ex-
perienced faint irritation after exposure to ammonia at 30 ppm for 10 min
(MacEwen et al. 1970). An interspecies uncertainty factor is not applied because
human data are used to derive the AEGL-1. An intraspecies uncertainty factor of
1 was applied because ammonia is a contact irritant and is efficiently scrubbed
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in the upper respiratory tract, particularly at the low AEGL-1 concentration.
Irritation would be confined to the upper respiratory tract, and members of the
population are not expected to respond differently. Atopic subjects, including
asthmatics, responded similarly to nonatopics to brief nasal exposure to ammo-
nia, and exercising subjects experienced only nonsignificant clinical changes in
pulmonary function after exposure to ammonia. Asthmatic and exercising indi-
viduals are not expected to respond differently from nonasthmatic or resting
individuals. Time scaling is not applied because upper respiratory tract irritation
at low ammonia concentrations is not expected to become more severe with du-
ration of exposure; adaptation may occur during prolonged exposure to ammo-
nia. Therefore, the AEGL-1 value is 30 ppm for all exposure durations.

The AEGL-2 values were based on “offensive irritation” to the eyes and
respiratory tract experienced by nonexpert human subjects (unfamiliar with the
effects of ammonia or with laboratory studies) exposed to 110 ppm of ammonia
for 2 h (Verberk 1977). The response of the nonexpert subjects ranged from “no
sensation” to “offensive” eye irritation, cough, or discomfort and from “just per-
ceptible” or “distinctly perceptible” to “offensive” throat irritation. However,
AEGL-2 derivation was based on the response of the most sensitive nonexpert
subjects. No residual effects were reported after termination of exposure, and
pulmonary function was not affected by exposure. At the next higher concentra-
tion, some subjects reported the effects as unbearable and left the chamber after
30 min to 1 h; none remained for the full 2 h. An intraspecies uncertainty factor
of 1 was selected because ammonia is a contact irritant, it is efficiently scrubbed
in the upper respiratory tract, and any perceived irritation is not expected to be
greater than that of the most sensitive nonexpert subject. The range of responses
for this group is considered comparable to the range of responses that would be
encountered in the general population, including asthmatics. Investigations have
shown a link between nasal symptoms or allergic rhinitis and asthma, with rhini-
tis preceding the development of asthma, and studies have shown that atopic
subjects, including asthmatics, and nonatopic subjects do not respond differently
to a brief nasal exposure to ammonia. Exposure to exercising subjects showed
only nonsignificant clinical changes in pulmonary function during exposure to
ammonia at concentrations up to 336 ppm. In addition, a child experienced less
severe effects than an adult exposed to very high concentrations of ammonia.
The equation C"x t = k, where n = 2, was used to extrapolate to 5-, 10-, and 30-
min exposure durations. This equation was based on mouse and rat lethality
data. The AEGL-2 values are 220, 220, 160, 110, and 110 ppm for exposure
durations of 10 and 30 min and 1, 4, and 8 h, respectively. The value of 110 ppm
was adopted for the 4- and 8-h values, because the maximum severity rating for
irritation in the Verberk (1977) study changed very little between 30 min and 2 h
and is not expected to change for exposures up to 8 h. The 30-min value was
also adopted as the 10-min AEGL-2 value because time scaling would yield a
10-min AEGL-2 of 380 ppm, which might impair escape.

The AEGL-3 values were based on LCy; values of 3,317 and 3,374 ppm
derived by probit analysis of mouse lethality data reported by Kapeghian et al.
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(1982) and MacEwen and Vernot (1972), respectively. An interspecies uncer-
tainty factor of 1 was applied to the mouse data because the mouse was the most
sensitive species among mammals and the mouse is considered unusually sensi-
tive to respiratory irritants. An uncertainty factor of 3 was applied to account for
intraspecies variability because concentrations of ammonia that are life threaten-
ing cause severe tracheobronchial and pulmonary damage and these effects are
not expected to be more severe in asthmatics than in nonasthmatics, in children
than adults, or in exercising than nonexercising individuals (see rationale for
AEGL-2), but tracheobronchial and pulmonary effects may occur at a lower
concentration in the elderly. Investigations showed that reflex glottis closure
(protective mechanism) is 3-fold less sensitive in the elderly than in young sub-
jects; this mechanism may be applicable only when concentrations of ammonia
exceed 570 ppm. In addition, a larger interspecies or intraspecies uncertainty
factor would lower the 30-min AEGL-3 to approximately 500 ppm, which was
tolerated by humans without lethal or long-term consequences. ten Berge’s
equation (C" x t = k) was used to extrapolate to the relevant exposure durations.
The value of n was calculated from the regression coefficients (b,/b,) for the
mouse lethality data reported by ten Berge et al. (1986). The 5-min AEGL value
was requested by the ammonia industry. The AEGL values and toxicity end
points are summarized in Table 2-1.

1. INTRODUCTION

Ammonia is a colorless, corrosive, alkaline gas that has a very pungent
odor, detectable by humans at concentrations >5 ppm. It can be liquefied under
pressure. Ammonia is very soluble in water; it forms ammonium hydroxide
when it contacts moist surfaces, producing heat because of its exothermic prop-

TABLE 2-1 Summary of AEGL Values for Ammonia

End Point
Classification 10 min 30 min 1h 4h 8h (Reference)
AEGL-1 30 ppm 30 ppm 30 ppm 30 ppm 30 ppm  Mild irritation
(nondisabling) (21 (21 (21 (21 (21 (MacEwen et al.
mg/m’) mg/m’) mg/m’) mg/m3) mg/m3) 1970)
AEGL-2 220 ppm 220ppm 160 ppm 110 ppm 110 ppm Irritation: eyes
(disabling) (154 (154 (112 (77 (77 and throat; urge
mg/m’) mg/m’) mg/m’) mg/m3 mg/m3) to cough
(Verberk 1977)
AEGL-3 2,700 ppm 1,600 ppm 1,100 ppm 550 ppm 390 ppm Lethality
(lethal) (1,888 1,119 (769 (385 273 (Kapeghian et

mg/m’) mg/m’) mg/m’) mg/m3) mg/m3) al. 1982;
MacEwen and
Vernot 1972)

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 6

http://lwww.nap.edu/catalog/12018.html

Ammonia 63

erty. Ammonia and air will explode when ignited under some conditions (not
otherwise described). Although it is generally regarded as nonflammable, am-
monia is classified as a flammable gas by the National Fire Protection Associa-
tion (Budavari et al. 1989; Lewis 1993; Pierce 1994). Table 2-2 summarizes the
physical and chemical properties of ammonia.

TABLE 2-2 Physical and Chemical Data

Property

Descriptor or Value

Reference

Chemical name

Synonyms

CAS registry no.
Chemical formula
Molecular weight
Physical state
Vapor pressure

Density (liquid)

Ammonia

Anhydrous ammonia, ammonia gas,
AM-Fol, nitro-sil, R 717, spirit of
hartshorn, UN1005 (DOT)

7664-41-7

NH;

17.03

colorless gas (or liquid)
8.5 atm at 20°C

0.6818 at 33.35°C, | atm

Weast et al 1984
Weast et al 1984
Lewis 1993
Lewis 1993
O’Neil et al. 2001

0.6585 at 15°C, 2.332 atm
0.6386 at 0°C, 4.238 atm
0.6175 at 15°C, 7.188 atm
0.5875 at 35°C, 13.321 atm

Specific volume 22.7 ft*/Ib at 70°C Lewis 1993

Critical temperature 132.9°C Pierce 1994
Pressure at critical temperature 111.5 atm Pierce 1994
Solubility 89.9 g/100 mL cold water Weast et al. 1984
Boiling/freezing point -33.5°C/-77°C Lewis 1993
Autoignition temperature 650°C (1,204°F) Lewis 1993

Explosive limit 16-25% by volume in air Pierce 1994

Tonization constants Pierce 1994

Ky 1.774 x 1073,
K,5.637 x 101%at 25°C

Alkalinity 1% solution, pH=11.7 Pierce 1994

1 ppm = 0.7 mg/m’ at 25°C, 1 atm  Pierce 1994

1 mg/m® = 1.43 ppm

Conversion
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Ammonia is produced commercially by a modified Haber reduction proc-
ess using atmospheric nitrogen and a hydrogen source. Ammonia is used as a
compressed gas, as an aqueous solution (28%) called aquammonia, and as a
household cleaning product (10%). It is widely used as a fertilizer, where the
anhydrous gas or aqueous solution is injected directly into the soil. Ammonia is
also used as a refrigerant in commercial installations, and it is used in the manu-
facture of other chemicals (Pierce 1994).

Ammonia is transported on highways (in tanker trucks), by railways, in
pipelines, and on barges. Exposure to the general public can occur from acci-
dents during transportation on highways and railways, during transfer between
transportation vessels and storage vessels, by accidental releases at manufactur-
ing facilities, and from farming accidents during soil application.

The data evaluated for AEGL derivation were obtained from case studies
of accident victims exposed to high concentrations of ammonia, experimental
studies in humans exposed to lower but irritating concentrations of ammonia,
and experimental studies on lethality and irritation in animals. Additional data
are available on long-term exposure to ammonia in the agricultural industry
(feeding lots and poultry houses) but are not considered relevant for deriving
acute exposure values for ammonia.

2. HUMAN TOXICITY DATA
2.1. Human Lethality

Quantitative exposure estimates of acute lethality of ammonia in humans
are not well documented. In one case study the exposure concentration was es-
timated, but the duration was not. Another study reconstructs the exposure due
to an accidental spill resulting in deaths. The remaining studies document the
types of effects encountered when humans are acutely exposed to lethal concen-
trations of ammonia.

A worker was exposed to a very high concentration of ammonia vapor, es-
timated as 10,000 ppm. Duration of exposure was not reported, but it could have
been a few minutes; nevertheless, the worker continued to perform his duties for
an additional 3 h after the exposure. He experienced coughing, dyspnea, and
vomiting soon after exposure. Three hours after initial exposure, his face was
“red and swollen,” his mouth and throat were “red and raw,” his tongue was
swollen, his speech was difficult, and he had conjunctivitis. He died of cardiac
arrest 6 h after exposure. An autopsy revealed marked respiratory irritation, de-
nudation of the tracheal epithelium, and pulmonary edema (Mulder and Van der
Zalm 1967).

Caplin (1941) reported on 47 persons accidentally exposed to ammonia in
an enclosed area (air raid shelter). The patients were divided into three groups
depending on the degree to which they were affected: mildly, moderately, or
severely. No deaths occurred among the nine mildly affected patients. Three of
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27 moderately affected patients showed signs and symptoms similar to pulmo-
nary edema and died within 36 h. Nine moderately affected patients developed
bronchopneumonia within 2-3 days, and three died 2 days after the onset. The
mortality rate for the moderately affected patients was 22% (6/27). The 11 se-
verely affected patients developed pulmonary edema; seven died within 48 h.
The mortality rate for the severely affected patients was 63% (7/11). Walton
(1973) reported on the death of one of seven workers exposed to ammonia in an
industrial accident. The autopsy report noted marked laryngeal edema, acute
congestion, pulmonary edema, and denudation of the bronchial epithelium.
These studies show that individuals who develop pulmonary edema (evidence of
damage to alveolar region) after inhaling ammonia are more likely to die than
those who do not.

Individuals who are acutely exposed to high concentrations of ammonia
and survive the immediate effects may die weeks to months later, probably due
to secondary effects of exposure. A 25-year-old man died 60 days after exposure
to a high concentration of ammonia in a farming accident (Sobonya 1977). The
autopsy report noted damage to the bronchial epithelium, bronchiectasis, mucus
and mural thickening of the smallest bronchi and bronchioles, fibrous oblitera-
tion of small airways, and a purulent cavitary pneumonia characterized by large
numbers of Nocardia asteroides (nocardial pneumonia). Three co-workers ex-
posed in the accident died immediately. Hoeffler et al. (1982) reported on the
case of a 30-year-old woman who died 3 years after exposure to ammonia dur-
ing an accident involving a tanker truck carrying anhydrous ammonia (Houston
accident). Her injuries resulted in severe immediate respiratory effects, includ-
ing pulmonary edema. She required mechanically assisted respiration through-
out her remaining life. Bronchiectasis was detected 2 years after exposure and
confirmed on autopsy. The autopsy examination also showed bronchopneu-
monia and cor pulmonale (heart disease secondary to pulmonary disease). Ac-
cording to the authors, the bronchiectasis may have been due to bacterial bron-
chitis or to the chemical injury.

In the Houston accident, the crash of a tanker truck released 17.2 tonnes of
pressurized anhydrous ammonia. The chemical cloud extended 1,500 m down-
wind and was 550 m wide. Five people were killed, 178 were injured, some with
permanent disabling injuries (not otherwise described). The fatalities and dis-
abling injuries occurred within about 70 m of the accident (NTSB 1979). The
Potchefstroom, South Africa accident involved a pressurized ammonia storage
tank that failed and instantaneously released 38 tonnes of anhydrous ammonia
into the atmosphere. Eighteen people died and an unknown number were injured
(Lonsdale 1975). A visible cloud extended about 300 m wide and about 450 m
downwind; all deaths occurred within 200 m of the release point (Pedersen and
Selig 1989). Pedersen and Selig used the WHAZAN gas dispersion model,
which incorporated meteorological data and physicochemical data for ammonia
to predict the concentration isopleths for ammonia released during both the
Houston and Potchefstroom accidents. For the Houston accident, a 10,000-ppm
isopleth extended 600 m long and 350 m wide, the 5,000-ppm isopleth was
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835 m long and 430 m wide, the 2,500-ppm isopleth was 875 m long and 420 m
wide, and the 1,200-ppm isopleth was to 1,130 m long and 400 m wide. The
investigators reported that their model overestimated the distance to zero deaths
(200m) by 2.9 times for the Houston accident and by 2.5 times for the
Potchefstroom accident. Pederson and Selig estimated the risk due to a few min-
utes, exposure to ammonia as very high for the general population at 10,000
ppm, as high for risk of fatalities among the general population and as very high
for the vulnerable population (elderly people, children, and people with respira-
tory or heart disorders) at 5,000 ppm, and as some risk to the general population
and high risk to the vulnerable population at 2,500 ppm.

Pedersen and Selig estimated the LCs, for a 30-min exposure to the gen-
eral population to be 11,500 ppm. They did not report their actual LCs, estimate
for the vulnerable population, but it would be lower than that estimated for the
general population.

Mudan and Mitchell (1996) used the HGSYSTEM gas dispersion model to
estimate atmospheric ammonia concentrations generated at the time of the am-
monia accident in Potchefstroom. They provided upper-bound (wind speed = 1
m/s) and lower-bound (wind speed = 2 m/s) estimates of ammonia concentration
based on distance from the release point and the time after release. Instantaneous
concentrations were estimated to be in excess of 500,000 ppm (upper bound)
within 50 m of the release point. The model predicted rapidly decreasing con-
centrations, such that, by 1 min after the release, concentrations would fall be-
low 100,000 ppm. Mudan and Mitchell estimated that personnel were exposed
to ammonia concentrations exceeding 50,000 ppm for the first 2 min, decreasing
to 10,000 ppm during the next 3-4 min. The charts provided by Mudan and
Mitchell of the South Africa accident showed that 10 workers were in Zone 1
(50 m of the release point) at the time of release; seven died (100% mortality for
workers exposed outside). All survivors in Zone 1 remained sheltered inside
buildings and therefore would not have experienced the outside atmospheric
ammonia concentrations predicted by the model. Five deaths occurred in Zone 2
(50-100 m). Workers in Zone 2 who were upwind and outside at the time of the
release survived, as did those who escaped in an upwind direction. Workers in
Zone 2 who were downwind and outside at the time of release or attempted to
escape downwind did not survive (except for one worker who escaped down-
wind; 83% mortality of workers exposed). All Zone 2 victims who died were
outside; whereas individuals who were inside buildings survived. Five deaths
occurred in Zone 3 (100 to ~200 m). Four victims were found downwind and
>150 m from the release point, and another victim was found <150 m from the
release point and in a crosswind location. The charts did not show the location
or number of any survivors downwind and inside or outside buildings in Zone 3
(i.e., no data were available from the charts to determine if there were individu-
als who remained outside buildings in Zone 3 and survived). Therefore, the mor-
tality rate cannot be calculated for Zone 3. It appears that within 150 m of the
release point, individuals downwind of the ammonia cloud and outside a build-
ing were not likely to survive, but individuals downwind and sheltered indoors
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or those upwind whether or not they were sheltered indoors were likely to sur-
vive. Thus, the lack of data on survivors in the path of the plume precludes esti-
mating ammonia concentrations associated with zero mortality. RAM TRAC
(1996) used the results of the HGSYSTEM gas dispersion model to predict 5-
min ammonia concentrations of 87,479 ppm for 60% mortality, 73,347 ppm for
26% mortality, and 33,737 ppm for zero mortality for the Potchefstroom acci-
dent. RAM TRAC estimated a 5-min LCsy of 83,322 ppm. See Section 7.1 for
details of the evaluation of dose reconstruction models.

Henderson and Haggard (1943) reported that, exposure to ammonia at
concentrations >2,500 ppm for durations >30 min is dangerous to humans. They
noted that concentrations >5,000 ppm are rapidly fatal to humans.

2.2. Nonlethal Toxicity
2.2.1. Experimental Studies, Case Reports, and Anecdotal Data

The available literature detailing the disabling, long-term, or irreversible
effects of inhaling ammonia gas or vapor is quite extensive. However, none of
the studies contain quantitative exposure data. The acute effects of inhaling high
nonlethal concentrations of ammonia include burns to the eyes and oral cavity
and damage to the nasopharyngeal and tracheobronchial regions of the respira-
tory tract. Manifestations of damage include conjunctivitis, corneal burns, visual
impairment, pain in the pharynx and chest, cough, dyspnea, hoarseness, aphonia,
rales, wheezing, rhonchi, hyperemia and edema of the pharynx and larynx, tra-
cheitis, bronchiolitis, and purulent bronchial secretions (Levy et al. 1964;
Walton, 1973; Hatton et al. 1979; Montague and Macneil 1980; Flury et al.
1983; O’Kane 1983). Cyanosis, tachycardia, convulsions, and abnormal electro-
encephalograms also have been described for some patients (Kass et al. 1972;
Walton 1973; Hatton et al. 1979; Montague and Macneil 1980). Pulmonary
edema occurred in some patients who survived (Caplin 1941) but is most often
seen in fatal cases. A few case studies are described below to document some of
the disabling or irreversible injuries seen in individuals who inhaled high con-
centrations of ammonia. Some of the injuries would probably have resulted in
death without rescue and medical treatment. The duration of exposure is re-
ported when known.

Short-term recovery from serious injury due to inhaling ammonia is exhib-
ited by three children and a 17-year-old female exposed to high but unknown
concentrations of ammonia in the Houston accident (Hatton et al. 1979). These
patients suffered second- or third-degree burns to the body, damage to the eyes,
burns to the oral mucosa, upper-airway obstruction (probably due to damage to
the laryngeal and tracheobronchial regions), and some pulmonary damage. All
four patients recovered within 7-32 days. Nine of 14 patients exposed to an un-
known concentration ammonia by inhalation for only a few seconds or few min-
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utes showed moderate symptoms of chest abnormalities or airway obstruction
and recovered within 6.3 days (average) (Montague and Macneil 1980).

Two young women accidentally exposed to anhydrous ammonia fumes
(concentration unknown) for 30 or 90 min continued to show effects more than
2 years after exposure (Kass et al. 1972). One woman was found unconscious 90
min after the accident, and the other woman was exposed when she went out-
doors for 30 min after the accident. The accident in which these two women
were injured involved a railroad tanker car carrying 33,000 gal of anhydrous
ammonia; 8 people died and 70 were injured. A heavy fog kept the ammonia
vapors close to the ground for a long period of time after the accident. Damage
to the eyes caused marked visual deterioration. Bronchiectasis was detected 2
years after exposure, and pulmonary function tests showed abnormalities indica-
tive of small-airway obstruction. Various tests and examinations showed areas
of atelectasis and emphysema in the lungs, thickened alveolar walls with histio-
cytic infiltration into the alveolar spaces, and mucous and desquamated cells in
the bronchiolar lumen. Some of these effects may be secondary to the damage
caused by ammonia. The woman exposed for 90 min was carrying her 1-year-
old child, who was exposed at the same time. The child became “quite ill” but
recovered completely except for a chemical scar on his abdomen (Kass et al.
1972).

In another accident, four patients (three farm workers and one refrigera-
tion technician) who had been struck in the face and upper body with liquid
ammonia had damage to their tracheobronchial regions, causing upper-airway
obstruction and injury to the respiratory tract persisting for 2 years after the ac-
cident (Levy et al. 1964). A man splashed with liquid ammonia during a refrig-
eration accident showed evidence of peripheral (possibly bronchiolitis) and cen-
tral airway obstruction 5 years after the accident (Flury et al. 1983). Tubular
bronchiectasis was detected 8 years after exposure of a 28-year-old man to a
high concentration of anhydrous ammonia in an industrial accident. Twelve
years after exposure, the man continued to have a productive cough, frequent
bronchial infections, dyspnea upon exertion, and severe airflow obstruction
(62% reduction in forced expiratory volume at 1 s, FEVy; Leduc et al. 1992).
O’Kane (1983) described several patients who had been exposed to ammonia
vapor by inhalation for 5 min. One developed necrotizing pneumonia and was
“left with chronic infective lung disease”, one had persistent hoarseness and a
productive cough for several months, and a third was left with a diffusion defect
that was 75% of normal. Finally, Shimkin et al. (1954) described a man who
developed epidermoid carcinoma 6 months after ammonia was splashed on his
upper lip and nose. The authors postulated that the carcinoma was due to a sin-
gle-exposure chemical trauma that exteriorized a latent cutaneous carcinoma.
There was no evidence that ammonia caused the carcinoma.

Nondisabling and reversible effects of inhaling ammonia have been docu-
mented in several experimental studies of human subjects exposed to ammonia
at various concentrations and durations. These studies are summarized below.
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Five or six laboratory workers inhaled the exhaust fumes generated in an
exposure chamber for an inhalation study and noted that the disagreeable odor
and respiratory distress would prevent a person from voluntarily remaining in an
atmosphere containing 170 ppm of ammonia (average concentration, 140-200
ppm) for an appreciable length of time (Weatherby 1952).

Henderson and Haggard (1943) reported that, based on observations of
human responses to ammonia, the lowest concentration (or threshold) to cause
coughing is 1,720 ppm, the lowest concentration to cause eye irritation is 698
ppm, and the lowest concentration to cause throat irritation is 408 ppm. They
reported the least detectable odor to be 53 ppm. Pierce (1994) reported the odor
threshold as 5-53 ppm.

McLean et al. (1979) examined the effect of ammonia on nasal airway re-
sistance (NAR) in atopic and nonatopic human subjects. Ammonia (100 ppm at
a pressure of 9 newtons/cm?) was introduced into each nostril for 5, 10, 15, 20,
or 30 seconds (s). NAR was measured every minute for 5 min and then every 2
min for 10 min (total of 10 measurements over a 15-min period) using a pneu-
motachograph attached to a face mask. The same subjects were used for each
successive ammonia exposure, which immediately followed the NAR measure-
ments. The nonatopic subjects were screened based on strict criteria that in-
cluded a questionnaire, physical examination, spirometry, nasal smear for eosi-
nophils, and a battery of 19 prick and six intracutaneous tests. Nonatopic sub-
jects could have no personal or immediate family history of atopic disease (al-
lergic rhinitis, asthma, or atopic dermatitis), could have no more than 5% eosi-
nophils in their nasal smears, and had to have a negative prick test reaction.
Atopic subjects were screened based on a characteristic history of allergic rhini-
tis and at least one 3+ or 4+ prick test reaction. Some of the atopic subjects had a
history of asthma. All subjects had been symptom-free for several weeks before
the study, and none were taking medications that would influence skin or muco-
sal tests. Baseline NAR measurements were made for a 15-min period before
introducing the ammonia. Additional tests included introducing 0.1 mL of aero-
solized phosphate-buffered saline, 0.1 mL atropine, or 0.1 mL chlorpheniramine
maleate into the nostrils, each followed by ammonia for 20 s.

The NAR after ammonia exposure to nonatopic and atopic subjects in-
creased significantly with time of exposure from 5 to 20 s. Only a small further
increase was noted for subjects exposed for 30 s compared with 20 s. The per-
cent increase for atopic compared with nonatopic subjects was similar, and there
was no difference between the allergic rhinitis subjects with or without a history
of asthma. Atropine inhibited the response to ammonia in atopic and nonatopic
subjects by up to 89%, whereas chlorpheniramine had no effect on the NAR
induced by ammonia. The study’s authors noted that the results of atropine and
chlorpheniramine administration suggest that ammonia irritancy is mediated
primarily by a parasympathetic reflex on the nasal vasculature and not via his-
tamine release (McLean et al. 1979).

The Industrial Bio-Test Laboratories (1973) determined the irritation
threshold in 10 human volunteers exposed to ammonia at four different concen-
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trations (32, 50, 72, or 143 ppm) for 5 min. Irritation was defined as any annoy-
ance to the nose, throat, eyes, mouth, or chest. The results are summarized in
Table 2-3. The subjects showed dose-related responses for dryness of the nose
and also eye, throat, nasal, and chest irritation. The severity of the effects was
not noted.

MacEwen et al. (1970) studied six human volunteers exposed head only to
ammonia at concentrations of 30 and 50 ppm for 10 min. The scale for inten-
sity/description of irritation to the nose and eyes was as follows: 0, no irrita-
tion/not detectable; 1, faint/just perceptible, not painful; 2, moderate/moderate
irritation; 3, strong/discomforting, painful, but may be endured; and 4, intoler-
able/exceedingly painful, cannot be endured. The scale for odor inten-
sity/description was as follows: 0, no odor/no detectable odor; 1, very faint/
minimum but positively perceptible odor; 2, faint/weak odor, readily percepti-
ble; 3, easily noticeable/moderate intensity; 4, strong/highly penetrating; and 5,
very strong/ intense. At 30 ppm, two subjects reported irritation as faint (grade =
1) and three as not detectable (grade = 0); one gave no response. Also at 30 ppm,
the odor was strong or highly penetrating for three subjects (grade = 4) and eas-
ily noticeable or moderate (grade = 3) for two subjects; no response was given
by one subject. At 50 ppm, four subjects reported the irritation as moderate
(grade = 2), faint or just perceptible (grade = 1) for one, and not detectable
(grade = 0) for another. The odor was strong or highly penetrating (grade = 4)
for all six subjects inhaling 50 ppm of ammonia. This study showed a concentra-
tion-related increase in the intensity of the response to ammonia at concentra-
tions of 30 and 50 ppm.

Silverman et al. (1949) studied seven male subjects exposed to 500 ppm of
anhydrous ammonia by means of a nose and mouth mask; six subjects were ex-
posed for 30 min and one for 15 min. The inspired ammonia concentration was
calculated, and the expired ammonia concentration was analyzed in grab sam-
ples taken every 3 min. The analytical technique consisted of a modified
Nessler’s reagent using a Klett photoelectric colorimeter. The sensitivity of the
technique was 0.5 pg of ammonia. Respiratory rate and minute volume were

TABLE 2-3 Effect of Ammonia Inhalation on Human Volunteers Exposed for
5 Min

Effects 32 ppm 50 ppm 72 ppm 134 ppm
Dryness of the nose +(1)* +Q) — —
Nasal irritation — — +(2) +(7N
Eye irritation — — +(3) +(5)
Lacrimation — — — +(5)
Throat irritation — — +(3) +(8)
Chest irritation — — — +(1)

“Number of volunteers showing a response out of a total of 10 participating.
Source: Data from Industrial Bio-Test Laboratories 1973, as cited in NIOSH 1974.
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measured for each subject. Throat irritation was reported by two subjects. Nasal
irritation with stuffiness similar to that of a cold or nasal dryness was reported
by six subjects. The stuffiness lasted for about 24 h. Only two subjects were able
to continue nasal breathing for the full 30 min, the others changing to mouth
breathing on account of nasal dryness and irritation. Hypoesthesia (decreased
sensitivity) of the skin around the nose and mouth was experienced by all sub-
jects, and excessive lacrimation was reported by two. Hyperventilation (in-
creases in the respiratory rates and minute volumes) occurred in all subjects.
Hyperventilation occurred immediately in three subjects, was delayed for 10-30
min in the remaining four, and fluctuated with a 25% decrease at 4- to 7-min
intervals. The increase in the minute volume was 141-289%. No coughing was
reported; the authors noted that 1,000 ppm caused immediate coughing. This
study showed that irritation of the upper respiratory tract and throat occurred in
subjects inhaling 500 ppm of anhydrous ammonia for 15-30 min. There was no
difference in the effects noted in the subject inhaling ammonia for 15 min and
those inhaling ammonia for 30 min.

Verberk (1977) examined the effects of ammonia on respiratory function
and recorded the subjective responses of two groups of subjects. One group con-
sisted of eight individuals familiar with the effects of ammonia and who had no
previous exposure (expert group, 29-53 years old); the other group consisted of
eight university students unfamiliar with the effects of ammonia or with experi-
ments in laboratory situations (nonexpert group, 18-30 years old). The subjects
were paid for their participation and were informed that the study involved sub-
jective effects and posed no danger to their health at the concentrations used.
The subjects had the opportunity to leave the chamber before the test was com-
pleted. Four members of each group were smokers. Each group was exposed to
ammonia at concentrations of 50, 80, 110, and 140 ppm for up to 2 h. Subjective
responses (e.g., smell, eye irritation, throat irritation, cough) were recorded
every 15 min and parameters of respiratory function (vital capacity, forced expi-
ratory volume (FEV| ), forced inspiratory volume (FIV, ;) were measured be-
fore exposure and after the 2-h exposure. Subjective responses were rated on a
scale of 0-5 (0 = no sensation; 1 = just perceptible; 2 = distinctly perceptible; 3 =
nuisance; 4 = offensive; and 5 = unbearable). Chamber concentrations were
monitored instantaneously using an infrared spectrometer. There was no effect
on respiratory function in either group inhaling any concentration of ammonia.

Table 2-4 summarizes the average and range of responses for both groups.
Generally, the expert group scored responses lower than those of the nonexpert
group. Four nonexpert subjects exposed to 140 ppm left the exposure chamber
between 30 min and 1 h, and none remained in the chamber for the full 2 h. The
greatest difference in responses between the expert and nonexpert groups was in
general discomfort. The expert group perceived no general discomfort even after
exposure to the highest concentration for 2 h, whereas the four nonexpert sub-
jects perceived their general discomfort to range from “distinctly perceptible” to
“unbearable” after 1 h. This study showed dose- and duration-response relation-
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ships for the effects of ammonia, particularly for the nonexpert subjects. This
study also showed that general knowledge about the chemical may help alleviate
the concern about exposure and the intensity of the symptoms experienced dur-
ing exposure.

Cole et al. (1977) studied the effects of exercise on 18 servicemen who in-
haled ammonia at concentrations of 71, 106, 144, or 235 mg/m3 (102, 152, 206,
or 336 ppm). The subjects were exposed for durations of between 95 and 120
min while cycling under a load of 20 watts increased up to 180 watts in 20-watt
increments (based on assumptions of “zero time” and extrapolation from figures
of Cole et al.). The same subjects served as their own controls. Measurements of
respiratory parameters (respiratory rate, minute volume, tidal volume, and oxy-
gen uptake) and cardiac frequency were taken under control conditions when the
subjects inhaled air only and during the experimental conditions when the sub-
jects inhaled ammonia. During exposure to ammonia, the subjects noted only a
sensation in the nose and a slight dryness of the mouth. Minute volume was de-
creased by 8%, 10%, and 6% at 152, 206, and 336 ppm, respectively, compared
with control measurements; statistical significance was achieved for all three
concentrations. However, no clear dose-related trend was observed relative to
the control measurements. The tidal volume was significantly decreased (9 and
8%, respectively) and respiratory frequency was increased (10 and 8% respec-
tively) at 206 and 336 ppm compared with the control values, but there was no
clear dose-response relationship. The small changes in tidal volume and respira-
tory frequency are unlikely to be clinically significant.

Sundblad et al. (2004) studied the acute effects of repeated low-level am-
monia exposures of human subjects at rest and performing ergometric exercise.
Twelve healthy atopic adults (seven females and five males, 21-28 years old,
with a mean age of 25) with no reported present or past symptoms of allergy or
airway disease were exposed in a 20-m” stainless steel chamber to ammonia at 0,
5, and, 25 ppm for 3 h on three separate occasions separated by at least 7 days in
which subjects did not undergo experimental ammonia exposures. Exposure
concentrations were monitored by infrared spectrophotometry. During each 3-h
exposure period, 1.5 h was spent at seated rest and 1.5 h was spent exercising at
50 watts on a bicycle ergometer; activity was changed every 30 min. At specific
times during exposure and 1.5 h postexposure, the subjects rated their level of
discomfort related to odor, eyes, and airway symptoms and general symptoms
(such as headache, dizziness, nausea, “feeling of intoxication) on a scale of 0-
100. The general symptoms were characterized by Sundblad and co-workers as
central nervous system (CNS) effects. Sundblad et al. (2004) performed no neu-
rophysiological measurements or studies showing systemic uptake of ammonia.

Subjective symptom rankings by questionnaire exhibited a dose-response
relationship. Based on examination of questionnaire results, Sundblad et al.
(2004) noted a tendency of sensory adaptation to “solvent smell” among those
exposed to 5 ppm but not those exposed to 25 ppm. Ratings of symptoms related
to eye and respiratory irritation and general symptoms were significantly greater
in the 25-ppm exposure group than those of controls, while about half of the
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symptoms experienced by the 5-ppm exposure group exhibited higher rankings
than in the control group. Average rating of irritation and the CNS symptoms
did not exceed “rather” (rating of 48). All symptomatic effects were transient.

Sundblad et al. (2004) collected pretrial and posttrial measurements to
characterize lung function, methacholine challenge, cell composition in nasal
lavage fluids, total and differential peripheral leukocyte counts, complement
factor C3b, exhaled nitric oxide, body temperature, and peak expiratory flow.
Under the Sundblad et al. experimental protocol, ammonia at 5 or 25 ppm did
not induce detectable changes in pulmonary function or total cell concentration
in nasal lavage fluid or induce an exposure-related bronchial response to meth-
acholine, an increase in exhaled nitric oxide, an increase in the total or differen-
tial leukocyte, or a change in complement factor C3b.

Ferguson et al. (1977) reported that workers in their company in 1972 did
not voluntarily use gas masks until ammonia concentrations reached 400 or 500
ppm. They also reported that before 1951 workers were subjected to continuous
concentrations ranging from 150 to 200 ppm. To establish the bounds for con-
trolled exposure studies, they conducted two reconnaissance experiments. In the
first experiment they reported that four male subjects were able to tolerate “con-
tinued exposure” of 130-150 ppm (duration not reported) after exposure to lower
concentrations for <2 h. In the second experiment they noted that in the bicar-
bonate plant, after 30 min of acclimation at 100 ppm, a 30-s exposure at 300
ppm was just barely tolerable.

In the controlled exposure study, Ferguson et al. assessed the effect of
ammonia on six (three groups of two) human volunteers (industrial workers)
exposed to concentrations of 25, 50, or 100 ppm after exposure to the same con-
centrations during a 1-week practice period. The subjects were exposed at a so-
dium bicarbonate plant in areas where concentrations of 25 and 50 ppm were
achieved; the subjects were exposed to 100 ppm in an exposure chamber. Am-
monia concentrations were monitored each half hour using detector tubes certi-
fied by the National Institute for Occupational Safety and Health (NIOSH) that
had an overall accuracy of +10%. Exposure periods ranged from 2 to 6 h/day for
5 weeks. There was no adverse effect on respiratory function and no increase in
the frequency of eye, nose, and throat irritation with increasing concentrations.
The only complaints were lacrimation and nasal dryness during brief excursions
above 150 ppm. There was no interference with performance of work duties and
no effect on pulse rate or respiratory function during exercise (i.e., no effect on
physical or mental ability to perform work duties) that was consistent with con-
centration or duration. Definite redness of the nasal mucosa occurred in one sub-
ject exposed to 100 ppm with excursion up to 200 ppm, but the effect cleared by
the next morning (i.e., no lasting effects occurred). Four of the six subjects were
exposed to different concentrations, making it difficult to establish trends related
to exposure concentration or duration.

Erskine et al. (1993) measured the threshold concentration of ammonia re-
quired to elicit reflex glottis closure, which is a protective response stimulated
by inhaling irritant or noxious vapors at concentrations too low to produce
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cough. It is accompanied by a brief pause in inspiration. The investigators meas-
ured glottis closure in 102 healthy nonsmoking subjects, ranging from 17 to 96
years old, after single intermittent breaths of ammonia vapor using an inspira-
tory pneumotachograph. The results showed a strong positive correlation coeffi-
cient of .85 between age and the threshold concentration. The younger subjects
were more sensitive, with the reflex response occurring at 571+41.5 ppm (+
standard error) in subjects 21-30 years old compared with 1,791+52 ppm (=
standard error) in subjects 86 to 95 years old. The threshold was about 1,000
ppm for 60-year-old subjects. The data showed that younger people are about
three times more sensitive to the induction of this protective mechanism (glottis
closure) by ammonia than the elderly.

2.2.2. Epidemiologic Studies

Holness et al. (1989) compared the respiratory effects in a group of 58
workers (51 production and six maintenance workers at Allied Chemical Can-
ada, Ltd.) exposed to ammonia during the production of soda ash with 31 con-
trol workers from stores and offices. The exposed group had worked in soda ash
production for an average of 12.2 years. The workers were assessed at the be-
ginning of a workweek and at the end of the workweek. They were assessed
based on a questionnaire, sense of smell, and pulmonary function. The time-
weighted average ammonia concentration was 9.2+1.4 ppm (mean + standard
deviation) for the exposed workers compared with 0.3+0.1 ppm for a control
group assessed over one workweek. The investigators reported essentially no
differences in the parameters assessed comparing the first and last days of the
workweek and no differences based on level or length of exposure to ammonia.
There were no differences between the two groups.

Minor pulmonary function deficits have been observed in swine workers
exposed to ammonia, in combination with dust and endotoxin (Reynolds et al.
1996). While ammonia levels as high as 200 ppm have been reported (Carlile
1984), mean exposure levels of 4-7 ppm are more typical for workers (Reynolds
et al. 1996; Donham et al. 1995). Confounding due to exposure to multiple
agents and lack of information on clinical symptoms limit the usefulness of
these data.

2.3. Summary

Numerous case studies describing disabling, irreversible, or long-term ef-
fects on humans inhaling ammonia at high concentrations were available in the
literature. However, measured concentrations were not available for any of these
studies.

Dose reconstruction has been conducted using WHAZAN and HG-
SYSTEM models to predict atmospheric ammonia concentrations produced dur-
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ing the Houston and Potchefstroom accidents. LCsy values were estimated from
results of each model. An evaluation of these models is presented in Section 7.1.

Sensitive individuals include children, elderly people, and people with res-
piratory or heart disorders. For very brief (<1 min) high-level exposures, de-
creased sensitivity of reflex glottis closure in elderly people implies a loss of
protective reflexes, which could increase the risk of damage to the lower respira-
tory tract from the effects from inhaled ammonia in the elderly.

Ammonia causes severe irritation and burning to the skin, eyes, oral cav-
ity, and respiratory tract, particularly mucous surfaces immediately upon contact
due to the rapid conversion of ammonia to the very caustic ammonium hydrox-
ide. Therefore, acute exposure to very high concentrations of ammonia severely
damages the pulmonary region (bronchiolar and alveolar) of the respiratory
tract, with permanent injury or death likely, even with prompt medical attention.
Pulmonary edema, in particular, signals a poor prognosis for recovery in the
short term, and secondary effects such as bronchiectasis, bronchopneumonia,
and emphysema have occurred in individuals who survived for several days or
sometimes several years. The damage caused by ammonia is progressive down
the respiratory tract, starting with irritation of the nasopharyngeal region, ex-
tending to the tracheobronchial region, and finally the bronchiolar and alveolar
regions.

Humans who have inhaled ammonia at concentrations high enough to ex-
perience disabling effects without causing death usually experience severe dam-
age to the eyes, oral cavity, and respiratory tract involving the tracheobronchial
region. Severe damage to the eyes can cause permanent visual deterioration or
blindness. Damage to the pharynx and/or tracheobronchial regions may cause
airway obstruction that could lead to death if medical help is not available.
Damage to the lungs (particularly the bronchioles) may be manifested by bron-
chopneumonia. Chronic effects of acute exposure to ammonia (manifested years
after exposure) have included bronchiectasis, bronchiolitis, atelectasis, emphy-
sema, chronic bronchitis, and reduced performance in pulmonary function tests.
The long-term effects are considered to be secondary to the initial damage
caused by ammonia.

Nondisabling and reversible effects of ammonia are summarized in
Table 2-5.

3. ANIMAL TOXICITY DATA
3.1. Acute Lethality

3.1.1. Rats

Groups of 10 male CFE rats were exposed to 0, 6,210, 7,820, or 9,840 ppm
(0, 4,343, 5,468, or 6,881 mg/m’, respectively) of ammonia for 1 h; surviving
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animals were observed for 14 days (MacEwen and Vernot 1972). Signs of eye
and nasal irritation were seen immediately, followed by labored breathing and
gasping. Surviving animals exposed to the low concentration weighed less than
controls on day 14, and gross examination showed mottling of the liver and fatty
changes at the two highest concentrations. All rats exposed to 6,210 ppm sur-
vived, and eight exposed to 7,820 ppm and nine exposed to 9,840 ppm died. The
LCs, was 7,338 ppm (95% confidence interval = 6,822-7,893 ppm).

Appelman et al. (1982) calculated LCs, values for 7- to 8-week-old male
and female Wistar rats exposed to ammonia by inhalation. Five animals of each
sex per group were exposed to ammonia at concentrations ranging from 9,870 to
37,820 mg/rn3 (14,114-54,083 ppm) for 10, 20, 40, or 60 min and observed for
14 days. Clinical signs of toxicity during exposure included restlessness, closing
of the eyes, signs of eye irritation (particularly for 60-min exposures), eye dis-
charge (after 30 min), wet noses, and nasal discharge. Mouth breathing and
signs of dyspnea also were observed; the signs of dyspnea disappeared within 24
h after exposure terminated. Gross findings included hemorrhagic lungs in ani-
mals dying early and those killed at termination. The lowest concentrations
causing death were 23,389 mg/m3 (33,446 ppm) for a 10-min exposure to males,
18,290 mg/m3 (26,155 ppm) for a 20-min exposure (30% mortality) to males,
12,620 mg/m’® (18,047 ppm) for a 40-min exposure to males, and 9,870 mg/m’
(14,114 ppm) for a 60-min exposure to males and females. The LCs, values and
mortality rates for male, female, and male and female rats combined as reported
by Appelman et al. (1982) are summarized in Table 2-6. The data showed that
the LCs, values were significantly higher in male rats than in females for the
20-, 40-, and 60-min exposures.

Coon et al. (1970) exposed male and female Sprague-Dawley or Long-
Evans rats repeatedly or continuously to ammonia for various durations. No
clinical signs of toxicity or gross pathologic findings were reported for 15 rats
exposed to 222 ppm (155 mg/m’) 8 h/day for 6 weeks. No deaths or clinical
signs of toxicity were reported for 15 rats similarly exposed to 1,101 ppm (770
mg/m’); nonspecific inflammatory changes, which were slightly more severe
than in controls, were observed in the lungs. Continuous exposure of 15 rats to
57 ppm (40 mg/m’) for 114 days resulted in no clinical signs of toxicity or other
clinically significant effects compared with the controls. Continuous exposure of
48 rats to ammonia for 90 days resulted in no clinical signs of toxicity or other
effects at 182 ppm (127 mg/m*). Mild nasal discharge observed in about 25% of
49 rats was the only clinical sign attributed to the 90-day continuous exposure to
375 ppm (262 mg/m”*). Mild signs of dyspnea, nasal irritation, and 98% mortal-
ity occurred among 51 rats exposed to 651 ppm (455 mg/m®) continuously for
65 days (exposure terminated early); histopathologic examinations were not
conducted on these animals. Thirteen of 15 rats (87%) died during a 90-day con-
tinuous exposure to 672 ppm (470 mg/m’). Histopathologic lesions included
focal or diffuse interstitial pneumonitis in the lungs of all animals examined and
renal tubular calcification, bronchial epithelial calcification, renal tubular epi-
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TABLE 2-6 Acute Lethality Data for Male and Female Rats Exposed to
Ammonia

Experimental

Concentration  Exposure

(ppm) Time (min) Mortality Rate LCso (ppm)

29,959 10 0/5 0/5 0/10

33,433 1/5 0/5 1/10

37,766 5/5 1/5 6/10 37,094 (male)

38,925 5/5 0/5 5/10 44,945 (female)

54,083 5/5 4/5 9/10 40,300 (male and female)
26,155 20 3/5 0/5 3/10

27,213 1/5 0/5 1/10

28,814 5/5 2/5 7/10 25,511 (male)

29,201 3/5 3/5 6/10 32,661 (female)

33,176 5/0 4/5 9/10 28,595 (male and female)
18,047 40 2/5 0/5 2/10

19,176 4/5 1/5 5/10

22,694 4/5 1/5 5/10 17,532 (male)

23,295 5/5 3/5 8/10 23,724 (female)

24,081 5/5 2/5 7/10 20,300 (male and female)
14,114 60 2/5 1/5 3/10

14,629 4/5 0/5 4/10

16,159 5/5 0/5 5/10 14,086 (male)

17,875 5/5 1/5 6/10 19,691 (female)

18,933 5/5 2/5 7/10 16,600 (male and female)

Source: Appelman et al. 1982. Reprinted with permission; copyright 1982, American
Industrial Hygiene Association Journal.

thelial cell proliferation, myocardial fibrosis, and fatty changes in the liver of
several animals. These effects also occurred in control animals, but the severity
was greater in the exposed animals.

3.1.2. Mice

Silver and McGrath (1948) calculated the LCs, value for mice exposed to
ammonia (6.1-9.0 mg/L or 8,723-12,870 ppm) by inhalation for 10 min and ob-
served for 10 days. The concentrations of ammonia in the exposure chamber
were measured analytically. Each group consisted of 20 mice (sex and strain not
specified). During exposure the mice closed their eyes, exhibited great excite-
ment initially but soon became quiet, gasped, pawed, scratched their noses, and
convulsed before dying. At the lowest concentration of 8,723 ppm, 25% of the
animals died, and 80% died at the highest concentration of 12,870 ppm. Overall
90/180 mice died during the second 5-min of exposure and another eight died
during the observation period. The other animals surviving exposure recovered
rapidly. The LCs, for the 10-min exposure was 7.06 mg/L (10,096 ppm).
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Groups of 10 male CF1 mice were exposed to ammonia at analytically
measured concentrations of 0, 3,600, 4,550, or 5,720 ppm (0, 2,520, 3,185,
4,004 mg/m®) for 1 h (MacEwen and Vernot 1972). Immediately upon exposure,
the animals showed signs of nasal and eye irritation, followed by labored breath-
ing and gasping. Animals surviving the low and intermediate concentrations lost
weight during the 14-day observation period. Gross examination of surviving
mice showed mild congestion of the liver at the intermediate and high concen-
trations. Three mice exposed to 4,500 ppm died, and nine exposed to 5,720 ppm
died, but none exposed to 3,600 ppm died. The LCs, was 4,837 ppm (95% con-
fidence interval = 4,409-5,305 ppm).

In a study by Hilado et al. (1977), four Swiss mice per group were ex-
posed to 7,143-28,571 ppm of ammonia for 30 min. Exposure concentrations
were calculated rather than measured analytically. One mouse died at 19,048
ppm, two at 21,429 ppm, three at 23,810 ppm, and four each at 26,190 and
28,571 ppm. All deaths occurred during exposure except the death at the lowest
concentration, which occurred 1 day after exposure. No deaths occurred after
exposure to concentrations of 14,286 ppm or lower. The LCs, value was re-
ported as 21,000 ppm for the 30-min exposure. In 1978, Hilado et al. reported
the LCs, as 21,430 ppm for the 30-min exposure; the previous value was proba-
bly rounded to two significant figures.

Kapeghian et al. (1982) determined the LCs, value for male albino ICR
mice (12/group) exposed to 1,190-4,860 ppm of ammonia for 1 h. Concentra-
tions of ammonia in the exposure chambers were measured analytically. The
animals were observed for 14 days following exposure. A control group exposed
to air only was included for comparison. Clinical signs, which were noted im-
mediately and lasted 5-10 min, included excitation/escape behavior, rapid vigor-
ous tail revolution, blinking and scratching (eye and nose irritation), and dysp-
nea. As signs of irritation decreased, the animals became less active and other
signs of toxicity were noted, including tremors, ataxia, clonic convulsions, froth-
ing, coma, final tonic extensor seizure, and death. At the higher concentrations,
almost all deaths (90%) occurred during the first 15-20 min of exposure and as
late as 45 min at the lower concentrations. Additional deaths occurred during the
first 3 days following exposure. All deaths occurred at concentrations >3,950
ppm (25 to 100% mortality). The mortality response was 22/24 at 4,860 ppm;
8/12 at 4,490 ppm; 5/12 at 4,220 ppm; 3/12 at 3,950 ppm; and 0/12 at 3,440,
2,130, 1,340, and 1,190 ppm. The LCsy was 4,230 ppm for the 1-h inhalation
exposure to ammonia. Other effects observed during the 14-day observation
period included lethargy, dyspnea, weight loss, and a “humped back” appear-
ance. The pathologic lesions occurring in mice that died during exposure in-
cluded acute vascular congestion, intra-alveolar hemorrhage, disruption of al-
veolar septal continuity, and acute congestion of hepatic sinusoids and blood
vessels. In animals surviving the 14-day observation period, pathologic lesions
included mild to moderate pneumonitis (dose-related severity), focal atelectasia
in the lungs (4,860 ppm), and degenerative hepatic lesions (dose-related sever-
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ity, 3,440 to 4,860 ppm). The author did not discuss specific effects in animals
exposed to concentrations less than 3,440 ppm.

Groups of 12 male albino ICR mice were exposed to ammonia at concen-
trations of 0, 1,350, or 4,380 ppm for 4 h and the effects of ammonia on hexo-
barbital-induced latency to hypnosis (time to loss of righting reflex) and sleep-
ing time were assessed 1 h after exposure terminated (Kapeghian et al. 1985).
All mice exposed to 1,350 ppm survived; three mice exposed to 4,380 ppm died
during exposure and one died during hexobarbital hypnosis. Latency to hypnosis
was significantly reduced in animals exposed to both concentrations compared
with controls exposed to air only. Hexobarbital sleeping time was significantly
increased in animals exposed to 4,380 ppm of ammonia. The hexabarbital ef-
fects were not attributed directly to exposure to ammonia.

3.2. Nonlethal Toxicity
3.2.1. Rats

Dalhamn (1956) studied the effect of inhaling ammonia on tracheal ciliary
activity in male Wistar rats. Two or three rats per group were exposed to 0, 3,
6.5, 10, 20, 45, or 90 ppm of ammonia for 10 min. No effects were observed in
rats exposed to air. In rats exposed to ammonia, ciliary activity ceased in 7-8
min with 3 ppm, 150 s with 6.5 ppm, 20 s with 20 ppm, 10 s with 45 ppm, and 5
s with 90 ppm. Thus, the time required for ciliary activity to cease showed a
concentration-response relationship. Within 20-30 s after exposure was termi-
nated, ciliary activity resumed.

The behavioral activity (wheel running) was assessed in three male Long-
Evans rats exposed sequentially to the following concentrations of ammonia:
100, 300, 300, or 100 ppm for 6 h for each session with 2 days separating each
session (Tepper et al. 1985). The activity of the rats on the running wheel was
recorded during exposure and the time between exposures. The rats had previ-
ously been exposed to ozone in a similar experiment that was terminated 2
weeks before starting the experiment with ammonia. Controls were not de-
scribed, but the performance of treated animals was compared to control per-
formances, probably conducted before exposure to ozone. Exposure to 100 ppm
of ammonia resulted in an immediate 61% reduction in activity compared with
control activity; activity on the wheel ceased almost completely throughout ex-
posure at 300 ppm. After termination of exposure to either 100 or 300 ppm, the
activity of the rats steadily increased to 154% and 185%, respectively, compared
with that of controls during the first 4 h postexposure.

Groups of eight male rats (Crl: COBS CD[SD]) were exposed to ammonia
at concentrations of 15, 32, 310, or 1,157 ppm for 24 h (Schaerdel et al. 1983).
No behavioral changes or evidence of irritation to the eyes or mucous mem-
branes were observed. Blood gases (pO, and pCO,) and pH were measured at 0,
8, 12, and 24 h; no changes were noted for pCO, and pH. Small changes within
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the normal range for rats occurred for pO,. Groups of seven rats were also ex-
posed continuously to ammonia at concentrations of 0, 4, 24, 44, 165, or 714
ppm for 3 or 7 days. Minimal lesions were seen in the respiratory epithelium of
the nasal cavity in animals exposed for 7 days (the authors did not indicate
which concentrations of ammonia caused the lesions).

Pinson et al. (1986) showed that respiratory mycoplasmosis is exacerbated
by exposure to ammonia. Groups of F344/N rats infected with Mycoplasma
pulmonis or uninfected were exposed continuously to 100 ppm of ammonia for
3,5, 7, and 9 days after inoculation to assess the histopathologic effect on the
respiratory tract. Ammonia caused hyperplasia and degenerative lesions in the
respiratory epithelium of the anterior nasal cavity. Submucosal inflammatory
lesions were minimal in uninfected animals exposed to ammonia; these lesions
were prominent in infected animals and more severe in infected animals exposed
to ammonia. There were inconsistencies in the write-up of this report.

Groups of five female Wistar rats were exposed to gaseous ammonia at
concentrations of 0, 25, or 300 ppm for 6 h/day for 5, 10, or 15 days (Manninen
et al. 1988). Clinical signs of toxicity were not described. Gross lesions included
large hemorrhages on the surfaces of the lungs in several exposed rats (exposure
group not reported) and a few control rats, suggesting that the effect may not be
treatment related. There were no signs of tracheobronchial or alveolar damage or
histopathological effects in the respiratory tract. The liver and kidneys were
normal in appearance.

3.2.2 Mice

Barrow et al. (1978) calculated RDsy values for ammonia, based on its
sensory irritant effects on the upper respiratory tract of the mouse. The RDs is
the concentration expected to elicit a 50% reduction in respiratory rate. Barrow
et al. predicted that the RDsy concentration would elicit intense sensory irritation
and is expected to be rapidly incapacitating to humans. Groups of four outbred
male Swiss Webster mice were exposed to ammonia by inhalation for 30 min.
The authors did not report the concentration of ammonia inhaled by the mice,
but judging by the graphic representations, the concentrations were 100, 200,
400, and 800 ppm. The maximum depression in respiratory rate was achieved
within the initial 2 min of exposure, after which the response diminished. The
RDs, was 303 ppm (95% confidence limits = 188-490 ppm) for a 30-min inhala-
tion exposure to ammonia. There was no microscopic examination of the respi-
ratory tract.

In a follow-up study, Buckley et al. (1984) assessed the histopathologic ef-
fects of repeated exposures to ammonia at the RDsy concentration of 303 ppm.
Groups of 16-24 male Swiss-Webster mice were exposed to 303 ppm of ammo-
nia for 6 h/day for 5 days; an unexposed group served as the control. The respi-
ratory tract was examined in one-half the animals killed immediately after ter-
minating exposure and in the other half killed 3 days later. The authors did not
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describe any clinical signs of toxicity. Histopathological findings, which were
confined to the respiratory epithelium of the nasal cavity, included minimal ex-
foliation, erosion, ulceration and necrosis; moderate inflammatory changes; and
slight squamous metaplasia. No lesions were seen in the tracheobronchial or
pulmonary regions.

In a similar study, Zissu (1995) exposed groups of 10 male Swiss OF,;
mice to ammonia at analytically measured concentrations of 0.3 x RDs, (78.0
ppm), RDsy (257 ppm), or 3 X RDso (711 ppm) for 6 h/day for 4, 9, or 14 days.
The three target concentrations were 90.9, 303, and 909 ppm. Control mice were
exposed to filtered air. The entire respiratory tract was examined microscopi-
cally. No clinical signs of toxicity were noted for mice exposed to ammonia.
Pathologic lesions including rhinitis with metaplasia and necrosis were seen
only in the respiratory epithelium of the nasal cavity of mice inhaling 711 ppm
(3 x RDsy); the severity of the lesions increased with duration of exposure, rang-
ing from moderate on day 4, to severe on day 9, and very severe on day 14. No
lesions were seen in the controls or in mice inhaling the lower concentrations of
ammonia. In contrast to the study conducted by Buckley et al. (1984), this study
showed no lesions in the nasal cavity of mice exposed to 257 ppm, which is near
the RDsy of 303 ppm.

Behavioral activity (wheel running) was assessed in 6 male Swiss mice
exposed sequentially to ammonia at 100, 300, 300, or 100 ppm for 6 h each ses-
sion with 2 days separating each session (Tepper et al. 1985). The activity of the
mice on the running wheel was recorded during each 6-h exposure and for 2
days after each exposure. These mice had been previously exposed to ozone in a
similar experiment terminated 2 weeks before starting the experiment using
ammonia. Controls were not described, but the performance of treated animals
was compared to control performances, probably conducted before exposure to
ozone. At 100 ppm, activity showed an initial increase during the first hour, fol-
lowed by a marked decrease during the third and fourth hours, and an increase
exceeding control activity during the fifth and sixth hours. At 300 ppm, activity
was suppressed throughout exposure; it returned to control levels after exposure
was terminated. The results suggest that the mice adapted to inhaling 100 ppm
of ammonia but not to 300 ppm. The authors attributed the decreased activity to
the sensory irritant property of ammonia.

3.2.3. Cats

Four groups of five stray mixed-breed cats were fitted with cuffed en-
dotracheal tubes and subjected to a battery of pulmonary function tests (baseline
results) followed by exposure to 1,000 ppm of ammonia gas for 10 min to
evaluate the effect of ammonia on pulmonary function and lung pathology. Two
unexposed cats were housed with the experimental cats for pathologic compari-
son (Dodd and Gross 1980). On days 1, 7, 21, and 35 following exposure, a
group of cats was given pulmonary function tests, killed, and examined for gross
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and microscopic lesions in the lungs. Signs of toxicity included poor general
condition, severe dyspnea, anorexia, dehydration, bronchial breath sounds, sono-
rous and sibilant thonchi, and coarse rales. Pulmonary function tests showed
evidence of airway damage throughout the experiment and central lung damage
on day 21. Gross examination of the lungs showed congestion, hemorrhage,
edema, and evidence of interstitial emphysema and collapse. Bronchopneu-
monia, which caused the death of one animal, was commonly seen after day 7.
Microscopic examination showed necrosis and sloughing of the bronchial epi-
thelium accompanied by acute inflammation on day 1; no notable findings oc-
curred in the bronchiolar or alveolar regions. Healing of the mucosal epithelium
of the bronchi was noted on day 7, and varying degrees of bronchitis, bronchio-
litis, bronchopneumonia, and bulbous emphysema were seen on days 21 and 35.
The authors attributed the effects on days 21 and 35 to opportunistic bacteria or
viruses. They suggested that the effects of ammonia are biphasic, consisting of
an acute phase, which could cause death, and a secondary phase, which could
cause debilitating chronic respiratory dysfunction.

3.2.4. Other Species

Boyd et al. (1944) exposed groups of healthy rabbits to ammonia at 10,010
ppm (range 5,005 to 12,441 ppm) [7,000 mg/m’, range 3,500-8,700 mg/m’] for
1 h before or after intratracheal cannulation, which was inserted to collect respi-
ratory tracheal fluid. The mean survival time was 33 h for rabbits exposed be-
fore cannulation and 18 h for rabbits exposed after cannulation. Signs of toxicity
included marked excitation during the early stages of exposure followed by a
“curare-like paralysis.” The major effects of exposure occurred in the respiratory
tract at both concentrations, the tracheobronchial and pulmonary regions of ani-
mals exposed to ammonia after cannulation and the pulmonary region of ani-
mals exposed before cannulation. Microscopically, the trachea and bronchi ap-
peared normal in rabbits exposed before cannulation but were severely damaged
in animals exposed after cannulation. Bronchiolar (damage to epithelial lining)
and alveolar effects (congestion, edema, atelectasis, hemorrhage, and emphy-
sema) were similar in both groups.

Groups of three rabbits, 15 guinea pigs, two dogs, and three monkeys were
exposed to ammonia 8 h/day for 6 weeks at concentrations of 222 or 1,101 ppm
(155 or 770 mg/m’; Coon et al. 1970). No clinical signs of toxicity or other
clinically significant effects occurred in animals exposed to 222 ppm except for
focal pneumonitis in one monkey. The only effects observed at 1,101 ppm were
mild to moderate lacrimation and dyspnea in the dogs and rabbits during the first
week of exposure only and nonspecific inflammatory changes in the lungs of
guinea pigs. The same number of animals of each species was exposed continu-
ously to 57 or 672 ppm (40 or 470 mg/m"®) for 90 days; no clinical signs of tox-
icity or other clinically significant effects were observed at 57 ppm. At 672 ppm,
marked eye irritation (heavy lacrimation) and nasal discharge were seen in dogs
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and erythema, discharge, and corneal opacity were seen in the rabbits. Hemor-
rhagic lesions occurred in the lungs of one dog and moderate lung congestion in
two rabbits. Focal or diffuse interstitial pneumonitis was seen in all animals;
renal tubular calcification, bronchial epithelial calcification, renal tubular epithe-
lial cell proliferation, myocardial fibrosis, and fatty changes in the liver were
observed in several animals of each species. Similar lesions were seen in control
animals but were more severe in the treated animals. Four guinea pigs died dur-
ing the experiment (Coon et al. 1970).

3.3. Summary

The LCs, values for mice and rats are presented in Table 2-7. The LCs, for
rats ranged from 7,338 and 16,600 ppm for 60-min exposures to 40,300 ppm for
a 10-min exposure. The LCs, for mice ranged from 4,230 ppm for a 60-min ex-
posure to 10,096 ppm for a 10-min exposure. The lowest experimental concen-
trations associated with lethality are summarized in Table 2-8.

Rats exposed to lethal concentrations of ammonia showed signs of dysp-
nea and irritation to the eyes and nose and hemorrhage in the lungs (Appelman
et al. 1982). Mice exposed to lethal concentrations of ammonia showed signs of
irritation to the eyes and nose, labored breathing, and gasping, along with trem-
ors, ataxia, convulsions, and seizures; pathologic lesions occurred in the alveoli
(Silver and McGrath 1948; MacEwen and Vernot 1972; Kapeghian et al. 1982).

Nondisabling reversible effects in laboratory animals were mild after sin-
gle exposures and transient after repeated exposures (subchronic duration), sug-
gesting that adaptation occurred. Rats showed a decrease in tracheal ciliary ac-
tivity during exposure to 3-90 ppm for 10 min (Dalhamn 1956), a decrease in
motor activity (wheel running) during exposure to 100 ppm for 6 h, and a com-
plete cessation of motor activity during exposure to 300 ppm for 6 h (Tepper et
al. 1985). Mice exposed to the same concentrations of ammonia showed re-
sponses similar to those of the rats. Another study in rats exposed to concentra-
tions of ammonia ranging from 15 to 1,157 ppm for 24 h did not show any be-
havioral changes or irritation to the eyes or mucous membranes; only minimal
effects on the respiratory epithelium of the upper respiratory tract were seen
after continuous exposure to concentrations up to 714 ppm for several days
(Schaerdel et al. 1983). A 50% reduction in the respiration rate (RDsy) was noted
in mice exposed to about 300 ppm for 30 min (Barrow et al. 1978). Repeated
exposures of the mice to the RDs, for 6 h/day for 3 or 7 days did not cause
pathologic lesions in the respiratory epithelium (Buckley et al. 1984), but expo-
sure to approximately three times the RDs, (711 ppm) resulted in slight to mod-
erate exfoliation, erosion, ulceration, and necrosis of the respiratory epithelium
of the nasal cavity; no lower respiratory tract lesions were produced (Zissu
1995). The RDs, is considered to be incapacitating to humans (Barrow et al.
1978). There was no evidence of pulmonary lesions in mice or rats exposed to a
single nonlethal concentration of ammonia.
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TABLE 2-7 Comparison of Acute Lethality (LCso) Data in Different Species

LCsp Exposure Time
Species mg/m’ ppm (min) Reference
Rat 28,130 40,300 10 Appelman et al. 1982
Mouse 7,060 10,096 10 Silver and McGrath 1948
Rat 19,960 28,595 20 Appelman et al. 1982
Mouse 14,986 21,430 30 Hilado et al. 1978
Rat 14,170 20,300 40 Appelman et al. 1982
Rat 5,131 7,338 60 MacEwen and Vernot 1972
Rat 11,592 16,600 60 Appelman et al. 1982
Mouse 3,383 4,837 60 MacEwen and Vernot 1972
Mouse 2,858 4,230 60 Kapeghian et al. 1982

TABLE 2-8 Lowest Experimental Concentrations Causing Death

Concentration  Exposure %
Species (ppm) Time (min) Mortality ~ Reference
Mouse 8,723 10 25 Silver and McGrath 1948
Mouse 19,048 30 25 Hilado et al. 1977
Mouse 3,950 60 25 Kapeghian et al. 1982
Mouse 4,550 60 30 MacEwen and Vernot 1972
Mouse 4,380 240" 25 Kapeghian et al. 1985
Rat 33,433 10 10 Appelman et al. 1982
Rat 26,155 20 30 Appelman et al. 1982
Rat 18,047 40 20 Appelman et al. 1982
Rat 14,114 60 30 Appelman et al. 1982
Cat 1,000 10 5 Dodd and Gross 1980

“No observation period after exposure.

Signs of eye and respiratory irritation were observed in several species ex-
posed continuously or repeatedly to ammonia for 6 weeks to 114 days (Coon et
al. 1970). Except for nonspecific inflammation of the lungs at 1,101 ppm, re-
peated daily exposures to rats of 57 ppm for 114 days or 222 or 1,101 ppm for 6
weeks (8 h/day) produced no effects. Almost all rats died after continuous expo-
sure to 651 or 672 ppm for 65 days. Repeated exposures to 1,101 ppm for 6
weeks (8 h/day) produced transient dyspnea and lacrimation in dogs and rabbits,
whereas continuous exposure to 672 ppm for 90 days resulted in signs of irrita-
tion to the eyes and nose and pathologic lesions in the lungs of dogs and rabbits
and pneumonitis in several species (dog, rabbit, guinea pig, and monkey). Stud-
ies on repeated exposures showed that mice are more sensitive than other spe-
cies; for example, mice exposed to 771 ppm for only a few days showed patho-
logic effects, whereas other species required higher concentrations or longer
exposure durations to produce pathologic or clinical effects (Coon et al. 1970).
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4. SPECIAL CONSIDERATIONS
4.1. Metabolism, Disposition, and Kinetics

Ammonia is a product of amino acid and protein metabolism; therefore, it
is found naturally in the body. The normal concentration of ammonia in the
blood of humans is about 1 pg/mL. The liver rapidly detoxifies ammonia to urea
in order to maintain the isotonic system (Visek 1972; Pierce 1994).

The concentration of ammonia in blood remains stable (not altered signifi-
cantly) after inhalation exposure of humans to very high concentrations of am-
monia gas, indicating a lack of appreciable absorption from the respiratory tract
or rapid detoxification. Leduc et al. (1992) reported normal concentrations of
ammonia in the blood of a 28-year-old man exposed to an unknown concentra-
tion of ammonia gas that was sufficient to cause severe tracheobronchial injury.
Swotinsky and Chase (1990) presented no supporting data but stated that indi-
viduals with impaired liver function could have elevated levels of ammonia in
blood after inhalation exposure.

Silverman et al. (1949) reported no changes in blood or urine ammonia,
urea, or nonprotein nitrogen in seven human subjects exposed to ammonia at
concentrations of 350-500 ppm for 30 min. The concentration of ammonia in
expired air remained stable at 350-400 ppm after 10-27 min of exposure, sug-
gesting an equilibrium with the concentration in inhaled air. Within 3-8 min
following exposure, the concentration of ammonia in expired air decreased to
preexposure levels. The calculations of Silverman et al. indicated that, if all the
retained ammonia was absorbed into the blood, there would have been no sig-
nificant change in blood or urine urea, ammonia, or nonprotein nitrogen.

Animal studies have shown, however, that blood ammonia levels may be
altered following inhalation exposure. Schaerdel et al. (1983) measured ammo-
nia levels in the blood of rats 8, 12, and 24 h after inhalation exposures to 15,
32, 310, or 1,157 ppm of ammonia for 24 h. The values were corrected by pre-
exposure concentrations (control). The blood ammonia concentrations 8 and 12
h after exposure to 15 and 32 ppm and 24 h after exposure to 15 ppm were
slightly below those of the controls. The concentrations of ammonia in the blood
of rats exposed to 310 and 1,157 ppm exceeded control levels and showed a
peak at 8 h and time-related decreases at 12 and 24 h postexposure. Mayan and
Merilan (1976) found no significant increase in the blood ammonia levels in
male Holstein calves after exposure to 50 or 100 ppm of ammonia for 2.5 h
compared with the preexposure levels. Blood urea nitrogen and pH were not
significantly altered after exposure to ammonia. Adult female rabbits exposed to
50 or 100 ppm of ammonia for 2.5-3 h showed a significant increase in blood
urea nitrogen at 100 ppm and no significant increase in blood pH (Mayan and
Merilan 1972).

During exposure, ammonia is efficiently retained (scrubbed) in the naso-
pharyngeal region of the respiratory tract, thus protecting the lower regions from
damage. However, the work by Silverman et al. (1949) indicated that scrubbing
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of ammonia in the nasopharyngeal area is concentration and time dependent.
Landahl and Herrmann (1950) showed that 91-93% of ammonia [concentrations
= 40, 200, or 300 mg/m3 (57, 286, or 429 ppm); flow rate = 18 L/min] inhaled
by human subjects was retained in the respiratory tract during a single inspira-
tion. At the same flow rate, 83% of inhaled ammonia was retained in the nose.

Mongrel dogs exposed to 150-500 mg/m’® (215-715 ppm) of ammonia va-
por retained 74-83% of the inhaled ammonia in the entire respiratory tract; 76-
80% of inhaled ammonia can be retained in the upper respiratory tract (Egle
1973). The duration of exposure was not reported. Ventilatory rate and tidal
volume had no effect on retention. Other experiments showed 78-80% retention
in the lower respiratory tract and 88% retention in the upper respiratory tract
when mechanical devices were used to bypass the upper and lower respiratory
tracts.

4.2. Mechanism of Toxicity

Ammonia is an irritant gas that produces effects immediately on contact
with moist mucous membranes of the eyes, mouth, and respiratory tract via the
formation of ammonium hydroxide (a corrosive alkali) or the production of heat
(Wong 1995). Because of its irritant properties, individuals coming into contact
with ammonia vapor (or gas) will try to escape as quickly as possible (Swotin-
sky and Chase 1990). The odor threshold for ammonia is lower than its irritancy
effect and serves as a warning of its presence.

4.3. Structure-Activity Relationship

Ammonia is an alkaline substance, and its corrosiveness is not different
from that of other corrosive agents such as calcium, sodium, potassium hydrox-
ide, and calcium oxide. Aerosols or vapors and fumes are very caustic on con-
tact with moist mucous membranes, causing injury of the respiratory tract and
eyes (Pierce 1994).

4.4. Other Relevant Information
4.4.1. Odor

The odor threshold for ammonia is between 5 and 53 ppm (Pierce 1994),
suggesting that it has adequate warning properties. Ferguson et al. (1977) re-
ported the odor threshold for ammonia in the presence of mixed odors as 10-20
ppm. The odor of ammonia at 30 ppm described as moderately intense by 2/6
subjects and highly penetrating by 3/6, indicating that the odor threshold was
clearly exceeded at 30 ppm (MacEwen et al. 1970). A group of nonexpert and
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expert subjects judged the odor of 50 ppm of ammonia to be just perceptible to
nuisance during the first 30 min of exposure and just perceptible to offensive
after 2 h.

Ferguson et al. (1977) conducted a study showing adaptation to concentra-
tions up to 150 ppm of ammonia, with excursions up to 200 ppm, in individuals
acclimated to 25-100 ppm for 1 week. More details of this study are described in
Section 2.2.1.

4.4.2. Species Variability

ten Berge et al. (1986) found that mice are usually more sensitive (to irri-
tants) than other mammals. The most direct comparison of mice and rats to inha-
lation exposure to ammonia can be found in Table 2-7 of this chapter. These
data show that the mouse is 2.7 to 4 times more sensitive to inhalation exposure
to ammonia than the rat.

4.4.3. Susceptible Populations

Erskine et al. (1993) showed that the glottis of elderly people (86-90 years
old) is less responsive to inhalation exposure to ammonia than younger people
(21-30 years old); the two age groups differed by a factor of 3. McLean et al.
(1979) showed that nonatopic and atopic subjects, some of whom had a history
of asthma, responded similarly in a nasal airway resistance (NAR) test to 100
ppm of ammonia introduced into each nostril under pressure for up to 30 s. The
increased NAR was attributed to parasympathetic reflex and not to histamine
release. Ammonia is water soluble and efficiently scrubbed in the nasopharyn-
geal regions; ammonia would not reach the tracheobronchial and pulmonary
regions of the respiratory tract until the scrubbing action has been saturated. It is
unlikely that concentrations detected only by odor or irritation to the nasal cavity
or eyes would reach the tracheobronchial and pulmonary regions and have a
differential effect on asthmatic individuals.

4.4.4. Concentration-Exposure Duration Relationship
Appelman et al. (1982) used multiple linear weighted regression to show
the general correlation between concentration, time, and mortality expressed as
probit. They derived the following equation:

Probit=alnc+blnt—q,

where a, b, and q are the regression parameters; c is the concentration (mg/m’ or
ppm); and t is the time of exposure. The values for regression parameters for the
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combined sexes were as follows: a = 4.62, b = 2.30, and q = 47.8. The quotient
for b/a is equal to n. Converting the above equation to

Probit = 2.30 In [C** x t]-47.8

shows that the relationship of any concentration and time corresponding to a
mortality rate can be expressed as C" x t = k, where n = 2.02. ten Berge et al.
(1986) reported an n value of 2 and confidence intervals of 1.6 and 2.4 for am-
monia. ten Berge et al. (1986) also noted that the value of the exponent n should
be derived empirically.

5. DATA ANALYSIS FOR AEGL-1
5.1. Human Data Relevant to AEGL-1

Human data relevant for deriving the AEGL-1 value are summarized in
Section 2.3, Table 2-5. Faint or no detectable irritation was reported for expo-
sure to 30 ppm for 10 min (MacEwen et al. 1970), and moderate irritation was
reported for exposure to 50 ppm for 10 min to 2 h (MacEwen et al. 1970; Ver-
berk 1977). Moderate irritation also was reported for exposure to 80 ppm for up
to 1 h. No adverse effect on respiratory function has been reported for exposure
to ammonia at concentrations of 140 ppm for 2 h or up to 500 ppm for 30 min
(Verberk 1977; Silverman et al. 1949).

5.2. Animal Data Relevant to AEGL-1

Animal studies were available, but none was judged to be adequate for de-
riving AEGL-1 values in view of the available human data.

5.3. Derivation of AEGL-1

Humans experience either faint or no irritation after exposure to ammonia
at 30 ppm for 10 min (MacEwen et al. 1970); therefore, 30 ppm was used to
derive AEGL-1 values. An interspecies uncertainty factor is not applied to these
data because the AEGL value is based on human data. An intraspecies uncer-
tainty factor of 1 was selected because ammonia is efficiently scrubbed in the
upper respiratory tract, and if irritation occurs, it would be confined to the nasal
cavity (and possibly the eyes). Nonatopic and atopic subjects, including asthmat-
ics, responded similarly in a nasal airway resistance test when 100 ppm of am-
monia was introduced into each nostril for up to 30 s (McLean et al. 1979);
therefore, asthmatic individuals are not expected to respond differently than
nonasthmatic individuals. Exercising subjects showed only a clinically nonsig-
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nificant decrease in pulmonary function after exposure to higher concentrations
of ammonia (Cole et al. 1977); therefore, exercise is not expected to cause an
appreciable difference in effects experienced during exposure to AEGL-1 con-
centrations. The same value is proposed for 5, 30, 60, 240, and 480 min, because
any effects that occur are not expected to become more severe with duration of
exposure because adaptation occurs during prolonged exposure. AEGL-1 values
are summarized in Table 2-9. The AEGL-1 value of 30 ppm for all time points is
supported by observations that humans reported similar intensities of response
after exposure to 50 ppm for 10 min to 2 h (MacEwen et al. 1970; Verberk
1977).

6. DATA ANALYSIS FOR AEGL-2
6.1. Human Data Relevant to AEGL-2

Data detailing disabling, irreversible, or long-term effects of ammonia
were discussed in Section 2.2.1. The immediate response of individuals exposed
to severe irritating concentrations of ammonia is to escape. Therefore, only
those people who are incapacitated and unable to escape or those who are not
rescued by others would remain in an atmosphere containing highly irritating
concentrations of ammonia. They would be in danger with prolonged continuous
exposure. The case studies on irreversible or long-term effects of ammonia did
not report exposure concentrations and cannot be used to derive AEGL values.
Several studies showing reversible irritation in humans had quantitative expo-
sure data judged suitable for deriving AEGL-2 levels. These studies are summa-
rized in Table 2-10. The subjects in the Verberk (1977) study were exposed to
concentrations ranging from 50 to 140 ppm for durations ranging up to 2 h, and
this study established exposure concentrations and durations of exposure con-
sidered to be offensive and unbearable but reversible. Other studies provide ad-
ditional data to support to the Verberk study. Silverman et al. (1949) exposed
subjects to 500 ppm of ammonia for 30 min by means of a half mask; there was
no direct contact of the eyes with the ammonia. Ferguson et al. (1977) reported
no adverse effects on respiratory function in human volunteers exposed for 2-6
h/day for 5 days to ammonia levels as high as 100 ppm.

There are difficulties in determining the ammonia concentrations associ-
ated with irreversible effects for the longer exposure times (4 or 8 h). Reversible

TABLE 2-9 AEGL-1 Values for Ammonia
5 min 10 min 30 min l1h 4h 8h

30 ppm 30 ppm 30 ppm 30 ppm 30 ppm 30 ppm
2l mgm’) Q2lmgm®) Q2lmgm®) QClmgm®) Q2lmgm®) (21 mgm?)
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TABLE 2-10 Nonlethal Effects of Ammonia on Humans and Experimental
Animals

Exposure
Concentration Time
Species (ppm) (min) Effect Reference
Human 50 10 Moderate irritation (NOS). MacEwen et al.
1970
Human 110 120 Irritation: eyes, nose, throat, Verberk 1977
chest.
Human 140 30 Irritation: eyes, nose, throat, Verberk 1977
chest; urge to cough.
Human 140 120 Nuisance irritation: eyes, Verberk 1977
throat; urge to cough.
Human 143 5 Irritation: eyes, mouth, nose, Ind. Bio.-Test
throat, chest. Lab. 1973
Human 571 One Threshold for glottis closure  Erskine et al. 1993
breath in young males.
Human 500 30 Only 2 of 7 subjects tolerated Silverman et al.

ammonia via nose breathing; 1949
irritation effects: nose and

throat; lacrimation, hyper-
ventilation, decreased respi-

ratory function.

Mouse 303 30 RDsq (50% depression in Barrow et al. 1978
respiratory rate)

“Based on C* x t=k.
Abbreviations: NA, not applicable; NOS, not otherwise specified.

effects may become irreversible and irreversible effects may become lethal due
to delays in medical treatment as well as to continued exposure. Furthermore,
exposure concentrations were not measured for the cases in which severe but
reversible damage occurred in the respiratory tract. Therefore, AEGL-2 levels
for ammonia can be determined from studies reporting “unbearable” upper res-
piratory tract irritation, which could potentially impair the ability to escape,
rather than the threshold for irreversible or long-term effects. The unbearable
concentrations are much lower than those that would be associated with the
threshold for irreversible damage to the respiratory tract.

6.2. Animal Data Relevant to AEGL-2
The RDsy (30-min exposure) of 303 ppm for the mouse (Barrow et al.

1978), which is predicted to cause intense sensory irritation and rapid incapaci-
tation in humans, produced histopathological lesions in the nasal cavity but not

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 6

http://lwww.nap.edu/catalog/12018.html

94 Acute Exposure Guideline Levels

in the tracheobronchial or pulmonary regions in mice exposed repeatedly for 5
days (Buckley et al. 1984). Tepper et al. (1985) showed that mice exposed to
300 ppm ceased motor activity (wheel running) during the entire 6-h exposure
period. These mice had prior ozone exposure that may have affected the out-
come of the study.

6.3. Derivation of AEGL-2

The AEGL-2 values were based on “offensive” irritation to the eyes and
respiratory tract experienced by nonexpert human subjects (unfamiliar with the
effects of ammonia or with laboratory studies) exposed to 110 ppm of ammonia
for 2 h (Verberk 1977). The responses of the nonexpert subjects ranged from
“no sensation” to “offensive” for eye irritation, cough, or discomfort and from
“just perceptible” or “distinctly perceptible” to “offensive” for throat irritation.
No residual or irreversible effects were reported after termination of exposure,
and pulmonary function was not affected by exposure. At the next higher con-
centration of 140 ppm, some subjects reported the effects to be unbearable and
left the chamber between 30 min and 1 h; none remained for the full 2 h. Some
irritation to the eyes, nose, throat, and chest along with a disagreeable odor are
expected at the AEGL-2 level. An interspecies uncertainty factor is not applied
to these data because the AEGL values are based on human data. An intraspe-
cies uncertainty factor of 1 was selected because ammonia is a contact irritant, it
is efficiently scrubbed in the upper respiratory tract, and any perceived irritation
is not expected to be greater than that of the most sensitive nonexpert subject.
The range of responses for this group is considered comparable to the range of
responses that would be encountered in the general population, including asth-
matics. Investigations have shown a link between nasal symptoms or allergic
rhinitis and asthma, with rhinitis preceding the development of asthma (Corren
1997), and studies have shown that atopic subjects, including asthmatics, and
nonatopic subjects respond similarly to a brief nasal exposure to ammonia
(McLean et al. 1979). Exposure to exercising subjects showed only clinically
nonsignificant changes in pulmonary function during exposure to ammonia at
concentrations up to 336 ppm (Cole et al. 1977). In addition, a child experienced
less severe effects than an adult exposed to very high concentrations of ammonia
(Kass et al. 1972).

Time scaling across the pertinent timeframes was based on the ten Berge
et al. (1986) equation (C" x t =k, where C = concentration, n =2, and k is a con-
stant). The value of n was derived from mouse and rat lethality data and was
reported by Appelman et al. (1982) and ten Berge et al. (1986). The value of 110
ppm was adopted as the 4- and 8-h values, because the maximum severity rating
for irritation in the Verberk (1977) study changed very little between 30 min and
2 h and is not expected to change for exposures up to 8 h. The 30-min value was
also adopted as the 10-min AEGL-2 value because time scaling would yield a
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10-min value (380 ppm) that might impair escape. The AEGL-2 values are sum-
marized in Table 2-11.

The AEGL values are supported by other studies showing that exposures
up to 100 ppm were tolerated by human subjects for 2-6 h without causing seri-
ous effects (Ferguson et al. 1977). The data of Cole et al. (1977) and Silverman
et al. (1949) showed no serious irreversible effects at 336 or 500 ppm,
respectively.

7. DATA ANALYSIS FOR AEGL-3
7.1. Human Data Relevant to AEGL-3

Although numerous case studies describing lethal and potentially life-
threatening exposures to ammonia resulting from various accidental releases
were found in the literature, the lack of definitive information on actual expo-
sure concentrations limits the usefulness of these studies for establishing AEGL-
3 values. Substantial uncertainties are associated with the values derived from
the gas dispersion models (WHAZAN and HGSYSTEM). In both cases, esti-
mates for atmospheric ammonia concentrations were used as surrogates for ex-
posure concentration. For the South Africa ammonia accident, the HGSYSTEM
dispersion model did not address exposure estimates for the survivors sheltered
inside buildings or the people located upwind from the release. This fact alone
renders any analysis derived from the WHAZAN or RAM TRAC, which in-
cludes individuals sheltered inside buildings, inadequate for estimating human
survival levels. The HGSYSTEM model of the South Africa accident may be
unable to address releases from multiple sources, unable to model a delayed
transport scenario or puff expansion in calm wind followed by wind transport,
and is limited by the complex meteorological conditions (Mazzola 1996). In a
more detailed analysis of the HGSYSTEM model and dose reconstruction mod-
els in general, Mazzola (1997) noted that (1) the absence of real-time meteoro-
logical data during and subsequent to the release would significantly limit the
confidence in using HGSYSTEM modeling results; (2) the HGSYSTEM may be
unable to accurately simulate the complex thermodynamics of anhydrous am-
monia releases; (3) the HGSYSTEM is unable to address indoor concentrations;
and (4) the Benign Bubble hypothesis cannot be proven in the absence of three-
dimensional wind field data. Mazzola also noted other sources of uncertainties
in the HGSYSTEM model of the Potchefstroom, South Africa, ammonia acci-
dent as reported by Mudan and Mitchell (1996); as the levels of uncertainty

TABLE 2-11 AEGL-2 Values for Ammonia
10 min 30 min 1h 4h 8h

220 ppm 220 ppm 160 ppm 110 ppm 110 ppm
(154 mg/m’) (154 mg/m®)  (112mg/m®) (77 mg/m’) (77 mg/m®)
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accumulate and become very large, confidence in the final results diminishes.
Therefore, atmospheric ammonia concentrations generated by the HGSYSTEM
model cannot serve as a surrogate for exposure and should not be used to derive
AEGL values.

Because of the inability to estimate the response variable, the inability to
estimate concentrations to individuals sheltered inside buildings, and the uncer-
tainties associated with accident dose reconstruction as surrogates for exposure,
animal data are preferred for deriving AEGL-3 values. Although there is an in-
herent weakness in extrapolating from experimental animal concentrations to
human exposure, animal studies are strengthened by having measured exposure
concentrations and known response data. Therefore, an approach using experi-
mental animal data, where exposure estimates are more reliable, is recom-
mended for deriving AEGL-3 values.

7.2. Animal Data Relevant to AEGL-3

Data from the rat studies reported by Appelman et al. (1982) and MacE-
wen and Vernot (1972) and the mouse studies reported by Silver and McGrath
(1948), MacEwen and Vernot (1972), and Kapeghian et al. (1982) were consid-
ered relevant to deriving AEGL-3 values. The rat study by Appelman et al. and
the mouse studies by Kapeghian et al. and MacEwen and Vernot were well con-
ducted. However, the results of the Appelman et al. study were based on four
different exposure durations, whereas only one exposure duration was used in
the mouse studies by Kapeghian et al. and MacEwen and Vernot. ten Berge et
al. (1986) noted that mice are more sensitive to respiratory irritants than other
mammalian species. The two mouse studies, however, produced similar LCs
values (4,230 and 4,837 ppm), which increases the confidence in using the
mouse data to derive the AEGL-3 values. In addition, probit analysis of the rat
data reported by MacEwen and Vernot (1972) produced an LCs, value of 7,338
ppm for a 60-min exposure; this value is less than one-half the LCs, of 16,600
ppm derived by Appelman et al. The discrepancy in the two studies increases the
uncertainty of using the rat data to derive AEGL-3 values. A study in the cat
provided the lowest lethal concentration of 1,000 ppm (Dodd and Gross 1980).
Lower respiratory tract lesions produced in cats exposed to ammonia are similar
to those described for humans. However, the cats were exposed using a cuffed
endotracheal tube, which bypassed the nasopharyngeal region where a signifi-
cant amount of scrubbing occurs. This method of exposure could produce more
severe tracheobronchial lesions than would occur from nose breathing. It should
be noted that the cat study used only one ammonia concentration and one expo-
sure duration; it was not designed to evaluate exposure-related effects. Because
of inconsistencies in the results of the rat studies and the exposure method used
for cat the study, the mouse studies are considered the most suitable for deriving
AEGL-3 values.
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7.3. Derivation of AEGL-3

LCy, values derived from the mouse and rat studies are presented in Table
2-12. AEGL-3 values are derived using the data for mice reported by Kapeghian
et al. (1982) and MacEwen and Vernot (1972). The 60-min LCy, derived by the
probit analysis of Kapeghian et al. is 3,317 + 195 ppm (+ standard error), and
the 60-min LCy, derived by probit analysis of the MacEwen and Vernot data is
3,374 + 376 ppm. The LCy; values from the two mouse studies are similar and
both have small standard errors. These values compare closely with the 2,932
ppm 60-min LCy; derived from use of regression coefficients from the combined
mouse datasets of Kapeghian et al. (1982) and Silver and McGrath (1948) as
presented by ten Berge et al. (1986) (see Table 2-12). For comparison, LCy, val-
ues using the rat data reported by Appelman et al. (1982) and MacEwen and
Vernot (1972) also are presented. The Benchmark Dose approach was applied to
the Kapeghian et al. and MacEwen and Vernot mouse data; the resulting
BMDLs values derived from the probit model are 3,278 and 3,219 ppm, respec-
tively.

The mouse is unusually sensitive to exposure to respiratory irritants, in-
cluding ammonia (ten Berge et al. 1986); therefore, an interspecies uncertainty
factor of 1 was applied to the LCy, for the mouse. An uncertainty factor of 3 was
applied to account for intraspecies variability because concentrations of ammo-
nia that are life threatening cause severe tracheobronchial and pulmonary dam-
age and these effects are not expected to be more severe in asthmatics than in
nonasthmatics (McLean et al. 1979), more severe in children than adults (Kass
et al. 1972), or more severe in exercising than in nonexercising individuals (Cole
et al. 1977; see rationale for AEGL-2), but tracheobranchial and pulmonary ef-
fects may occur at a lower concentration in the elderly. Investigations showed
that reflex glottis closure (protective mechanism) is 3-fold less sensitive in the
elderly than in young subjects (Erskine et al. 1993); this mechanism may be

TABLE 2-12 LC,; Estimates for Ammonia Derived from Animal Data

Exposure Concentration (ppm)

Time (min)  Mouse®  Mouse®  Mouse® Mouse? Rat’ Rat®

5 9,800 11,688 11487 6,031 34356 17,899
30 4,104 4,772 4,690 2,462 14,134 7,307
60 2,932 3374 3317 1,741 10,024 5,167
240 1,494 1,687 1,658 871 5,042 2,584
480 1,067 1,193 1,172 616 3,575 1,827

“Concentrations derived using Appelman et al. (1982) regression coefficients b, = 47.8,
by =4.64, and b, = 2.30 for the rat and ten Berge et al. (1986) regression coefficients by =
54.5,b,=15.95, and b, = 2.89 for the mouse.

®Derived from data reported by MacEwen and Vernot 1972; n = 2.

“Derived from data reported by Kapeghian et al. 1982; n=2.

“Derived from data reported by Silver and McGrath 1948; n = 2.
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applicable only when concentrations of ammonia exceed 570 ppm. A larger in-
terspecies or intraspecies uncertainty factor would lower the 30-min AEGL-3
value to approximately 500 ppm, which was tolerated by humans without lethal
or long-term consequences (Silverman et al. 1949). Therefore, applying a total
uncertainty factor of 3 to the LCy, values of 3,317 or 3,374 ppm results in an
AEGL-3 value of 1,100 ppm for the 1-h duration. ten Berge’s equation was used
to extrapolate to the relevant exposure durations. The value of n was calculated
from the regression coefficients (b,/b,) for mouse data reported by ten Berge et
al. (1986). The AEGL-3 values for 10, 30, 60, 240, and 480 min are presented in
Table 2-13.

No verified lethal concentrations for ammonia in humans were found in
the available literature. However, Silverman et al. (1949) reported that 1,000
ppm induced an immediate urge to cough. Legters (1980) noted that coughing
may indicate that the adsorptive (scrubbing) capacity of the upper respiratory
tract has been exceeded and that ammonia is penetrating the lower respiratory
passages. Data presented in Section 2.1 show that death in humans exposed to
ammonia is associated with damage to the lower respiratory tract, and data pre-
sented in Section 2.2.1 showed effects caused by ammonia on the lower respira-
tory tract that would be lethal without prompt medical attention. Therefore, con-
centrations of ammonia that exceed the scrubbing capacity of the upper respira-
tory tract and cause coughing, which indicates lower respiratory effects, have
potentially serious effects. Although no experimental studies were available for
exposures to ammonia for durations longer than 1 h, there is a need to derive
AEGL-3 values for 4- and 8-h exposures. Kass et al. (1972) showed that the
ammonia cloud formed after an accident does not always dissipate rapidly. In
the accident with the railroad car, a heavy fog kept the ammonia cloud close to
the ground for a prolonged period of time.

The AEGL-3 value for 8 h is supported by studies in rats, rabbits, guinea
pigs, dogs, and monkeys showing that daily 8-h exposures to 1,101 ppm for 6
weeks caused no deaths (Coon et al. 1970). The only effects observed were non-
specific inflammation (rats and guinea pigs), lacrimation (dogs and rabbits), and
dyspnea (dogs and rabbits).

8. SUMMARY OF AEGLs
8.1. AEGL Values and Toxicity End Points

The AEGL values are summarized in Table 2-14. Ammonia is irritating
upon immediate contact with mucous surfaces of the eyes, mouth, and respira-
tory tract. The following factors were taken into account in proposing the AEGL
values. Inhaling low concentrations of ammonia causes mild irritation to the
eyes, nose, and throat, which is reversible upon termination of exposure. Indi-
viduals will attempt to escape immediately from atmospheres containing ammo-
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TABLE 2-13 AEGL-3 Values for Ammonia
10 min 30 min 1h 4h 8h

2,700 ppm 1,600 ppm 1,100 ppm 550 ppm 390 ppm
(1,888 mgm®) (1,119 mgm®) (769 mgm®) (385 mgm’®) (273 mgm®)

TABLE 2-14 AEGL Values for Ammonia

End Point
(Primary
Classification 10 min 30 min l1h 4h 8h References)
AEGL-1 220ppm  30ppm  30ppm 30ppm 30 ppm  Mild irritation
(nondisabling) (154 (21 (21 (21 (21 (MacEwen et
mgm?) mgm?) mgm®) mgm’) mgm®) al. 1970)
AEGL-2 220 ppm 220 ppm 160 ppm 110 ppm 110 ppm Irritation: eyes
(disabling) (154 (154 (112 (77 77 and respiratory
mgm”) mgm?) mgm®) mgm?) mgm®) tract, urge to
cough
(Verberk 1977)
AEGL-3 2,700 1,600 1,100 550 ppm 390 ppm  Threshold for
(lethal) ppm ppm ppm (385 (273 lethality (LCy;)
(1,888 (1,119 (769 mgm’)  mgm®)  (Kapeghian et
mgm?) mgm’) mgm®) al. 1982;

MacEwen and
Vernot 1972)

nia at concentrations considered highly irritating or intolerable. Reflex glottis
closure and nasopharyngeal scrubbing may protect the lower respiratory tract
from potential injury during brief exposures. When the scrubbing capacity of the
nasopharyngeal region is exceeded, the potential for damage to the lower re-
gions of the respiratory tract increases. Most deaths occur when damage causes
pulmonary edema or airway obstruction. However, recovery from airway ob-
struction is usually assured with medical treatment, whereas pulmonary edema
may lead to death even with medical treatment.

8.2. Comparison of AEGLs with Other Standards and Criteria

Table 2-15 summarizes standards and guidelines established by various
agencies and organizations. The AEGL values are similar to the values recom-
mended by other organizations and agencies. The 1-h ERPG-3 (750 ppm) is
slightly less than the proposed AEGL-3 value of 1,100 ppm, the ERPG-2 value
(150 ppm) is slightly less than the AEGL-2 value of 110 ppm, and ERPG-1
value (25 ppm) is the same as the AEGL-1 value. NIOSH’s IDLH is slightly
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TABLE 2-15 Extant Standards and Guidelines for Ammonia

Guideline 10 min 30 min lh 4h 8h

AEGL-1 30 ppm 30 ppm 30 ppm 30 ppm 30 ppm

AEGL-2 220 ppm 220 ppm 160 ppm 110 ppm 110 ppm

AEGL-3 2,700 ppm 1,600 ppm 1,100 ppm 550 ppm 390 ppm

ERPG-1 (AIHA)* 25 ppm

ERPG-2 (AIHA) 150 ppm

ERPG-3 (AIHA) 750 ppm

EEGL (NRC) 100 ppm 100 ppm
(24 h)

PEL-TWA (OSHA)* 50 ppm

IDLH (NIOSH)* 300 ppm

REL-TWA 25 ppm

(NIOSH)*

REL-STEL 35 ppm

(NIOSHY (15 min)

TLV-TWA 25

(ACGIH)®

TLV-STEL 35 ppm

(ACGIH)" (15 min)

MAK (Germany)' 20

MAK Peak Limit

(Germany)

OELV (Sweden)) 50 ppm 25 ppm

(Dutch) (15 min)

SMAC" 20 ppm 14 ppm (24 h)

“ERPG (emergency response planning guideline, American Industrial Hygiene Associa-
tion) (ATHA 2000). The 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
other than mild, transient adverse health effects or without perceiving a clearly defined
objectionable odor. The ERPG-1 for ammonia is based on a concentration associated
with a mild odor perception or mild irritation. 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 individual’s ability to take protective action. At the
ERPG-2 level, ammonia will likely have a strong odor and cause some eye and upper
respiratory irritation in susceptible populations, but serious effects are unlikely. 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 ammonia is based on the median lethal con-
centrations of 7,340-16,600 ppm for the rat and 4,230-4,840 ppm for the mouse. This
concentration may cause respiratory distress and severe eye and nasal irritation.

PEEGL (Emergency exposure guidance level, National Research Council) (NRC 1987).
The EEGL is the concentration of contaminants that can cause discomfort or other evi-
dence of irritation or intoxication in or around the workplace but avoids death, other se-

(Continued)
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TABLE 2-15 Continued

vere acute effects, and long-term or chronic injury. The EEGL for ammonia is based on
effects experienced by subjects exposed to it at 140 ppm for up to 2 h.

“PEL-TWA (permissible exposure limit-time-weighted average, Occupational Health and
Safety Administration) (OSHA 1999) is defined analogous to the ACGIH TLV-TWA but
is for exposures of no more than 10 h/day, 40 h/week.

‘IDLH (immediately dangerous to life and health, National Institute of Occupational
Safety and Health) (NIOSH 1997) represents the maximum concentration from which
one could escape within 30 min without any escape-impairing symptoms or any irre-
versible health effects. The IDLH for ammonia is based on acute toxicity data in humans.
‘REL-TWA (recommended exposure limit-time-weighted average, National Institute of
Occupational Safety and Health) (NIOSH 1997) is defined analogous to the ACGIH
TLV-TWA.

/REL-STEL (recommended exposure limit—short-term exposure limit) (NIOSH 1997) is
defined analogous to the ACGIH TLV-STEL.

8TLV-TWA (American Conference of Governmental Industrial Hygienists, Threshold
Limit Value-time-weighted average) (ACGIH 2001) is the time-weighted average con-
centration for a normal 8-h workday and a 40-h workweek, to which nearly all workers
may be repeatedly exposed, day after day, without adverse effect.

"TLV-STEL (Threshold Limit Value—short-term exposure limit) (ACGIH 2001) is de-
fined as a 15-min TWA exposure, which should not be exceeded at any time during the
workday 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 four
times per day. There should be at least 60 min between successive exposures in this
range.

'MAK (maximale arbeitsplatzkonzentration [maximum workplace concentration])
(Deutsche Forschungsgemeinschaft [German Research Association] 2000) is defined
analogous to the ACGIH TLV-TWA.

'MAK spitzenbegrenzung (peak limit [give category]) (Deutsche Forschungsgemein-
schaft [German Research Association] 2000) constitutes the maximum average concen-
tration to which workers can be exposed for a period up to 30 min with no more than two
exposure periods per work shift; total exposure may not exceed 8-h MAK.

MAC (maximaal aanvaarde concentratic [maximal accepted concentration]) (SDU Uit-
gevers [under the auspices of the Ministry of Social Affairs and Employment], The
Hague, The Netherlands 2000) is defined analogous to the ACGIH TLV-TWA.

'OELV (occupational exposure limit value) (Swedish National Board of Occupational
Safety and Health 1996) is the maximum acceptable average concentration (time-
weighted average) of an air contaminant in respiratory air. An occupational exposure
limit value is either a level limit value (one working day) or a ceiling limit value (15 min
or some other reference time period).

"SMACs (spacecraft maximum allowable concentrations) (NRC 2000) provide guidance
on chemical exposures during normal operations of spacecraft as well as emergency
situations. Short-term (1-24 h) SMACs refer to concentrations of airborne substances
(such as a gas, vapor, or aerosol) that will not compromise the performance of specific
tasks by astronauts during emergency conditions or cause serious or permanent toxic
effects. Such exposures may cause reversible effects such as mild skin or eye irritation
but are not expected to impair judgment or interfere with proper responses to emergen-
cies. The 1- and 24-h SMACs are based on concentrations that would cause only slight
mucosal irritation (Wong 1995).
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higher than the value for the AEGL-2 30-min exposure. Mahlum and Sasser
(1991) determined maximum exposure levels for operators in nuclear reactor
control rooms. The recommended 2-min exposure limit was 300 ppm, which
would allow a person to perform their task, don protective clothing, and suffer
no long-lasting effects.

8.3. Data Adequacy and Research Needs

A large body of data was available for deriving AEGL values for ammo-
nia. The studies on lethal or irreversible effects in humans did not have quantita-
tive exposure estimates. However, human studies on upper respiratory tract irri-
tation with quantitative exposure were available. In the human studies available,
subjects were exposed to ammonia at concentrations that ranged from odor de-
tection levels to concentrations causing “unbearable” irritation to the respiratory
tract and eyes. Human studies using concentrations of ammonia higher than
those reported in this document have the potential for causing more severe irrita-
tion and are not necessary for further documenting of exposure-response rela-
tionships in humans. The available human data were considered adequate for
deriving AEGL-1 and -2 values. Lethality data were available for two animal
species, and these data were considered adequate for deriving AEGL-3 values.
The only data deficiency of note was the lack of lethal data for rodents for expo-
sure periods longer than 1 h.
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APPENDIX A

Derivation of AEGL-1 Values

Key study: MacEwen et al. 1970
Toxicity end point: Faint or irritation (humans)
Time scaling: None

Uncertainty factors: Interspecies: NA

Intraspecies: 1
Calculations:
10-min: AEGL-1: 30 ppm/UF = 30 ppm/L = 30 ppm

30-min, 1-, 4-, and 8-h: AEGL-1: Same as AEGL-1: 30 ppm

Derivation of AEGL-2 Values

Key study: Verberk 1977
Toxicity end point: Irritation: eyes and upper respiratory tract
in humans
Time scaling: C" x t=Kk; n=2 (ten Berge et al. 1986)
Uncertainty factors: 1 for intraspecies variability; not applicable for

interspecies sensitivity

Calculations:

Point of departure: 110 ppm for 2 h

10-min AEGL: Same as the 30-min value =220 ppm

30-min AEGL-2: C"xt=k;C=110 ppm, t= 120 min, n =2
C = (k/t)"*=(1.45 x 10° ppmemin/30 min)"?
C =220 ppm

1-h AEGL-2: C = (k/t)"* = (1.45 x 10° ppmemin/30 min)"?
C =160 ppm
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4-h AEGL-2:

8-h AEGL-2:

Key study:

Toxicity end point:

Time scaling:

Uncertainty factors:

Calculations:

1-h AEGL-3:

Kapeghian et al. 1982

MacEwen and Vernot

1972

10-min AEGL -3:

30-min AEGL-3:
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C =110 ppm, same as the POD

C =110 ppm, same as the POD

Derivation of AEGL-3 Values

Kapeghian et al. 1982;
MacEwen and Vernot 1972

Lethality: the LCs, for the two sets of mouse
data were extrapolated to an LCy;

C" x t=k; n =2 (ten Berge et al. 1986)

Three for intraspecies variability; one for
interspecies sensitivity

109

C=3,317 ppm/3 (uncertainty factor) = 1,106 ppm
C = 3,374 ppm/3 (uncertainty factor) = 1,125 ppm

C"xt=k; C=1,106 ppm, t = 60 min, n = 2,
k =7.335 x 10" ppmemin

C = (k/t)"? = (7.335 x 10’ ppmemin/60 min)'">
C=1,106 ppm = 1,100 ppm

C"xt=k; C=1,125 ppm, t = 60 min, n = 2,
k=7.59 x 10’ ppmemin

C = (k)" =(7.59 x 10" ppmemin/60 min)"?
C=1,125 ppm = 1,100 ppm

C = (k/t)"* = (7.335 x 10" ppmemin/10 min)"?
C=2,708 ppm = 2,700 ppm

C = (k/t)"?=(7.59 x 10" ppmemin/10 min)"?
C=2,755 ppm = 2,700 ppm

C = (k/t)"? = (7.335 x 10’ ppmemin/30 min)">
C = 1,564 ppm = 1,600 ppm

C = (k/t)"*=(7.59 x 10" ppmemin/30 min)"?
C= 1,591 ppm = 1,600 ppm
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4-h AEGL-3: C = (k/t)"? = (7.335 x 10’ ppmemin/240 min)"?
C =553 ppm =550 ppm
C = (k/t)"?=(7.59 x 10" ppmemin/240 min)"?
C =562 ppm = 560 ppm

8-h AEGL-3: C = (k/t)"? = (7.335 x 10" ppmemin/480 min)"?
C =391 ppm =390 ppm
C = (k/t)"” = (7.59 x 107 ppmemin/480 min)"?
C =398 ppm =400 ppm

APPENDIX B

Acute Exposure Guideline Levels for Ammonia
Derivation Summary for Ammonia AEGLS

AEGL-1 VALUES
10 min 30 min lh 4h 8h
30 ppm 30 ppm 30 ppm 30 ppm 30 ppm
Reference: MacEwen, J.D.; J. Theodore, and E. H. Vernot. 1970. Human expo-
sure to EEL concentrations of monomethylhydrazine, AMRL-TR-70-102, Paper
No. 23. In: Proc. 1st Ann. Conf. Environ. Toxicol., September 9-11, 1970,
Wright-Patterson AFB, OH. Pp. 355-363.
Test species/Strain/Sex/Number: Humans.
Exposure route/Concentrations/Durations: Inhalation.
Effects: 30 ppm for 10 min: 2/6 subjects reported faint irritation; 3/6 reported no
irritation; 1/6 provided no response.
End point/Concentration/Rationale: Faint irritation in human subjects exposed to
30 ppm of ammonia for 10 min. The responses by all subjects exposed to 30
ppm of ammonia were consistent with the definition of AEGL-1 or below the
definition of AEGL-1.
Uncertainty factors/Rationale:
Total uncertainty factor: 1.
Interspecies: Not applicable.

Intraspecies: 1; Ammonia is a contact irritant and is efficiently scrubbed in the
upper respiratory tract, particularly at the low AEGL-1 concentration; therefore,
members of the population are not expected to respond differently to effects
confined to the upper respiratory tract. Atopics, including asthmatics, and nona-
topics responded similarly to a brief nasal exposure to ammonia. Exercising
subjects showed only a clinically nonsignificant decrease in pulmonary function
after exposure to ammonia.

(Continued)
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AEGL-1 VALUES Continued
10 min 30 min 1h 4h 8h
30 ppm 30 ppm 30 ppm 30 ppm 30 ppm
Modifying factor: 1.
Animal to human dosimetric adjustment: Not applicable.
Time scaling: The severity of upper respiratory tract irritation is not expected to
increase with duration of exposure to low concentrations of ammonia; therefore,
the same value is applied to all AEGL-1 exposure duration.
Data adequacy: Upper respiratory tract irritation at 30 ppm and above is well
documented in the literature. Therefore, sufficient data were available to docu-
ment the irritation threshold.

AEGL-2 VALUES
10 min 30 min 1h 4h 8h
220 ppm 220 ppm 160 ppm 110 ppm 110 ppm
Reference: Verberk, M.M. 1977. Effects of ammonia on volunteers. Int. Arch.
Occup. Environ. Health 39:73-81.
Test species/Strain/Sex/Number: Humans, mixed sex; 8 expert and 8 nonexpert
subjects.
Exposure route/Concentrations/Durations: Inhalation; 50, 80, 110, or 140 ppm
for durations up to 2 h.
Effects: 50 ppm: just perceptible to offensive odor; no sensation to nuisance eye,
nose, and throat irritation; no sensation to distinctly perceptible urge to cough,
chest irritation, or general discomfort.
80 ppm: just perceptible to offensive odor; no sensation to offensive eye, nose,
throat, and chest irritation and urge to cough; no sensation to nuisance general
discomfort;
110 ppm: distinctly perceptible to offensive odor; no sensation to offensive eye,
nose, throat, and chest irritation, urge to cough, or general discomfort;
140 ppm: just perceptible to offensive odor; just perceptible to unbearable eye
irritation; no sensation to offensive nose, throat, and chest irritation, urge to
cough, or general discomfort;
severity ratings: 0 = no sensation, 1 = just perceptible, 2 = distinctly perceptible,
3 = nuisance, 4 = offensive, and 5 = unbearable.
End point/Concentration/Rationale: 110 ppm for 2 h; respiratory tract and eye
irritation and urge to cough ranged from “no sensation” to “offensive” during
the 2-h exposure of the nonexpert subjects. The AEGL-2 derivation was based
on the response (offensive irritation) of the most sensitive nonexpert subjects.
The responses changed very little between 30 min and 2 h. The nonexperts con-
sidered the effects to be near the maximum response (offensive), whereas the
expert responses were always of a lesser degree.

(Continued)
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AEGL-2 VALUES Continued
10 min 30 min 1h 4h 8h
220 ppm 220 ppm 160 ppm 110 ppm 110 ppm
Uncertainty factors/Rationale:
Total uncertainty factor: 1.
Interspecies: Not applicable.
Intraspecies: 1; Ammonia is a contact irritant and is efficiently scrubbed in the
upper respiratory tract, and any perceived irritation experienced by the general
public including sensitive individuals at low AEGL-2 concentrations is not ex-
pected to be greater than that of the most sensitive nonexpert subject. Atopics,
including asthmatics, and nonatopics responded similarly to a brief nasal expo-
sure to ammonia; a child experienced less severe effects than that of an adult
exposed to high concentrations of ammonia; and exercising subjects showed
only a nonclinically significant decrease in pulmonary function after exposure to
ammonia.
Modifying factor: 1; POD was from a controlled exposure study on human sub-
jects.
Animal to human dosimetric adjustment: Not applicable.
Time scaling: C" x t = k, where n = 2 based on an analysis of empirical mouse
and rat lethality data in which the times of exposure ranged from 10 to 60 min
(ten Berge et al. 1986). Values for 4 and 8 h are the same as the POD because
the responses of the subjects did not change considerably between 30 min and 2
h and are not expected to change for exposures up to 8 h. The 10-min AEGL-2
is the same as the 30-min AEGL-2 because the time-scaled value of 380 ppm
might impair escape.
Data adequacy: The AEGL-2 values were based on a study using human sub-
jects exposed to ammonia for 2 h; the responses of the subjects ranged from “no
sensation” to “offensive,” which is expected to be comparable to the range of
responses in the general public, including sensitive individuals. Case reports of
long-term or irreversible effects in humans with exposure estimates were not
available in the literature.

AEGL-3 VALUES
10 min 30 min l1h 4h 8h
2,700 ppm 1,600 ppm 1,100 ppm 550 ppm 390 ppm
References: MacEwen, J.D., and E.H. Vernot. 1972. Toxic Hazards Research
Unit Annual Technical Report. SysteMed Report No. W-72003, AMRL-TR-72-
62. Sponsor: Aerospace Medical Research Laboratory, Wright-Patterson AFB,
OH. (I);
Kapeghian, J.C., H.H. Mincer, and A.B. Hones et al. 1982. Acute inhalation
toxicity of ammonia in mice. Bull. Environ. Contam. Toxicol. 29:371-378. (I)
Test species/Strain/Number: CF1 or ICR male mice, 10 or 12 per group.

(Continued)
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AEGL-3 VALUES Continued
10 min 30 min l1h 4h 8h
2,700 ppm 1,600 ppm 1,100 ppm 550 ppm 390 ppm
Exposure route/Concentrations/Durations:
Inhalation: 0, 3,600, 4,550, or 5,700 ppm for 1 h ().
Inhalation: 0; 1,190; 1,340; 2,130; 3,400; 3,950, 4,220; 4,860 ppm for 1 h (II).
Effects:
(D: Clinical signs: nasal and eye irritation, labored breathing, gasping, convul-
sions, and low body weight gain.
Mortality: 3,600 ppm (0/10), 4,500 ppm (3/10), and 5,720 ppm (9/10); LCy;:
3,374 ppm.
(II): Clinical signs: eye and nasal irritation, hypoactivity, labored breathing,
ataxia, convulsions, weight loss.
(IIT): Mortality: <3,440 ppm (0/12), 3,950 ppm (3/12), 4,220 ppm (5/12), 4,490
ppm (8/12), and 4,860 ppm (12/12); LCy: 3317 ppm.
End point/Concentration/Rationale: Lethality; LCqy; = 3,374 ppm (I) and 3,317
ppm (II) for 1 h are the estimated thresholds for lethality derived by probit
analysis of the data. Both numbers when divided by an uncertainty factor of 3
give the same result when the AEGL value is expressed to two significant fig-
ures.
Uncertainty factors/Rationale:
Total uncertainty factor: 3
Interspecies: 1, The mouse was unusually sensitive to ammonia compared with
other mammalian species. An UF of 3 would yield a 30 min AEGL-3 value be-
low a level that humans can tolerate (500 ppm) for 30 min.
Intraspecies: 3, Life-threatening concentrations of ammonia cause severe tra-
cheobronchial and pulmonary effects and these effects, are not expected to be
more severe in asthmatics than in nonasthmatic individuals, more severe in chil-
dren than in adults, or more severe in exercising than resting individuals, but
tracheobronchial and pulmonary effects may occur at a lower concentration in
the elderly than in young adults. Reflex glottis closure (protective mechanism) is
3-fold less sensitive in the elderly than in young subjects; this mechanism may
only be applicable when concentrations of ammonia exceed 570 ppm.
Modifying factor: 1.
Animal to human dosimetric adjustment: 1.
Time scaling: C" x t = k where n = 2 based on an empirical analysis of mouse
and rat lethality data in which the durations of exposure ranged from 10 to 60
min (ten Berge et al. 1986).
Data adequacy: No quantitative exposure data were available for humans who
died from exposure to ammonia. Lethality data were available for two animal
species—mice and rats. The AEGL-3 values were based on two mouse studies
that were in close agreement, although they were conducted 12 years apart by
two different laboratories.
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