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Executive
Summary

This report was prepared by the Committee on Odors from Stationary and
Mobile Sources of the National Research Council’s Assembly of Life
Sciences under contract with the U.S. Environmental Protection Agency.
Its purpose is to assist the Environmental Protection Agency in responding
to the provisions of Section 403(b) of the 1977 Amendments to the Clean
Air Act. The report deals with the sources and measurement of odors in
the ambient air, with their effects on human health and welfare, and with
the methods and costs of controlling them. The following pages briefly
summarize the Committee’s findings, generally in the order in which the
corresponding subjects are discussed in the report.

THE OLFACTORY SYSTEM

What is commonly called the “sense of smell” is a function of two different
organs in the nose. One of them, the olfactory epithelium, is a yellow
pigmented area of a few square centimeters in the highest part of the nose,
remote from the main respiratory airstream. This area contains millions of
bipolar receptor cells that connect directly to the olfactory bulbs of the
brain. During quiet breathing, only 3% of odorous molecules that enter
the nose reach and contact this exquisitely sensitive area. To bring more
odorant in, a person sniffs. The other organ of smell in the nose consists of
the free endings of the trigeminal nerve distributed throughout the nasal
cavity. Odorants that cause irritation, tickling, or burning stimulate the
trigeminal receptors. These sensations are sometimes called the “common
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chemical sense.” In many practical situations involving smell, the
distinction between the two senses is overlooked; and they are not always
easy to separate, because most odorants stimulate both systems. However,
the two organs are connected to different regions of the brain, and their
effects are different. A major function of trigeminal reception is to initiate
protective reflexes, such as sneezing and interruption of inhaling.

The human olfactory system can discriminate among many thousands
of different odorous substances and can detect many of them in extremely
low concentrations. Odors convey information about their sources and
elicit a wide variety of emotional and physical effects. The human memory
for odors is retained over long periods—often over much of a lifetime.

ODOR PERCEPTION

Most odorous matter discharged to the atmosphere—from industrial,
agricultural, or natural sources—consists of complex mixtures of many
components. Human sensory responses to the individual components of
such mixtures vary over wide ranges, from component to component and,
to some extent, from person to person. Many atmospheric contaminants
are odorless, or very nearly so; carbon monoxide is a notorious example.
The chemically pure octanes—the major constituents of gasoline—have
very little odor. But many other substances are readily detectable in
minute concentrations. For example, an organic sulfur compound at a
concentration of one molecule per billion molecules of air is likely to be
readily detectable.

The magnitude of the human sensory responses to odor (the perceived
odor intensity) decreases as the concentration of odorant decreases. This
diminution is the basis for the control of indoor odors by ventilation or of
outdoor odors by the use of tall stacks. However, the relationship between
odor intensity and odorant concentration is by no means a direct
proportion. Unfortunately for the objectives of odor control, when
odorous air is diluted with odor-free air, the perceived odor decreases less
sharply than the concentration; for example, a 10-fold reduction in the
concentration of amyl butyrate in air is needed to reduce its perceived odor
intensity by half. Nor do all odorants respond by the same ratios; some,
like amyl butyrate, show sluggish changes in odor with changes in
concentration, and others change more sharply.

Perceived odor intensity decreases rapidly during the course of a
continuous exposure; this is the phenomenon of adaptation to odor. The
sensitivity to odor is recovered when the exposure is removed. Both these
processes, adaptation and recovery, operate over short time scales.
Adaptation begins to reduce the perceived odor intensity during the first
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inhalation. Recovery is also rapid, operating over a span of a few minutes.
Habituation to odors, which means “getting used to them” or “becoming
tolerant of them,” however, operates over much longer periods. The
phenomenon reveals itself in industrial situations, where workers report
that an initially repulsive odor eventually seems less repulsive. This
phenomenon is of uncertain origin, and much about its magnitude, limits,
and course remains to be explored.

EFFECTS OF ODORS ON THE HEALTH AND WELFARE OF
PEOPLE

Since ancient times, it has been supposed that pleasant aromas preserve
health and that unpleasant odors are injurious. These suspicions formed
the basis for the use of aromatic eau de Cologne and of pomanders stuffed
with balsams and for the attribution of diseases to atmospheric ‘“‘mias-
mas.” Thus, the word “malaria” is derived from the Italian expression for
*“bad air,” mala aria. We have made considerable advances in our concepts
of health and disease, but much remains to be learned about the role of
odors.

Some effects of odors have been studied and are well known. Odors may
affect well-being by eliciting unpleasant sensations, by triggering possibly
harmful reflexes and other physiologic reactions, and by modifying
olfactory function. Unfavorable responses include nausea, vomiting, and
headache; induction of shallow breathing and coughing; upsetting of sleep,
stomach, and appetite; irritation of eyes, nose, and throat; destruction of
the sense of well-being and of enjoyment of food, home, and external
environment; disturbance; annoyance; and depression. Exposure to some
odorous substances may also lead to a decrease in heart rate, constriction
of blood vessels of the skin and muscles, release of epinephrine, and even
alterations in the size and condition of cells in the olfactory bulbs of the
brain. However, the relationships between the intensity or duration of the
exposure to odor and the magnitudes of these symptoms have not been
established.

There is a lack of controlled studies of olfactory sensitivity in human
populations exposed to odor sources. Consequently, we do not know
whether such populations have a higher incidence of altered olfactory
function of a kind attributable to morphologic changes.

Stimulation of receptors in the nasal mucosa can elicit marked
respiratory and cardiovascular responses. The reported effects, document-
ed only in various animal species, include sneezing, bronchodilatation,
decrease in breathing rate, decrease in heart rate, increase in arterial blood
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pressure, decrease in cardiac output, and vasoconstriction in various parts
of the body. In humans, virtually all the information regarding adverse
reactions to environmental odors has come from complaints and surveys.
Irrespective of the physiologic mechanism of action, persons who live in
malodorous environments report adverse somatic symptoms, such as
“odor-induced” nausea and headache. Unfortunately, such symptoms are
difficult to verify and measure.

MEASUREMENT OF ODORS

Odorants are chemical substances and can be analyzed by chemical
methods. Odors are sensations and must be assessed by measuring human
responses to them. If the physical and chemical determinants of odor were
fully understood, it would be possible to predict the sensory properties of
odorous materials from their chemical analysis—in practical terms, one
could construct an “odor meter” analogous to a decibel meter for sound.
Such understanding is not yet at hand, nor is any such device available.
Nonetheless, various instrumental and sensory methods of measurement
have been developed and have been applied to sources of odor and to the
ambient atmosphere. However, many of the available techniques are costly
and time-consuming, and not all the sensory methods have been validated
by interlaboratory testing.

The sensory attributes of odor that are subject to measurement include
odor intensity, detectability, character (quality), and hedonic tone (pleas-
antness-unpleasantness).

Odor intensity (the magnitude of the perceived sensation) can be
described by an ordinal categorization, such as faint-moderate-strong. In
more precise methods, numbering systems are used to estimate the
magnitude of one intensity relative to another. One or more standard
substances, in designated concentrations, may serve as references.

The limit of detection, known as the odor threshold, is not a specific
property of a substance, like its color or density. Instead, the threshold
depends on the mode of presentation of the sample and on the sensitivity
and even the expectation of the recipient. When such factors are carefully
controlled, reasonably reproducible values can be obtained.

Odor character, or quality, is the property of the odor sensation that
permits one to distinguish odors of different substances on the basis of
prior exposure. Various systems of description have been proposed, and
there have been some unsuccessful attempts to categorize all odors in
terms of a small number of “primary” odor types.

The hedonic tone of an odor is the degree to which it is perceived as
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pleasant or unpleasant. Such perceptions differ widely from person to
person. Furthermore, these judgments are strongly influenced by the
previous associations that a person brings to the experience and by the
emotional context in which the odor is perceived. Hedonic tone can be
measured in terms of preference (dislike very much, like slightly, etc.),
numbers, or pictorial references to facial expressions (smiling, frowning,
etc.). Another approach parallels the estimation of intensity—odors can be
numerically rated in accordance with the degree to which they are more
pleasant or unpleasant than other specified odors.

All these sensory methods require careful attention to the acquisition
and preservation of a representative sample of the atmosphere or emission
of interest and to the selection of appropriate human judges.

The chemical analysis of mixtures that contain many different chemical
components requires the acquisition of a representative sample and the
separation and identification of the components. To relate such informa-
tion to the odor of the mixture, it is also necessary to determine which of
the components are odorous and to assess their contribution to the
intensity and character of the mixture. The analysis must be at least as
sensitive as human olfaction.

Modern methods of separation, collectively called “‘chromatography,”
are adequate. The preferred method of identification, called *‘mass
spectrometry,” is a powerful tool for identifying individual compounds in
small samples. Furthermore, the separated components can be split into
two streams, one to be submitted to a detection device, the other to be
sniffed by a human judge. In spite of the sensitivity and versatility of these
methods, however, the complete analysis and identification of the odorous
constituents of a mixture as complex as, say, diesel exhaust still elude us.

TECHNOLOGY OF ODOR CONTROL

The control of odors may be regarded as a special case of the general
objective of controlling gaseous emission into the atmosphere. The
particular characteristics of odors, however, impose some additional
requirements and offer some attractive opportunities, as follows.

Because some offensive odorants can be detected at extremely low
concentrations, the efficiencies required of control methods are often above
959%. Moreover, because the dilution of an odorant yields a less than
proportional reduction in odor intensity, the efficacy of atmospheric
dispersion as a control method is similarly reduced.

Another effect related to the low concentrations at which odors can be
detected is the fact that minor, episodic, or fugitive emission—such as that


http://www.nap.edu/catalog.php?record_id=19818

6 ODORS FROM STATIONARY AND MOBILE SOURCES

associated with occasional spills, imperfect seals or leaky valves, or
cleanup operations and the like—may constitute, in the aggregate, a
significant cause for community concern, even when the major potential
source of odor, such as the gaseous exhaust from a primary process, is
fully controlled.

The problems just outlined may also be regarded as constituting an
opportunity. If a problem of objectionable odors is indeed caused by
emission of small quantities of odorous matter, it is possible that judicious
modification of the process, a rigorous program of equipment maintenance
to prevent even minor leaks, and a thoughtful regimen of good housekeep-
ing to avoid episodes of spillage and putrefaction will correct the nuisance
at modest cost.

If a given air contaminant is objectionable only because of its odor and
has no other adverse effects, it is conceivable that the problem can be
controlled by modifying olfactory perception, as opposed to cleaning the
air.

In accordance with the general principles outlined above, the following
methods for controlling odors are available:

o Modify the process: Use materials that are less odorous, generate less
waste material, operate at more favorable temperatures, apply better
maintenance and housekeeping procedures, and so forth.

o Dilute the odorants in the atmosphere: Collect them and discharge
them through a tall stack, or separate the source from centers of
population.

o Absorb the odorants at ambient temperatures by dissolving them in a
suitable liquid: The process may be greatly aided by a chemical reagent
that converts the odorants to products that are more soluble, less odorous,
or both. Some of these reactions may occur in the gas phase or in both gas
and liquid phases.

o Adsorb the odorants in a highly porous solid: The medium of choice is
activated carbon. Under some circumstances, the carbon can be used to
recover valuable material and return it to the process, leading to a net
savings in cost.

¢ Oxidize the odorants with air: This method offers the best opportunity
for substantial and irreversible destruction of odorous matter, but it is
often the most costly alternative, because high temperatures are required.
In many instances, the cost is prohibitive. There are three approaches to
improving the economics of oxidation: make an existing boiler do double
duty as an incinerator, recover some of the heat of oxidation for reuse, or
lower the required oxidation temperature by using a catalyst.
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o Modify the perception of the odor: This method, sometimes termed
“odor masking” or “odor counteraction,” is controversial, because it
requires the addition of foreign substances to the air (the opposite of air
cleaning) and because its effect has yet to be convincingly demonstrated.

Various sections of this report describe the applications and costs of
alternative control methods for specific agricultural and industrial pro-
cesses and for mobile sources. The agricultural applications described
include coffee-roasting, canneries, smokehouses, fermentation processes,
feedlots, rendering plants, fisheries and fish-processing, and field burning;
the industrial applications include sewage treatment, rubber-processing,
steel-making, pulp and paper mills, petroleum-refining, and the chemical
industry; and the mobile sources include diesel-powered vehicles, gasoline
engines, gas turbines, and jet engines.

METHODS OF ASSESSING THE BENEFITS OF ODOR
CONTROL

Economic theory and practice suggest techniques for valuing nonmarketed
aesthetic phenomena. In particular, property-value studies, substitution
studies, and bidding games have shown that many benefits of pollution
control traditionally viewed as intangible and hence nonmeasurable may
perhaps be assessed and made comparable with economic values as
expressed in markets. Although these methods are potentially useful for
odor problems, they have not been applied to odors.

LEGAL ASPECTS

The common nuisance law has been used by the states as the primary legal
vehicle for responding to complaints about odors. The nuisance approach
can be supplemented by more scientific and more comprehensive regulato-
ry approaches to odor control. For example, standards based on an index
of odor perception may be established for ambient-air quality and for
emission of odorants. Some odors may be controlled through legal
economic incentives. Of course, the regulatory aspects of odor control are
linked to the problems of measuring odors, to the determination of the
effects of odors on people, and to the state of the art of methods of
controlling odors.

The establishment of national standards would protect people from
malodorous environments. However, because reactions to odor depend
heavily on local values and individual aesthetic judgments, national
standard-setting will be very difficult.
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RECOMMENDATIONS

The establishment of federal ambient-air quality or emission standards for
odors would confront various conceptual and technical difficulties. These
difficulties may be briefly summarized. First, the adverse effects of odors
on people are variable, and our knowledge about the effects is very
incomplete. Thus, it will be difficult to define standards that will be widely
accepted. Second, although odor perception can be assessed by
psychophysical methods and some odorous substances can be measured by
modern instrumental methods, the two sets of results are difficult to relate
to each other; furthermore, the methods are costly and time-consuming.

If, in spite of these problems, federal ambient-air quality or emission
standards for odors were to be established now, the recommended
approach would incorporate the following features:

o The standard should be related to a measurement of odor perception.

o The standard should be expressed in terms of the perceived
magnitude, or intensity, of the odor. Such odor intensity should be
assessed by comparing it with the intensity of a specified concentration of a
standard reference odorant.

o The duration of and frequency of exposure to an odor are important
determinants of human responses. These factors should therefore be taken
into account in the establishment of standards.

o The offensiveness or inoffensiveness of an odor is also an important
determinant of its effect on people. Consideration should therefore be
given to specifying exemptions or relaxations of the standards when a
given odor is known to be inoffensive.

+ Exemptions for industries in areas far from population centers or in
cases of excessive economic impact of odor abatement should be
considered.

o Special types of odor standards for agricultural and mobile sources
should be defined.

In recognition of the difficulties that would confront the establishment
of federal ambient-air quality or emission standards for odors, various
kinds of studies will need to be done.

o There is need for more basic scientific information on the effects of
odors on people. Research should include studies on animals when they
are relevant.

o Basic research is needed on the mechanism whereby the presence of
an odorous airborne contaminant is translated to neural signals that result
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in odor perception. If an odor meter is ever to be produced, it must be
based on such research.

¢ Individual sensitivity to odors should be studied to identify
differentially sensitive subgroups of the population.

o The modes of dispersion of odorants in the atmosphere should be
studied more fully. Such studies should provide an experimental base for
improving the currently available mathematical approaches to dispersion
models. Attention should be given to durations and magnitudes of human
exposures that result from the release of odorous matter to the atmo-
sphere. Differences between point, area, and mobile sources should be
taken into account.
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I Introduction

The Clean Air Act of 1970 noted that the growth in the amount and
complexity of air pollution brought about by urbanization, industrial
development, and the increasing use of motor vehicles had resulted in
mounting dangers to the public health and welfare. The identities of
various significant air pollutants, such as oxides of sulfur and nitrogen,
have long been known. Other substances are classified as atmospheric
contaminants of recognized chemical types, such as ‘“oxidants” and
“unsaturated hydrocarbons.” However, it is estimated that 50% or more
of the complaints about air pollution deal with exposure to odors.

In the Clean Air Act Amendments of 1977, the Administrator of the
Environmental Protection Agency was directed to study “the effects on
public health and welfare of odors or odorous emissions, the sources of
such emissions, the technology or other measures available for control of
such emissions and the costs of such technology or measures, and the costs
and benefits of alternative measures or strategies to abate such emissions.”

In September 1977, the National Academy of Sciences entered into a
contract with the Environmental Protection Agency whereby the National
Research Council would evaluate “the available published information on
the effects on public health and welfare; the threshold concentrations for
perception of odorous substances and concentrations that have adverse
health effects; health effects of combinations of odorous compounds;
adaptability to odors; the technology or other measures available for
control or abatement of the emissions; and the costs of the strategies for

11
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emission control. A part of the study task will be to determine the
feasibility and practicality of measuring odors objectively for the purpose
of regulatory enforcement.”

This report addresses itself to the charge to the Committee on Odors
from Stationary and Mobile Sources. Unfortunately, the state of our
knowledge about odor is not uniformly advanced in all aspects. At one
extreme, highly effective methods are available for removal of odorous
contaminants from airstreams. Similarly, powerful, although often costly
and time-consuming, instrumental techniques have recently been devel-
oped for analysis of complex mixtures of odorants. At the other extreme,
the assessment of the adverse aesthetic, social, and health effects of
unpleasant odors on people is very imprecise. Furthermore, the problem of
relating the sensation of odor to the chemical analysis of odorous
substances is complicated by the fact that the physical and chemical
determinants of odor have not yet been clearly established. As a result,
there is no conceptual basis for the construction of an “odor meter”
analogous to a decibel meter for sound or a light meter for light.
Nonetheless, methods in all these areas have been proposed or developed.
This report describes and critically evaluates these various approaches and
makes recommendations for further study.

Attempts have been made to characterize complex odorant mixtures on
the basis of the properties of their components. The great advances in
methods of chemical analysis and separation have strengthened these
efforts. Nonetheless, success has often been elusive. The odor of a mixture
may be strongly influenced by barely detectable (or even undetectable)
traces of highly odorous constituents. Certainly, it cannot be assumed that
the odor of a mixture is that of its major component. Thus, a “phenolic”
odor from the curing of a phenolic resin is not the same as the odor of pure
phenol, and the pungent odor of burning fat is not the same as that of
acrolein, although it is often so characterized.

It is particularly noteworthy that the odors of some nominally pure
materials have been shown to be due largely to the presence of impurities.
For example, phosphine, whose reported detection threshold ranges from
0.2 to 3.0 ppm, has been shown to be odorless when pure,’ the reported
odors being due to impurities in the form of organic phosphine derivatives.

Because most organic chemists believe that they can identify the
functional group (alcohol, amine, ester, etc.) in a compound by smell, it is
interesting to determine the degree to which such attempts are successful.
Brower and Schafer' conducted such a study and found that, for most
representative compounds, the functional group was correctly identified in
45% of the cases. The performance was poor for alcohols, ethers, and
halides and excellent for amines, sulfur compounds, esters, phenols, and
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carboxylic acids. When the subjects missed the functional group, they used
the labels “alcohol,” “ester,” and “ketone” twice as often as average. The
label “sulfur compound” was misapplied in only 1% of all cases. Bulky
hydrocarbon groups near the functional group can weaken or obliterate
the odor quality of a compound, but aliphatic amines and sulfur
compounds are very resistant to such steric hindrance. In contrast, the
odors of amine and sulfur entities are greatly weakened by electron-
withdrawing groups. Aliphatic compounds with a multiplicity of methyl
groups have the odor of camphor or menthol.

The classification of ambient odorant sources also presents difficulties.
The odors produced by emission from a given type of operation (such as
rendering of meat byproducts) may range from very intense in the absence
of effluent controls to undetectable (if they are treated by effective
abatement systems). The mere listing of such a *“‘source” therefore does not
predict the seriousness of the problem in any particular instance. However,
a compilation of odorant sources can illustrate the variety of industries and
operations that have the potential to generate odorous products. One such
tabulation has been prepared by Copley International Corporation.’

The development of complete lists of odorants or odorant sources
becomes extremely difficult when one confronts the task of assessing the
amounts of odorant produced. Aside from the many problems related to
the measurement of odor (see Chapter 4), no national inventory of odorant
sources has ever been attempted.

There are no available estimates of the number of people exposed to
odors of each source. The only available estimates of the fotal number of
people affected by odors in the United States were made in 1969° and may
be summarized as follows:

o About 25 million residents of the United States would state that air
pollution is a problem and that odors are a major element.

e About 1.5 million residents would voluntarily state that odors are a
disadvantage to living in their areas of their cities.

e Almost 5 million residents would admit that odors bothered them
very much.

e More than 5.5 million residents would state that odors are a
continuously serious problem.

¢ About 3 million residents would state that odor pollution has reduced
the value of their home property.

¢ Almost 5 million residents would have seriously considered moving
away from their areas because of odor pollution.

¢ Only 0.5 million residents would have requested some authority or
agency to take action concerning air pollution. The number of residents
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that would have requested action concerning odor problems would be a
small fraction of this.

It must be emphasized that, in the years since 1969, any of the following
factors could have produced considerable changes in the number of people
affected by odors:

o The U.S. population has increased and its geographic distribution has
changed. ’

e People have become more aware of odors, perhaps more anxious
about their effects, and more likely to view them as a problem.

¢ Odor-control technology has improved, and many formerly odorous
emissions have been reduced.

The 1969 survey indicated that a large number of residents perceived
odors as a problem. Yet only a small percentage of these residents were
motivated to seek recourse. The reasons for this apparent apathy could not
be inferred from findings of the public-opinion surveys.
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Structure and
Function of the
Olfactory System

PHYSIOLOGY AND ANATOMY OF THE OLFACTORY
SYSTEM

The nose houses an organ—the olfactory organ—that can detect and
discriminate among many thousands of different odors and can detect
some of them in concentrations lower than those detectable by physical
instruments, such as a gas chromatograph. The 10 million or so receptors
that constitute the organ approach or reach the theoretical limits of
sensitivity: it has been calculated that one molecule of butyl mercaptan can
excite a receptor cell. It is with such excitation that the process by which
humans perceive odor begins.

But there are two chemosensitive systems in the nose: the olfactory
organ, which consists of the olfactory epithelium, lying closest to the brain
at the back of the nose; and the receptors of the so-called ‘“‘common
chemical sense,” which are the free nerve endings of the trigeminal (fifth)
cranial nerve distributed throughout the nasal mucosa. Odorants that
cause “irritating,” “tickling,” or “burning” sensations probably stimulate
trigeminal nerve endings; but most, if not all, odorants stimulate both
systems in higher concentrations. These two systems connect to different
regions of the brain, with different behavioral consequences. A major
function of trigeminal reception is to initiate protective reflexes, such as
sneezing and interruption of inhalation. Olfaction, however, appears to be
less involved in the reflex response to irritating odors.

In addition to these direct consequences of odors on olfactory function,

15
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FIGURE 2-1 Cross section showing the three turbinate
bones, the olfactory area, and the termination of the
endings of nerves from the olfactory bulb in the olfactory
epithelium.

Reprinted with permission from Brown.

13 (p.8-139)

there may be more indirect influences. The odor receptors of the nose
adjoin the respiratory mucosa, whose main function is to humidify and
warm incoming air (Figure 2-1). Olfactory function depends, at least
partly, on the condition of this mucosa.*

Because information based on humans is lacking in many cases, we are
often forced to refer to results of animal studies in describing olfactory
morphology and function.

NASAL CAVITY

The nasal airways are formed of three paired chambers. Of each pair, the
two members are separated from each other by a partition, or septum
(Figure 2-2). These airways have a narrow roof (cribriform plate) and a
broader floor (hard palate). The first pair of chambers lies just inside the
nostrils and is covered with skin; the second lies farther back and is lined
with respiratory epithelium (or mucosa); and the third, lying closest to the
brain, is lined with olfactory epithelium. Anatomically, the most complex
region of each nasal chamber is the lateral wall (Figure 2-2). Protruding
downward from this wall like a series of partially folded shelves are three
conchae, or turbinates (inferior, middle, and superior). The epithelium
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covering these bones is so richly supplied with blood vessels that at the
back of the nasal cavity there is only a ribbon-like passage between them
and between them and the nasal septum. This passage is seldom more than
1 mm and rarely more than 2 mm in diameter. In fact, the inferior
turbinates may touch the septum.

The superficial blood vessels in the respiratory mucosa can respond to
‘mucosal irritation by filling the mucosa with blood, in which case a
turbinate may change in thickness by as much as 4 mm in a matter of
minutes and thus become able to close off much of the passage or
markedly reduce odorant access to the receptors. Dilatation of the
submucosal tissue, however, is a much slower response to hormonal,
allergic, or emotional stimuli and can be chronic.” A relatively high degree
of either swelling or shrinkage has been found to correlate with high
olfactory thresholds for citral in human subjects.*

The yellowish olfactory epithelium is an area of about 5 cm’ at the

Swuperior concha
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FIGURE 2-2 Coronal section of nasal cavity. Reprinted with permission from
G’”.“ p. 1118
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FIGURE 2-3 Simplified diagram of olfactory epithelium, showing the
various cellular components. Reprinted with permission from Moulton
and Beidler.”®

highest part of the nasal cavity (10 cm’® in all), remote from the main
respiratory airstream (Figure 2-1).

The centrally directed poles of the olfactory receptors form nerve fibers,
or axons (Figures 2-3 and 2-4). The respiratory mucosa, however, is
innervated by two branches of the trigeminal nerve. It is also supplied with
fibers of the autonomic nervous system, which controls the amount of
blood entering and leaving the nasal mucosa.

A proportion of the odorant molecules that enter the nose are sorbed
onto the blanket of mucus that covers the ciliated respiratory mucosa
(epithelium). Partly because of this loss, only about 3% of odorant
molecules that enter the nose reach the olfactory epithelium during quiet
breathing.” Thus, to smell well, we must sniff. Propelled by the cilia, the
mucous layer sweeps backward toward the throat, where it is swallowed
with entrapped bacteria, particles, and odorant molecules. The mean flow
rate—4.2 mm/min in nonsmokers at 43.6% relative humidity—is
sufficient to ensure replacement of the mucus about once every 10 min.**
Because the olfactory surface lacks organized ciliary action, mucus
removal appears to depend on traction exerted by mucus moving over
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neighboring areas of respiratory mucosa—another example of dependence
of olfactory function on normal respiratory mucosal function.

TRIGEMINAL SYSTEM IN THE NOSE

Many compounds elicit sensations variously described as “burning,”
“stinging,” and “tickling”—short-chain fatty acids, alcohols, amines,
aldehydes, ammonia, etc. They stimulate trigeminal receptors in the nasal
mucosa. Some compounds do not have these effects. But electric

Glomerulus 1900
Exl. Plexiform Layer Tufted Cell 150.000

FIGURE 24 Structure of the olfactory bulbs and
their relations to the nerves and mucosa (modified
from Moulton and Tucker,” after Gastaut and
Lammers). A.C., anterior commissure. The figures
are estimates, made by Allison and Warwick,? of the
numbers of each type of cell in the olfactory bulb and
in the olfactory mucosa lining one nasal cavity of the
rabbit. Reprinted with permission from Moulton.™
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recordings of neural activity from a branch of the trigeminal nerve that
supplies the nasal mucosa have failed to identify any odorant that does not
stimulate this nerve (at least in the rabbit or tortoise). In fact, the
trigeminal nerve sometimes responds to lower concentrations than the
olfactory nerves, although more commonly the reverse is true, with »n-
penty! acetate producing the greatest divergence of thresholds between the
two systems among the odorants tested. In the tortoise, for example, the
thresholds for n-pentyl acetate (amyl acetate) are vapor saturations of 10~*
at 20°C for the olfactory nerve and 10~' for the trigeminal nerve.”* It may
be possible to explain these and other differences in results between
behavioral and electrophysiologic studies by assuming that trigeminal
receptors can be excited without any perceptual awareness of the response.
At any rate, it is not clear to what extent, if any, trigeminal response
contributes to the detection and recognition of odors or of particular
concentrations of odorants that do not irritate.

The marked influence that odors can have on cardiovascular, respira-
tory, and even hormonal responses is probably caused largely by the
indirect action of the trigeminal nerve endings in the nose. For example,
repetitive stimulation of the ethmoidal branch of the trigeminal, which
supplies the nasal mucosa, induces sneezing in anesthetized cats.* Another
case involves electric activity in rabbit leg muscles. Normally, the motor
units in these muscles fire continuously. However, nasal stimulation
blocked this activity. This inhibition could be removed by sectioning the
trigeminal nerve intracranially.’

OLFACTORY EPITHELIUM AND OLFACTORY BULBS

The olfactory epithelium is overlaid by a mucous blanket. This blanket is
reported to be 10-15 pum thick in the bullfrog™ —no reliable estimate is
available for humans. The epithelium consists of elongated receptors and
supporting cells that overlie basal cells (Figure 2-3). When particular
odorants—notably butano!l (but not pentyl acetate)—are directed at the
epithelium in relatively high concentrations, they cause the mucus to
increase considerably in thickness, and they elicit profuse and vigorous
secretions from the supporting cells.” Whether lower concentrations of
other odorants would also elicit secretions is not clear, but this response
may represent an additional means by which ambient odorants could
influence the microenvironment of the receptors.

The olfactory receptors are nerve cells. At one end of each are cilia that
project into the mucous blanket (Figure 2-3). Reception sites are assumed
to lie in this region of the cell. At the other end is a nerve fiber that
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connects the receptor directly to the olfactory bulb of the brain without
interruption or branching (Figure 2-4). These cells seem to undergo
continuous replacement and may live for less than a month in mice—the
only mammal on which data are available.” Whether their life span is
altered by exposure to ambient odors is not known. Nor is it known by
what mechanism odorants excite the receptors. The initial events probably
involve adsorption on receptor molecules in the outer membrane of the
receptor cell. After a conformational change at the receptor site, an ionic
exchange may occur across the membrane that initiates electric events that
precede the firing of one or more nerve impulses or inhibit the background
activity in the receptor.

Olfactory information is processed in the olfactory bulb and then
projected to other parts of the brain (Figure 2-5). This information
controls or influences complex patterns of behavior, such as feeding and
reproduction, as well as emotional responses, such as fear, pleasure, and
excitement.

ODOR RECOGNITION

Odor recognition is thought to depend on the presence of receptor
molecules—possibly proteins—at various sites on the surface of the cell
membrane. Single receptor cells usually respond to most odorants
presented, but occasionally cells with higher selectivity are found. There is
no evidence, however, that odorants can be classified according to the
responses that they elicit. Site types that are more sensitive to a given
odorant may be more concentrated in some regions of the epithelium than
in others. Both the distribution of metabolic activity and the morphologic
changes in cells of the rat olfactory bulb elicited by prolonged stimulation
of the mucosa with odorants® have shown different patterns for different
odorants. In addition, when odorants are streamed through the nasal sac
of the bullfrog, some bind more strongly to the mucosal surface than
others and thus set up different patterns of activity in the primary neurons.
Thus, there are two distinct mechanisms for generating spatiotemporal
patterns of excitation in the olfactory epithelium and bulbs. Each may
contribute information that assists in odor-quality discrimination.”

ODOR PERCEPTION

In the absence of objective means to measure the many varieties of odor
pollution, odor perception is the basis for specifying and evaluating
offensive odors and for assessing the effect of abatement procedures. This
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FIGURE 2-5 Ventral view of brain, showing olfactory tract and bulb. Reprinted with
permission from Goss.** ® "

section deals with functional principles that characterize both odor
perception and its important companion, the common chemical sense. The
section highlights issues of particular relevance to odor pollution. Specific
topics include the sensitivity of olfaction, the relation between odor
intensity and concentration, the role of the common chemical sense, time-
dependent processes (adaptation and habituation) in odor perception, the
perception of complex stimuli (mixtures), the action of odor modifiers,
odor pleasantness, and odor character, or quality.
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OLFACTORY SENSITIVITY

Most industrial effluents comprise complex mixtures of odorous and
nonodorous constituents. Diesel exhaust, for example, has more than 1,000
constituents. In the face of such a complex olfactory stimulus, a question
of primary interest is which constituents contribute most heavily to the
resulting odor.

The olfactory system exhibits substantial nonuniformity in its sensitivity
to odorants. To illustrate, Table 2-1 displays thresholds for various
petrochemicals.* The column labeled “absolute” refers to the concentra-
tion required for half the judges in a panel (presumably about 10 persons)
to just detect odor. The columns labeled 50% and 100% *“‘recognition”
refer, respectively, to the concentrations necessary for half or all the panel
members to recognize the character (quality) of odor. Even for this limited
group of substances, all of which appear in industrial effluents, olfactory
sensitivity varies by many orders of magnitude. Hence, the proportions (by
mass) of constituents in a mixture offer, by themselves, little or no
indication of which ones will predominate perceptually.

Knowledge of the physicochemical properties that enable one substance
to stimulate perception more effectively than another remains fragmen-
tary. No single physicochemical property can account for the nonunifor-
mity. Nevertheless, some combinations of properties provide moderately
good predictions of relative threshold values. Laffort and colleagues,*%¢
for instance, have developed a model that incorporates several properties:
molar volume, proton affinity (Brinsted basicity), local polarizability, and
ability to donate protons (Bronsted acidity). These properties are assessed
from relative retention times on four different gas-chromatographic
columns (i.e., four different stationary phases). Although the correlation
between predicted and obtained values approaches 0.90, the model holds
more theoretical than practical usefulness. Its practical benefits may
increase as the amount of data used to develop and assess the model grows.
Rather than rely on such a model, a person interested in the threshold for
any particular substance will usually consult tabulations of thresholds*®
or will measure the threshold under conditions of interest.”

Although characterized by keen absolute sensitivity, olfaction has
seemed to possess poor differential sensitivity, i.e., poor sensitivity to
differences in concentration.* Its apparent dullness to small changes in
concentration has probably resulted from poor control of the olfactory
stimulus. An increase in the precision of control reveals much greater
differential sensitivity than previously suspected. Experiments have reveal-
ed that persons can reliably resolve differences smaller than 10%."%
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TABLE 2-1 Odor Threshold, Quality, and Hedonic Tone of Odors of Various Petrochemicals®

50% 100%
Absolute, Recognition, Recognition,
Compound ppm ppm ppm Quality Hedonic Tone
Acetic anhydride <0.14 0.36 0.36 Sour acid Neutral to unpleasant
Acetone 20.0 325 140 Sweet/Fruity Pleasant to neutral
Acetophenone 0.30 0.60 0.60 Sweet/Almond Pleasant
Acrylic acid 0.094 1.04 1.04 Rancid/Sweet Unpleasant
Amyl acetate, primary 0.067 0.15 0.21 Sweet/Ester/Banana Pleasant
(mixed isomers)
Amyl alcohol 0.12 1.0 1.0 Sweet Pleasant
1,3-Butadiene 0.45 1.1 1.3 Undefined Unpleasant to neutral
n-Butanol 0.30 1.0 20 Rancid/Sweet Neutral to unpleasant
2-Butanol 0.12 0.41 0.56 Sweet Pleasant to neutral
Butyl acetate 0.006 0.037 0.037 Sweet/Ester Pleasant
n-Butylamine 0.08 0.24 0.24 Sour/ Ammoniacal Unpleasant to pleasant
Buty! Cellosolve 0.10 0.35 048 Sweet/Ester Pleasant
Butyl Cellosolve acetate 0.11 0.20 0.20 Sweet/Ester Pleasant
n-Butyl chloride 8.82 13.3 16.7 Pungent Unpleasant
n-Butyl ether 0.07 0.24 047 Fruity/Sweet Pleasant
Butylene oxide 0.07 0.71 0.7 Sweet/Akohol Pleasant
Butyraldehyde <0.0046 0.0092 0.039 Sweet/Rancid Unpleasant
Carbitol acetate 0.026 0.157 0.263 Sweet Pleasant 10 unpleasant
Carbitol solvent <0.21 1.10 1.10 Sweet/Musty Neutral
Cellosolve acetate 0.056 0.138 0.250 Sweet/Musty Pleasant
Cellosolve solvent 0.30 0.55 1.3 Sweet/Musty Unpleasant to pleasant
Cumene 0.008 0.047 0.047 Sharp Unpleasant
Cyclohexanone 0.12 0.12 0.24 Sweet/Sharp Pleasant
Diacetone alcohol 0.28 1.1 1.7 Sweet Unpleasant to pleasant
Di-N-butylamine 0.08 0.27 0.48 Fishy/Amine Unpleasant to neutral
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Dicyclopentadiene
Diethylamine
Diethyl ethanolamine
Diisobuty! carbinol
Diisobutyl ketone
Diisopropylamine

Dimethyl ethanolamine
1-4-Dioxane
1-3-Dioxolane

Di- N-propylamine
Ethyl acetate

Ethyl acrylate
Ethylamine (70-72% in water)
Ethylene
Ethylenediamine
Ethylene dichloride
Ethylene oxide
2-Ethylbutanol
2-Ethylhexanol
Ethylhexyl acetate
2-Ethylhexyl acrylate
Ethylidene norbomene
2-Ethoxy-3,4-dihydro-1,2-pyran
N-Ethyl morpholine
Glycol diacetate
1-Hexanol

Isobutanol

Isobutyl acetate
Isobutyl acrylate
Isobuty! cellosolve
Isobutyraldehyde

0.01
0.68
0.35
0.002
0.019
0.047

0.045

0.00030

40.0
500
077
0.138
0.21
0.18
0.073
0.10
0.25
0.312
0.09
1.80
0.50

0.114
0.141

0.020
0.06

0.160
0.31
0.85

0.045

1280
0.10
13.2
0.00036

0.012
0.191
0.236

Sweet/Sharp
Musty/Fishy/ Amine
Amine
Sweet/Alcohol
Sweet/Ester
Fishy/Amine/
Ammoniacal
Amine
Sweet/ Alcohol
Sweet/Musty
Ammoniacal/Amine
Sweet/Ester
Sour/Pungent
Sharp/ Ammoniacal
Olefinic
Ammoniacal/Musty
Sweet
Sweet/Olefinic
Musty/Sweet
Musty
Sweet
Musty/Sharp
Sweet/ Aromatic
Sweet/Fruity
Ammoniacal
Fruity/Acid
Sweet/ Alcohol
Sweet/Musty
Sweet/Ester
Sweet/Musty
Sweet
Sweet/Ester

Unpleasant
Unpleasant
Unpleasant

Pleasant

Pleasant

Unpleasant to pleasant

Unpleasant

Pleasant

Neutral

Unpleasant to neutral
Pleasant

Unpleasant
Unpleasant
Unpleasant to neutral
Unpleasant
Unpleasant to neutral
Neutral

Neutral

Unpleasant to pleasant
Pleasant to neutral
Unpleasant
Unpleasant to pleasant
Pleasant

Unpleasant to pleasant
Pleasant

Pleasant

Unpleasant to pleasant
Pleasant

Unpleasant to pleasant
Pleasant

Pleasant to unpleasant
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TABLE 2-1 (Continued)

50% 100%
Absolute, Recognition, Recognition,
Compound ppm ppm ppm Quality Hedonic Tone
Isodecanol 0.020 0.031 0.042 Musty/ Alcohol Unpleasant 1o pleasant
Isopentanoic acid 0.005 0.015 0.026 Goaty Unpleasant
{mixed isomers)
Isophorone 0.20 0.54 0.54 Sharp Unpleasant 10 pleasant
Isopropanol (anhydrous) 3.20 7.50 282 Sharp/Musty Unpleasant
Isopropyl acetate 0.49 0.90 097 Sweet/Ester Pleasant to unpleasant
Isopropylamine 0.21 0.71 0.95 Ammoniacal/Amine Unpleasant to pleasant
Isopropyl ether 0.017 0.053 0.053 Sweet Pleasant
Mesityl oxide 0.017 0.051 0.051 Sweet Pleasant
Methanol 4.26 53.3 533 Sour/Sharp Neutral
Methyl amyl acetate <0.07 0.23 0.40 Sweel/Ester Pleasant
Methyl amyl alcohol 0.33 0.52 0.52 Sweet/Alcohol Unpleasant o pleasant
2-Methyl butanol 0.04 0.23 0.23 Sour/Sharp Unpleasant to neutral
Methy! Cellosolve <0.09 0.22 0.40 Sweet/ Alcohol Pleasant
Methyl Cellosolve acetate 0.34 0.64 0.64 Sweet/Ester Pleasant
Methylethanolamine 1.0 34 34 Musty/ Ammoniacal Unpleasant
Methyl ethyl ketone 20 5.5 6.0 Sweel/Sharp Neutral to unpleasant
2-Methyl-5-ethyl pyridine 0.006 0.008 0.010 Sour/Pungent Unpleasant
Methyl iscamy! alcohol 0.07 0.20 0.20 Sweet/Pungent Pleasant
Methy! isoamyl ketone 0.012 0.049 0.070 Sweet/Sharp Pleasant
Methyl isobuty! ketone 0.10 0.28 0.28 Sweel/Sharp Pleasant to unpleasant


http://www.nap.edu/catalog.php?record_id=19818

x4

Methyl methacrylate 0.05
2-Methylipentaidehyde 0.09
2-Methy!-1-pentanol 0.024
a-Methyl styrene 0.052
Morpholine 0.01
2.4-Pentanedione 0.0t
n-Pentanol 0.21
2-Picoline 0.014
n-Propanol <0.03
Propionaldehyde 0.009
Propionic acid 0.028
n-Propyl acetate 0.05
Propylene 22.5
Propylenediamine 0.014
Propylene dichloride 0.25
Propylene oxide 9.9
Styrene 0.05
Styrene oxide 0.063
Tetraethyl ortho silicate 36
Toluene 0.17
Triethylamine <0.09
Ucon-11 (trichioromonofluoromethane) 5.00
Ucon-113 solvent 45.0
(trichlorotriflucroethane)

Viny! acetate 0.12
Xylene 0.08

0.34
0.136
0.024
0.156
0.07
0.020
0.31
0.023
0.08
0.040
0.034
0.15
67.6
0.048
0.50
350
0.15
0.40
5.0
1.74
0.28
1350
68.0

0.40
0.27

0.28
209.0
135.0

0.55
0.27

Sweet/Sharp
Sweet/Rancid
Sweet/ Alcohol
Sweet/ Aromatic
Fishy/Amine
Sour/Rancid
Sweet/ Alcohol
Sweet

Sweet/ Alkcohol
Sweet/Ester
Sour
Sweet/Ester
Aromatic
Sharp/ Amine
Sweet

Sweet
Sharp/Sweet
Sweet

Sweet/ Alcohol
Sour/Burnt
Fishy/Amine
Sweet

Sweet

Sour/Sharp
Sweet

Unpleasant
Unpieasant

Pleasant

Pleasant

Unpleasant
Unpleasant

Pleasant

Unpleasant

Pleasant

Pleasant

Unpleasant

Pleasant

Neutrai to pleasant
Unpleasant

Pleasant

Neutral to pleasant
Unpleasant

Pleasant

Pleasant

Unpleasant 10 neutral
Unpleasant to pleasant
Pleasant to unpleasant
Pleasant to unpleasant

Unpleasant
Neutral to pleasant

@ Adapted from Heliman and Small.53! In this table and in most later instances in this chapter, concentrations are in parts per million by voiume.
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107! 1P 10
CONCENTRATION (mg/1)

FIGURE 2-6 Odor intensity versus concentration for n-amyl butyrate
and I-propanol. Reprinted with permission from Cain.””

Offaction, therefore, rivals vision and hearing in its differential sensitivity
to stimuli presented successively.

SUPRATHRESHOLD INTENSITY

The nonuniformities seen at just detectable or just recognizable odorant
concentrations change with increases in concentration. A given increment
in concentration may cause the odor magnitude of one substance to
increase markedly and that of another to increase only slightly. Figure 2-6
depicts two psychophysical functions as an example. A 200-fold change in
concentration caused a 15-fold change in the perceived magnitude of
1-propanol and only about a twofold change in the perceived magnitude of
n-amyl butyrate.

Figure 2-7 provides additional examples of differences in the increase in
odor intensity with concentration. These various psychophysical functions
make it clear that some substances will resist odor abatement more
strongly than others.

To a first approximation, odor intensity grows as a power function of
concentration, i.e.,

odor intensity = k (concentration)”. M


http://www.nap.edu/catalog.php?record_id=19818

Structure and Function of the Olfactory System 29

In the logarithmic coordinates of Figures 2-6 and 2-7, such functions are
plotted as straight lines, i.e.,

log (odor intensity) = n log (concentration) + log k, 2

and the constant n (the exponent in Equation 1) equals the slope of the
straight line. That constant has characteristically been between 0 and 1.0.
Hence, even for compounds that produce relatively steep functions, odor
intensity increases as a negatively accelerated function of concentration.'*
This rule, that the sense modality compresses the range of physical
stimulation into a smaller range of perceived intensity, holds rather
commonly throughout the sensory realm.”™

Laffort and colleagues®“? have sought, with modest success, to predict
relative exponents (i.e., relative values of n) from the same molecular
characteristics that Laffort used to predict threshold. As in the case of the
model for threshold, the predictive ability of the model for n will
presumably increase as more data accumulate.
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RELATIVE CONCENTRATION

FIGURE 2-7 Psychophysical functions for various odorants. Data from Dravnieks and
Laffort,’* rescaled in accordance with the standardization procedure recommended by
Moskowitz et al.”
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FIGURE 2-8 Response of the nasopalatine branch of the trigeminal
nerve in the rat to concentrations of formaldehyde, amyl alcohol, and
ozone. The straight lines represent power functions with exponents
greater than 1.0. Such functions would exhibit upward concavity in

linear coordinates. Reprinted with permission from Kulle and
Cooper.”

COMMON CHEMICAL SENSE

Some psychophysical functions for odor intensity depart from simple
power functions. Some departures, such as that seen for propanol in Figure
2-6, may reflect the addition of irritating sensations at high odorant
concentrations. Such nonolfactory sensations—including pungency, sting-
ing, burning, cold, warmth, and pain—arise from stimulation of endings of
the trigeminal nerve." With endings distributed liberally throughout both
mucosal and nonmucosal tissue, this nerve mediates most cutaneous
sensations arising from the facial region, including nasal, oral, and eye
irritation.

Figure 2-8 displays the growth of activity in the trigeminal nerve as a
function of the concentration of three inhaled substances. Note that the
response increases rapidly with concentration—a finding consistent with
psychophysical results obtained with various irritants.* Figure 2-9 (lower
part) shows separate psychophysical functions for the odor and irritation
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evoked by 1-butanol.? Although irritation accounted for only a very small
proportion of overall perceived magnitude at low concentrations, the
irritating component increased more rapidly than odor with increases in
concentration. At the highest test concentrations, irritation equaled odor
in perceived magnitude.

Unless specifically instructed to exclude it from consideration, observers
will incorporate irritation into their estimates of the perceived magnitude
of odorants. Indeed, most odorants seem able to stimulate the trigeminal
nerve, at least at high concentrations.”

Some of the more potent irritants include low-molecular-weight
aldehydes, substances containing halogen atoms, and substances contain-
ing unsaturated carbon linkages."” Table 2-2 displays, in rank order, the
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FIGURE 29 Psychophysical functions for various intensive
attributes of n-butyl alcohol. In any given trial, subjects estimated
two features of the stimulus: total intensive impact (denoted
*“overall”) and magnitude of odor or magnitude of irritation. Also
shown is a function for the algebraic sum of odor plus irritation.
Reprinted with permission from Cain.”


http://www.nap.edu/catalog.php?record_id=19818

TABLE 2-2 Mean Intensity Rating Scale Values (+ SD) of Anosmic, Trigeminal-Focus, and Normal Experimental

Groups?®
Anosmic Group Trigeminal-Focus Group
w Proportion Proportion Normal Group?
N Compound Detecting Intensity Detecting Intensity Intensity

1. Decanoic acid 0/15 0.00¢0.00) 1/15 0.13(0.05) 4.07(2.14)
2. Vanillin 0/15 0.00¢0.00) 0/15 0.00¢0.00) 4.20(1.68)
3. Phenyl ethyl alcohol 1715 0.13(0.50) 4/15 0.80¢1.51) 4.40(1.96)
4. Eugenol 1/15 0.13(0.50) 2/15 0.67(1.85) 5.20(1.56)
S. Coumarin 2/15 0.13(0.34) 2/18 0.20¢0.54) 4.60(1.36)
6. Nonane 3/15 0.27(0.57) 5/15 113(1.7Y) 4.53¢2.25)
7. Octane 3/15 0.27(0.57) 4/15 1.07Q2.02) 4.33(1.96)
8. Indole 3/15 0.53(1.20) 5/15 1.13(1.86) 4.60(1.99)
9. a-Terpineol 5/15 0.53(1.02) /15 1.20(1.47) 5.60(1.78)
10. Geraniol 2/18 0.60(1.54) 4/15 0.87(1.71) 5.13(1.31)
11. Heptanoic acid 5/15 0.87(1.45) 3/18 0.33(0.70) 4.80(2.01)
12. Limonene 6/15 0.93(1.44) 8/15 1.60(1.96) 5.40(1.86)
13. Hexanoic acid 7/15 0.93(1.39) 4/15 1.07Q2.21) 5.33(1.78)
14. Hepiane 5/15 1.00(1.86) 4/15 1.13Q2.22) 4.67(2.15)
15. Benzyl acelate /15 1.402.12) 8/15 1.80(2.34) 4.87(2.03)
16. Methyl salicylate 9/15 1.60(1.86) 10/15 2.46(2.25) 6.27(1.88)
17. B-lonone 9/15 1.93Q2.21) 10/15 247(2.28) 4.47(2.31)
8. Anethole 8/15 2.73(2.86) 715 1.47(2.16) 5.93(1.06)
19. Heptyl alcohol 13/15 2.80(1.80) 9/15 1.93(1.88) 5.13(1.67)
20. Guaiacol 13/15 2.80¢1.87) 9/15 273217 5.93(1.34)
21. Citral 12/15 2.87(2.25) /15 1.73Q2.35) 5.53(1.75)
22. Camphor 14/15 3.532.09) 12/15 3.87(2.90) 6.00(1.51)
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23. 4-Methy! valeric acid 9/15 3.93(3.68) 6/15 1.07(1.84) 6.20(2.43)

24. Linalool 13/15 4.00(2.37) 9/15 2.53Q247) 6.00(1.82)
25. n-Butylether 13/15 4.00(2.10) 12/15 3.732.70) 6.53(1.41)
26. Valeric acid 15/15 5.00(2.16) 14/15 3.80(2.66) 6.00(2.22)
27. 2,4-Pentanedione 15/15 5.57(1.29) 14/15 5.27(2.65) 7.13(1.20)
28. Furfural 15/15 6.07(1.24) 14/15 5.33Q2.55) 6.00(1.93)
29. Mentho! 15/15 6.14(0.92) 14/15 5.80(2.20) 6.60(1.41)
30. iso-Amyl acetate 15/15 6.67(1.19) 13/15 5.73(3.02) 6.67(1.81)
31. n-Butyl alcohol 15/15 6.67(1.30) 14/15 5.87(3.01) 6.13(1.54)
32. Acetaldoxime 15/15 6.71(0.80) 14/15 5.93(2.32) 7.00(1.41)
33. 2-Heptanone 15/15 6.73(1.00) 15/15 6.80(2.34) 7.53(1.02)
34. iso-Valeric acid 15/15 6.73(1.24) 14/15 6.27(2.32) 7.47(1.26)
35. Ethyl benzene 15/15 6.87(2.00) 14/15 6.60(3.34) 6.73(1.24)
36. n-Butyl acetate 15/15 7.33(1.08) 13/15 5.932.93) 6.93(1.48)
37. Ethylacetate 15/15 7.53(1.02) 15/15 7.40(1.93) 7.60(0.95)
38. Methanol 15/15 7.67(1.14) 15/15 6.80(2.23) 6.93(1.29)
39. Benzaldehyde 15/15 7.73(0.93) 15/15 7.87(1.36) 7.33(1.08)
40. Cyclohexanone 15/15 7.80(1.38) 14/15 6.27(2.54) 7.40(1.25)
41. Toluene 15/15 7.87(1.09) 14/15 7.13(2.60) 6.80(1.51)
42. Butyricacid 15/15 7.87(0.96) 15/15 7.00(2.42) 7.93(1.34)
43. Acetal 15/15 8.13(1.15) 14/15 7.87(2.28) 7.93(1.12)
44. Ethyl methyl ketone 15/15 8.40(0.61) 14/15 7.332.09 8.40(0.71)
45. Pyridine 15/15 8.47(0.72) 15/15 8.13(2.00) 8.13(1.3n
46. Acetone 15/15 8.53(0.88) 15/15 8.13(1.41) 7.93(1.73)
47. Propionic acid 15/15 8.73(0.57) 15/15 8.27(1.73) 8.47(0.88)

2 Reprinted with permission from Doty et al.34 Means based on data from all observers, with zero values given to responses of persons who reported no
stimulus detection. Compounds listed in order of increasing perceived trigeminal intensity for the anosmic observers.

b Al 15 normals reported detection of all stimulants.
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intensity of odor

Perceived

FIGURE 2-10 Adaptation to hydrogen sulfide at various concentrations. Continuous lines
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trigeminal effectiveness of 47 odorous substances presented for evaluation
at full strength to both normal subjects (“trigeminal focus group”) and
subjects with complete absence of olfaction (“anosmic group”).* The final
column of the table represents judgments obtained from a second group of
normal subjects who were asked merely to judge overall intensity. For the
more potent irritants in the list, the judgments of overall intensity seem to
reflect primarily the magnitude of irritation. Precedence for this effect can
be found in Katz and Talbert’s observation:* “The odor of some irritants
in higher concentrations is lost entirely in the pain of irritation in the
nose.”

With mixtures containing an irritant (carbon dioxide at concentrations
above 10%) and a benign odorant (amyl butyrate at low concentrations),
W. S. Cain (unpublished data) has verified mutual inhibitory interaction
between odor and irritation. That is, an increase in perceived magnitude of
odor will be associated with a decrease in irritation and vice versa. The
finding will presumably generalize beyond the two stimuli in these
mixtures, inasmuch as the inhibitory interaction occurs strongly even
when the odorant is delivered to one nostril and the irritant to the other
(dichorhinic mixtures). An implication of these results for environmental
health is that the presence of high odor intensity may inhibit the
perception of normally irritating and possibly harmful vapors, and the
presence of moderate or high irritation may inhibit the perception of
possibly toxic odorants or odorous warning agents.

TIME DEPENDENCE OF ODOR PERCEPTION

Perceived odor magnitude wanes rapidly during continuous stimulation.
Figure 2-10 depicts the course of adaptation to hydrogen sulfide at various
concentrations® These functions, typical of those obtained for various
other substances,” imply that odor magnitude decays to approximately
one-third of its initial value within a few minutes.

Figure 2-11 depicts similar functions for butyl acetate. The highest
concentration, used to obtain the top curve, caused noticeable stinging,
and the perceived magnitude of odor at that concentration decreased more
slowly than the perceived magnitude at the other two. This finding
suggests that the action of the trigeminal system may retard adaptation.
Figure 2-12 shows results compatible with this view.” Subjects found the
irritating component of butyl alcohol stronger after three breaths than
after one breath. Conversely, they found the odorous component weaker
after three breaths.

Olfactory adaptation operates on a short time scale. Note, for instance,
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FIGURE 2-11 Course of adaptation to butyl acetate at three

concentrations: 0.8 mg/L (bottom), 2.7 mg/L (middie), and 18.6

mg/L (top). From Cain.” Reprinted from ASHRAE Transactions

by permission of the American Society of Heating, Refrigerating

and Air-Conditioning Engineers, Inc.

that cessation of exposure to the stimulus leads to rapid recovery of
sensitivity (Figure 2-10). Another time-dependent phenomenon, habitua-
tion, operates on a longer time scale. This phenomenon, of uncertain
physiologic origin, involves a change in the effective impact of odorous
vapors. The phenomenon reveals itself in industrial situations, where
workers report that an initially repulsive odor eventually seems less
repulsive. Habituation has been found in laboratory experiments with
animals,” human infants,** and human adults.”* It occurs with both
pleasant and unpleasant odors, but much about its magnitude, limits, and
course remains unknown. Hence, anecdotal reports, such as the following
(from an interview with a mechanic in a rendering plant), dominate its
description:*® ''»

The odor was terrible, but I got used to it. It was less annoying when you stayed
right in it. When you left for a week or so, a vacation, you had to come back and
get used to the thing all over again. I've had people that say, “How do you stand
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it?” I say it’s like anything else. I don’t say you get exactly used to it, but it does get
less annoying in time.

ODOR MIXTURES

Regarding odor mixtures, Zwaardemaker™ ® *** observed that “purely
olfactive stimuli are liable to mutual weakening.” Little has ever
contradicted this observation that an odor mixture smells less intense than
would be expected on the basis of the sum of its unmixed components, i.e.,
displays hypoadditivity.'-'**** Only very rare exceptions have occurred.”
Hypoadditivity seems to be due to more than physical or neural
interactions at the olfactory mucosa. Dichorhinic mixtures, in which one
component is inhaled through one nostril and the other component
through the other nostril, also exhibit hypoadditivity."” Figure 2-13 offers

CONCENTRATION (mg/[)

FIGURE 2-12 Psychophysical functions for odor and for irritation
after exposures of one breath (solid lines) and three breaths (dashed
lines). Upper portion depicts functions for individual subjects; lower
portion for group. Reprinted with permission from Cain.™
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mm%

FIGURE 2-13 Top, perceived magnitude () of mixtures of propanol at various
concentrations and amyl butyrate at a fixed concentration versus the sum of the perceived
magnitudes of the components. Bottom, perceived magnitude of mixtures versus perceived
magnitude of propanol smelled alone. Unfilled circles represent perceived magnitude of amyl
butyrate alone. Concentrations of amyl butyrate shown at top refer to both upper and lower
portions. Reprinted with permission from Cain.'®

examples of hypoadditivity for both physical and dichorhinic mixtures of
amyl butyrate and propanol.

Zwaardemaker® ® *® proposed that hypoadditivity could be represented
by vector addition: “The two sensations [i.e., two odors in a binary
mixture] can be imagined as two vectors representing two forces
counterbalancing each other in our intellect.” Although Zwaardemaker
never used this concept quantitatively, Berglund et al."’ found considerable
merit in the formula,

Vo = (0,2 +¥,2 +2 ¥, ¥, cos @), ®

where ¥, is the perceived magnitude of the mixture and Y, and y, are the
perceived magnitudes of the unmixed components. The constant a,
commonly estimated from a portion of the data, represents the angle
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between the vectors s, and s, Figure 2-14 shows how well the vector
formula described the perceived magnitude of mixtures of amyl butyrate
and propanol. The various symbols represent different experiments, such
as the three experiments represented in the three pairs of curves in Figure
2-13. Berglund' has found that the formula also accounts moderately well
for the magnitude of mixtures of more than two components (Figure 2-15).
Generally, however, the formula tends to overestimate the magnitude of
complex mixtures.

ODOR MASKING AND COUNTERACTION

The study of binary mixtures has revealed that a mixture may smell less
intense than its stronger component smells alone. The reduction in
intensity, although hardly dramatic in the cases reported so far, lends
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FIGURE 2-14 Theoretical perceived magnitude of both physical and
dichorhinic mixtures of propanol and amyl butyrate versus empirical
perceived magnitude. Theoretical values were derived from a vector
summation mode! with an angle of 108" between vectors. Reprinted
with permission from Cain.'®
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FIGURE 2-15 Theoretical perceived magnitude of mixtures of hydrogen sulfide,
dimethyl disulfide, pyridine, and dimethyl sulfide (left) and these four substances
plus methyl mercaptan (right) versus empirical perceived magnitude. Reprinted
with permission from Berglund.'®

credence to claims of odor counteraction. Commercially available counter-
actants usually comprise unreactive mixtures of essential oils and
fragrance chemicals, but sometimes contain in addition a patented “active
ingredient” of more or less unproven worth. The formulation normally has
a pleasant odor (e.g., pine or floral) or a “sanitary” odor. The addition of
the proper amount of the counteractant to malodorous air can take
advantage of the hypoadditivity of odor mixtures and can thereby lead to
some reduction in overall odor magnitude. In addition, however, the
counteractant adds its own acceptable odor quality and may mask the
presence of the malodor.

Figure 2-16 gives an example of how amyl butyrate masked the
perceived “propanol component” in vapor-phase mixtures of propanol and
amyl butyrate. For each function, the amount of amyl butyrate was
constant and the amount of propanol varied. Masking occurred in both
dichorhinic mixtures and physical (vapor-phase) mixtures. Aside from
such a finding, no general rules of masking have emerged from laboratory
investigations.

ODOR PLEASANTNESS

Up to this point, the discussion of odor perception has focused on the
quantification of odor intensity under various conditions of stimulation.
Odor pleasantness and quality also permit a degree of quantification. For
example, Figure 2-17 shows how both perceived intensity and perceived
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FIGURE 2-16 Perceived magnitude of apparent propanol compo-
nent in mixtures of propanol and amy! butyrate versus perceived
magnitude (overall intensity) of propanol smelled alone. Circles and
squares represent results obtained with physical mixtures; triangles
represent results obtained with dichorhinic mixtures; see Figure
2-13. Reprinted with permission from Cain."”

pleasantness of 31 odorants vary with concentration.” With few excep-
tions, pleasantness decreased as intensity increased. An equation relating
pleasantness, P, to concentration, C, took the form:

P=k, +k,Ck3 )

The various determinants of odor pleasantness are only poorly specified.
Steiner®” has argued that facial expressions reveal clear positive and
negative affective responses to odorants, even in the newborn. This view
implies inherent, biologic determinants. Engen* has observed, however,
that young children (e.g., 3-yr-olds) are indifferent to most odors, but
exhibit an increasing range of pleasantness-unpleasantness with age. This
view suggests, although it does not prove, that learning and culture may
participate in the development of olfactory hedonics. Nevertheless, the
affective habituation that workers may experience with relation to
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FIGURE 2-17 Relation between odor pleasantness and concentration (dilution) and
between odor intensity and concentration (dilution) of 31 odorants. Dashed lines represent
hedonic neutrality. Reprinted with permission from Moskowitz er al.”

unpleasant job-related odors implies at least some plasticity in affective
reactions to olfactory stimulation.

ODOR QUALITY

Odor quality (character) can be quantified through procedures of
multidimensional scaling applied to psychophysical judgments (e.g.,
numerical ratings) of qualitative similarity.” Often a two- or three-
dimensional solution will account for the perceived differences in quality
among a large battery of odorants. Figure 2-18 shows a two-dimensional
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FIGURE 2-18 Two-dimensional representation of the psychologic distances among the
qualities of various odorants. The multidimensional solution does not require the experiment-
er to name the dimensions. In this solution, dimension I seemed related to the pleasantness of
the odorants. Dimension II admitted to a less certain interpretation. Reprinted with
permission from Schiffman.” Copyright 1974 by the American Association for the
Advancement of Science.

“psychologic map” for 50 odorants. Figure 2-19, which replaces the
names of the substances in Figure 2-18 with their molecular formulas,
shows one step in a search for physicochemical correlates of quality.
Construction of three-dimensional models of the molecules can represent
another step—a step designed to search for stereochemical correlates. The
use of weighted combinations of physicochemical variables (e.g., molecular
weight, number of double bonds, and presence of particular functional
groups or nuclei) provides yet another step and, when successful, can
permit a reconstruction of the psychologic space from physicochemical
variables. As more data accumulate, this approach may offer some insight
into the properties that endow a molecule with a particular odor quality.

Multidimensional scaling offers only one of many approaches to the
study of odor quality. Specialists in structure-activity relationships in
olfaction often perform painstaking experiments on how subtle changes in
molecular structure alter odor quality or, perhaps, maintain quality and
alter intensity. These experiments may require the investigators to
synthesize new molecules or to purify samples rigorously. Only recently
have techniques to assess purity made it possible to decide with certainty
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whether some pairs of optical isomers (e.g., d- and /-carvone) produce the
same or different qualities.**** The finding that highly purified d-carvone
smells like caraway and highly purified /-carvone like spearmint implies
some chiral specificity in receptor sites and seems to rule out some theories
of odor quality. Nevertheless, not all enantiomeric pairs produce different
qualities—a finding that complicates the quest to discover which proper-
ties endow a molecule with a given quality (see Beets”).

Although subtle differences in structure may sometimes cause large
alterations in quality, reasonably large differences may leave odor quality
unaltered.* To cite one of many examples, nitrobenzene and benzaldehyde
both evoke the odor of burnt almonds. There is no certainty that such
structurally different molecules interact with the same receptor sites.’
Because of convergence and divergence of neurons at the various levels of
the olfactory pathways, different patterns of activity at the most peripheral
level (i.e., in first-order neurons) may give rise to the same sensation.®
Hence, the search for the molecular correlates of odor quality must stretch
beyond the study of mere perceived similarity. One notable extension
involves investigation of specific anosmia, a putatively congenital insensi-
tivity to one or more odorants.“”® The investigations generally chart the
range and the magnitude of the insensitivity. In theory, the outcome can
uncover pivotal structural similarities.’ Similar reasoning provides an
incentive for investigations of cross-adaptation, a temporary desensitiza-
tion to one odorant or a range of odorants after exposure to some adapting
odorant.'* Only the application of a variety of techniques, including some
not highlighted in this brief account, will provide the converging
operations necessary to develop a full, predictive theory of odor quality.
The recent emphasis on collection of data, rather than the common
theory-spinning of the past, is a sign of maturity in odor science.

ORGANISMIC VARIABLES

The factors of age, sex, and cigarette-smoking exert some influence on
olfactory sensitivity, but the effects are surprisingly small.** Hence,
although age eventually takes its toll on olfactory sensitivity, the decline
shows up only statistically and, even then, markedly only in the elderly.”

Females (young adults) have displayed slightly higher sensitivity than
males in some, but not all, studies.”® Females may possess an advantage
over males for only some odorants. Evidence of an odorant-specific
phenomenon has come from studies of how sensitivity varies through the
menstrual cycle, reaching a maximum at approximately the time of
ovulation and a minimum during the menses.” Whereas previous
experiments had produced mixed results regarding the reality of this
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variation, Mair e al.” have implicated the tendency of molecules to diffuse
through the mucus barrier as a determining feature: sensitivity oscillates
for odorants that diffuse slowly, but not for odorants that diffuse rapidly.
The physicochemical characteristics, thickness, and differential filtering of
mucus might account similarly for why cigarette-smokers may appear
slightly less sensitive in some studies but not in others.” These various
investigations, although hardly of uniform merit methodologically, teach a
valuable lesson collectively—viz., charting olfactory sensitivity with
merely one odorant chosen by convenience or availability may be
misleading with regard to the reality, specificity, and magnitude of the
dependence of sensitivity on one or another organismic variable.

COGNITIVE FUNCTIONING

Because the sense of smell serves as a channel of information, it is relevant
to consider how human beings store, process, and retrieve this informa-
tion. Research on this matter, only now gaining momentum, has
uncovered a very consistent and easily summarized pattern:

o Persons can recognize, but not necessarily name, previously smelled
odorants over very long intervals.“* That is, recognition memory decays
very slowly—more slowly than for most other sensory stimuli (see Figure
2-20). In fact, Engen and Ross* found little difference in odor recognition
between intervals of 1 day and 1 yr. This seems to verify the anecdotal
observation, relatively common in literature, that an adult will recognize
an aroma not experienced since childhood. Indeed, such writers as Proust,
Huysmans, and Nabokov have noted that nothing can revive the past so
completely as a seemingly forgotten aroma.

o Persons (young adults) learn to name odors only very slowly (Figure
2-21).2%3 Once learned, however, the association between an odor and a
name or label resists easy replacement.® In the language of learning theory,
the association exhibits little sensitivity to retroactive interference by a
second label.

o Persons can usually identify (i.e., name) the odors of only about half
of commonly smelled substances, such as popcorn, beer, chocolate, lemon,
and rubber.”***** When faced with the task of odor identification, subjects
often report themselves in a “tip-of-the-tongue” state. That is, they
recognize the odor as familiar, but cannot retrieve its name.* When
prompted out of this state (i.e., reminded of the correct label), they can
identify many substances very accurately.”*

The data on cognitive processing of olfactory information imply a weak
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FIGURE 2-20 Percent correct recognition in a two-alternative forcedchoice task
versus interval after a single exposure to various test odorants. Lower function
represents results obtained by Engen and Ross;* upper function, results obtained by
Lawless and Cain.* The conditions in the two studies were similar, but not identical.
The main point of interest is that both functions decline very slowly. The points
plotted at day zero were obtained from recognition tests performed only a few minutes
after initial exposure. Reprinted with permission from Cain.*

connection between odors and language.* That is, as mentioned above, it
takes a long time to learn a verbal label for an odor and a long time to
dislodge an old label with a new one. Even a familiar label may fail to get
past the “tip-of-the-tongue” state.* This situation may arise from what
could be termed the low evident intrinsic structure of odors. To illustrate,
the odor of coffee offers little information regarding the many chemical
constituents of the stimulus. By comparison, a picture of an object has
high evident intrinsic structure (lines, angles, size, shape, color, and
shading). In contrast with most visual or auditory stimuli, olfactory
stimuli must be encoded cognitively as units (i.e., wholes), rather than as a
collection or pattern of features. Such holistic encoding may explain why
olfaction has never given rise to its own glossary. That is, there are no
verbal descriptors of odors per se. Odor descriptors are derived from the
stimulus objects for smell (e.g., musky and fruity) or are borrowed from
other senses (e.g., sweet).
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patterns) or four odorants and the responses were the numerals 1 through 4. A
rest interval of 5 min intervened between trials 5 and 6 and between trials 15
and 16; 24 h intervened between trials 10 and 11. Note the clear superiority of
performance with the visual stimuli. Reprinted with permission from Cain;?¢
modified from Davis.3!

CONCLUSIONS

Olfactory psychophysics has specified various quantitative rules that
characterize the perception of odors. The laboratory data are relevant to
the issue of odor pollution insofar as they set general expectations about
odor perception in field situations. For instance, knowledge of the
immense sensitivity of olfaction for some odorants, but not others, makes
it possible to understand why some effluents seem perceptible at much
greater distances than others. Knowledge that odor intensity grows more
slowly with concentration for some odorants than for others makes it
possible to understand why a relatively mild-smelling effluent may show
less attenuation with distance than some relatively strong-smelling
effluents. Knowledge that most odorants can appeal to the trigeminal
nerve makes it possible to understand why an effluent with few if any
corrosive constituents can still evoke complaints of nasal, eye, and throat
irritation. Knowledge that common chemical sensations exhibit slower
adaptation, but that odor and irritation display inhibitory interaction,
makes it possible to understand why discomfort may remain even after the
odor quality of an effluent has faded. Knowledge that mixtures display
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hypoadditivity makes it possible to understand why elimination of some
fraction of the constituents in an effluent may cause no discernible
reduction in odor intensity. The principle of hypoadditivity also makes it
possible to understand why the addition of a “counteractant” may cause
no discernible increase in odor intensity, whereas the counteractant may,
through masking, provide a more acceptable odor quality.

No matter how good the laboratory data, however, their predictive
power remains limited, and that limitation gives rise to the need for field-
based psychophysics.” But the same holds true in other realms. For
example, the results from the psychoacoustics laboratory, although more
highly refined than those from the odor laboratory, have offered only
rather imprecise predictive power regarding the impact of nondeafening
environmental noise. There is a similar lack of predictive precision in the
study of photochemical smog and other pollutants.” Nevertheless, odor
pollution presents the added complication that even barely perceptible and
barely measurable amounts of some unpleasant-smelling odorants will give
rise to concern. An unpleasant-smelling effluent may arouse mere
uneasiness as a person drives through an industrial park, but may arouse
alarm at the dinner table. Hence, the ever-present affective impact of odors
depends heavily, but in a poorly predictable way, on context. Even when
the context mutes affective impact, however, persons may view unpleasant-
smelling air as potentially hazardous. With this in mind, ventilation and
air-conditioning engineers have typically set ventilation at rates that will
combat virtually all indoor malodors.'* The prevailing rule in buildings
equipped with mechanical ventilation has been that the only acceptable
odor is no odor at all.”
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Effects on
Health and Welfare

This chapter focuses on the various consequences of odor pollution. Its
coverage includes health, social, and behavioral effects of odors. Although
it is generally substantive, the text becomes discursive and even methodo-
logic at points. The discussion is related mainly to attempts to use meager
data on a small number of odorous materials to determine the effects of all
odors as a class.

When a document intended to be mainly retrospective uncovers a
pressing need for more information on a matter of public concern, it must
become in part prospective. A small amount of methodologic material in
Appendix B is intended to give a glimpse of some techniques that, if
applied, might permit a more definitive assessment of the social impact of
odors.

ODORS AND WELL-BEING: A HISTORICAL SKETCH

Pleasantness and unpleasantness form perhaps the most salient dimension
of olfactory experience. As Aristotle noted, some odors seem pleasant in
relation to physiologic needs. Regarding the odor of food and drink, he
remarked that “their pleasantness and unpleasantness belong to them
contingently. . . . These smells are pleasant when we are hungry, but when
we are sated and not required to eat, they are not pleasant. . . .”” © ©™

Some odors, like the aromas of flowers, seem pleasant without respect to
physiologic needs. Aristotle suspected that such aromas preserve health.

55
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This suspicion and its corollary—that unpleasant-smelling aromas are
injurious—formed the basis for man’s behavior toward the olfactory
environment throughout history.

The famous physician Galen (ca. 180 A.D.), whose influence stretched
over 14 centuries, concluded that the olfactory receptors lay within the
brain, specifically in the ventricles. Even as late as the seventeenth century,
physicians thought that nasal mucus represented cerebrospinal fluid that
escaped from pores leading directly from the ventricles to the nasal
cavities. Such views reinforced the notion that odors could exert direct
poisonous action on the brain. At the time, no distinction was made
between odor (the sensation) and odorant (the stimulus for sensation).

Some odors (e.g., that of a freshly extinguished oil lainp) were thought
to cause abortion. Others were thought to lead to chronic disease,
convulsions, and even death. Putrid odors seemed particularly dangerous
and were even considered the cause of the plague. Regarding a thirteenth-
century outbreak of the plague, Winslow noted that no commentator at
the time had even hinted at the possibility of a contagium animatum as the
element by which the disease was transmitted: “It was a chemical property
of the air which all of these commentators visualized—as was to be the
case for many centuries to come.”” @ ' Indeed, Walter Charleton,
commenting on an outbreak of the plague four centuries later, explained:
*“Nay, scarce an author who hath written of the plague and its causes, but
abounds in relations of those accursed miscreants, who have kindled most
mortal infections, by certain veneficious practices, and compositions of
putrid and noysom odors.”'°® ¢

If bad odors caused disease, it seemed to follow logically that good odors
might combat or prevent it. Accordingly, apothecaries concocted formula-
tions of “therapeutic” perfumes and aromatics. Salmon’s Dispensatory of
1696 contained such aromatic formulations as Apoplectick Balsam of
Horstius and Balsam for the Loss of Memory.* In eighteenth-century
France, persons stuffed their ears and nostrils with sweet-smelling thyme,
rue, and pennyroyal during epidemics, still unaware that fleas from rats
generally transmitted the plague. As Haggard explained:

The physicians of those days protected themselves against the disease by means of
suits of leather with leather gauntlets and masks with glass coverings for the eyes
and a long snout filled with fumigants for the nose. . . . They lit fires on which
were burned aromatic substances to purify the air; and for the same purpose
sprinkled perfumed water in the rooms and on their clothing. Eau de Cologne is a
survival of one of these plague waters or essences.”” ® ?'¥

Not until the middle of the nineteenth century did physicians realize
that microscopic organisms transmitted mainly by direct contact, rather
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than chemicals transmitted through the air, were the prime mediators of
infection and contagious disease. Even Lister, the father of antisepsis,
thought it necessary to treat the air in hospitals in order to keep wound
infection under control. He sprayed carbolic acid (phenol) into the air
during surgery until his colleagues, who experienced great discoinfort from
the vapors, persuaded him to cease.

The Industrial Revolution forced confrontation with the possible link
between odors and disease. Factories exposed both workers and neighbors
to many noxious vapors. Although some vapors were clearly toxic, some
disagreeable vapors had no evident deleterious effects. In commenting on
the paper “Report of the Physical and Mathematical Class of the Institute,
upon the Question, Are those Manufactures which emit a disagreeable
Smell prejudicial to Health?” the editors of the Edinburgh Medical and
Surgical Journal (1806) said: “A disagreeable smell is by no means a
certain criterion of an unwholesome atmosphere. And, on the other hand,
the air is often pestilential, when, to our senses, it seems uncontaminat-
ed. . . . 7" @ ¥ The editors still suspected that putrid-smelling air held
danger.

The perceived connection between odors and disease, although rooted to
some extent in idiosyncratic superstitions, arose primarily from an actual
association between disease and poor hygiene. When hygiene is poor, both
odors and the incidence of disease are high. Throughout the last century,
hygienic conditions have improved, but odors from industrial sources have
generally increased. Insofar as these odors are unpleasant they have been
viewed with the same suspicion as the unpleasant odors of hundreds of
years ago. The average citizen believes firmly and justifiably that his senses
serve in part to warn of danger. In the absence of explicit information to
the contrary, the citizen will draw the reasonable conclusion that, if
something smells bad, it is likely to be bad. In the case of ambient
malodors, today’s citizen has no greater reason to reject this conclusion
than his ancestors.

MORPHOLOGIC AND PHYSIOLOGIC EFFECTS OF
ODORANTS

Odors may affect well-being by eliciting unpleasant sensations, by
triggering reflexes and other possibly harmful physiologic reactions, and
by modifying olfactory function.

Unfavorable responses include nausea, vomiting, and headache; shallow
breathing and coughing; disturbances of sleep, stomach, and appetite;
irritation of eyes, nose, and throat; and decreases in the sense of well-being
and in the enjoyment of food, home, and external environment.*’ Exposure
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to some odorous substances may also decrease heart rate, constrict blood
vessels of the skin and muscles, increase epinephrine concentration in the
blood, and even bring about alterations in the size and condition of cells in
the olfactory bulbs of the brain.*’ However, the relationships between the
intensity or duration of the exposure to odor and the magnitudes of these
symptoms have not been established.

These statements of possible ill effects must be interpreted with caution,
inasmuch as some odorous substances have a primary toxic action that is
exerted as a systemic poison, and a dose-response relation has not been
established for odorous substances that lack overt toxic properties.

We consider here the physiologic and morphologic changes that can
follow exposure to odorous substances. Much of the evidence comes, of
necessity, from experiments involving animals. Extrapolation of the results
to humans requires considerable caution, because of the concentrations
used, duration of exposure, and manner of odor presentation. But the
evidence alerts us to the possibility that similar changes may occur in
humans.

NASAL MUCOUS-MEMBRANE FUNCTION

The condition of the respiratory epithelium, which borders the olfactory
epithelium, is important in olfactory function. If odorants disturb its
condition, they may alter the perceived intensity or character of other
odorants. Such disturbances may take several forms. For example, the
continuous movement of the secretions overlying the olfactory epithelium
seems to depend, at least partly, on the pull of mucus flowing over the
adjoining respiratory epithelium. This in turn depends on the rhythmic
beating of cilia. Therefore, compounds that arrest or slow ciliary action
may, by this route, alter the microenvironment of the olfactory receptors.
The ciliostatic action of some airborne pollutants, in higher concentrations
at least, is well established.'*'* Some of the effects may result in part from
alteration of the pH of mucus. Compounds that lower the normal pH of
nasal mucus—about 6.7-6.9—are thought to transform the mucus from a
sol to a gel.*** Other substances that have a detrimental action on ciliary
activity include volatile oil vapors and menthol (1% concentration). In the
case of prolonged exposure to odorous irritants, damage is severe."
Because mucus acts as a protective interface between infectious particles in
the ambient air and the respiratory mucosa, anything that slows or stops
ciliary motion may reduce or destroy the effectiveness of mucus as a
barrier. Further work must establish the mechanism by which these
changes can occur.
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In addition to the response of the respiratory epithelium to odorants, the
olfactory epithelium can be stimulated to secrete an excess flow of mucus
and thus change the efficiency of olfactory function.*

TRANSPORT TO THE BRAIN IN ANIMALS

The olfactory receptor can act as a bridge between the odorous
environment and the brain. Cilia of olfactory receptor cells terminate
distally in the nasal mucus covering the olfactory epithelium. The opposite
end of the olfactory cell is in an olfactory bulb of the brain. Because a virus
is a living organism, it may not offer a close analogy to an inert substance,
such as an odorant. However, De Lorenzo® offered electron microscopic
data that colloidal gold particles placed on the surface of the olfactory
epithelium can enter the olfactory receptor and travel toward the brain.
Radioactively labeled leucine placed in the nasal cavity can enter the
olfactory receptor, be incorporated into proteins manufactured in the cell
body, and be transported in the axoplasm of the olfactory axon toward the
olfactory bulb at about 400 mm/day. Because both large proteins and
inorganic material can move toward the brain, it may be possible for
odorous substances continuously present in the environment to move in a
similar manner and enter the brain. This is of particular concern for
persons who work in an environment of odorous vapors or particles. The
little cited evidence of such transport comes from animal studies, and the
implication for man is yet to be established. Additional research is
urgently needed to investigate the extent of such transport and the possible
accumulation of these foreign materials in the brain.

MORPHOLOGIC CHANGES IN OLFACTORY-BULB CELLS AFTER
PROLONGED STIMULATION WITH ODORANTS

Little is known about the effects of prolonged exposure to environmental
odorants on the function of the olfactory system itself. It is clear, however,
that atrophic changes occur in the morphology of some cell types in the
olfactory bulbs of rats in association with exposure to a constant flow of a
single odorant.’” Mitral cells shrink, sometimes to about half their
original size, and the nucleus and cytoplasm stain darkly. The odorants
tested were chosen irrespective of their pleasant or unpleasant odors and
covered a wide range of chemical structure (e.g., cyclopentanone,
cyclohexanol, benzyl mercaptan, limonene, naphthylene, pyridine, and
1-menthol). They were presented in relatively low concentrations, al-
though concentration was measured accurately only by Laing and
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Panhuber,” who exposed rats to acetophenone at 0.2 ppm and cyclohexa-
none at 4 ppm. The receptor axons were not affected. Higher centers of the
brain and the olfactory epithelium were not examined. The phenomenon
has been called “selective degeneration.” However, there is no evidence of
cell death, and electrophysiologic recordings have shown that the affected
mitral cells still respond to odor, if less effectively than normal cells (B.
Oakley, personal communication). Rats exposed to odorants and to
deodorized air for 2 months and then left in room air for 5 months showed
signs of restoration of mitral cells to nearly normal appearance. This
suggests that the effects are ultimately reversible.”

Rats exposed to odorants and then tested in a behavioral-test apparatus
showed no alteration in sensitivity to the exposure odorant, but had
lowered sensitivity to a similar but novel odorant. Rats exposed to
acetophenone had a significantly lower sensitivity to cyclohexanone than
rats exposed to either room air or cyclohexanone.

The results of both behavioral and histologic studies imply that changes
in the morphology of mitral cells may occur because the cells are
understimulated, owing to the rats’ being deprived of a sufficiently rich
odor environment. (In the extreme case, when animals are exposed to
deodorized air alone, the changes are severe and nonselective.) They also
suggest that any odorant in low concentration may be effective in inducing
the alterations, regardless of whether the odorant is pleasant or unpleas-
ant, whether exposure is for a few weeks or a few months, and whether the
diluent is deodorized air or room air.® It is yet to be determined whether
the effects are more pronounced for concentrations or for odorants
different from those tested, in infants as opposed to adults, or in higher
levels of the central nervous system than the olfactory bulb.

If the effects occur in human beings—and it has not yet been shown—
then pleasant-smelling substances could pose the more serious hazard,
inasmuch as a person will generally avoid continuous exposure to odorants
that produce unpleasant odors more readily than those with pleasant
odors. Workers exposed to the same industrial effluent on the job and in
nearby residences could be at risk, as could infants reared in an area of
heavy odor pollution.

Aside from a modicum of research on workers, there appear to have
been no controlled studies of olfactory sensitivity in human populations
exposed to odorants. Consequently, we do not know whether any
subgroups of the population have a higher incidence of altered olfactory
function of a kind attributable to morphologic changes in mitral cells.
However, a study by Nau$™ has relevance to this question. Workers in a
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factory that produced menthol candies could not smell five of 14 test
substances (not related to menthol). A control group of workers not
exposed to the menthol odor could smell all 14 substances. Nau$
claimed that occupational hyposmia (reduced sensitivity to odors) is not
rare. If this is so, it may interfere with detection of warning odors.

INFLUENCE OF ODORANTS ON AUTONOMIC AND HORMONAL
FUNCTIONS

Odorant stimulation of receptors in the nasal mucosa can elicit marked
respiratory and cardiovascular responses. The reported effects, document-
ed in various species, include reduction in breathing, sneezing, bronchodi-
latation, lowering of heart rate (bradycardia), increase in arterial blood
pressure, reduction in cardiac output, and vasoconstriction in skin, muscle,
splanchnic, and renal vascular beds.’*”” For example, Alarie'? exposed
mice to 51 airborne chemicals, many of them odorants, and found a
characteristic decrease in respiratory rate.

In the rabbit, nasal stimulation with ether vapor from a Woulff bottle
for 2 s elicited an increase in vascular resistance owing to vasoconstriction
in the nose; the effects were abolished by local anesthesia of the nasal
mucosa. The effects occurred in two phases: an early phase, seen within 10
s of stimulus application, and a less marked late phase occurring about 50
s after stimulation. The early phase was apparently mediated by efferent
fibers of the sympathetic nervous system, whereas the late phase was
mediated by adrenal hormones.*

The autonomic nervous system consists of two parts: the sympathetic
and the parasympathetic. The various lower senses—i.e., olfaction, taste,
vestibular sense, and somesthesis (warmth, cold, touch, irritation, pain)—
all seem to bear an intimate, often reflex, connection to autonomic
functioning. Not surprisingly, therefore, stimulation of these senses often
carries strong affective impact (pleasantness—unpleasantness). The affective
reactions generally drive the organism toward a condition of homeostasis
(a tendency to stability in the normal body states of an organism).

EFFECTS OF ODOROUS EMISSION ON HUMAN BEINGS

Virtually all information regarding adverse reactions to environmental
odors arises from self-reports, either spontaneous or solicited, rather than
from objective measures of physiologic responses.
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For example, 495 residents exposed to the malodors of a pulp mill in
Lewiston, Idaho, signed a petition that stated that *“this contamination of
our air and its odor affects us from headaches, watery eyes, runny noses,
and breathing difficulties. . . . "*"It is likely that these symptoms resulted
in part from odorant stimulation of trigeminal receptors—the same
receptors that mediated the respiratory and cardiovascular reactions in the
laboratory experiments cited above.

Systematic surveys of odor pollution caused by pulp mills have
uncovered a constellation of symptoms similar to those enumerated in the
Lewiston petition. In Swedish and American surveys described by
Jonsson,™ 5-10% of respondents experienced shortness of breath, nasal
irritation, and runny nose, as well as coughing (which could be elicited by
stimulation of vagal receptors in the throat); 10% experienced eye
irritation and headache; and 15% experienced nausea and sinus conges-
tion. Nausea is the one symptom that does not readily fit the constellation
of trigeminally mediated symptoms.

The nasal branch of the trigeminal nerve adds the perceptual attribute of
pungency (stinging, burning, sharpness, etc.) to inhaled vapors. The
olfactory nerve adds most other perceptual attributes of odor character
(e.g., putrid, musky, fruity, goaty, and floral). Some odors (e.g., the putrid
smell of rotting flesh and the smells of vomitus and raw sewage) cause
most persons to withdraw vigorously from these odorant sources. These
odors seem unpleasant without respect to any trigeminal impact. If forced
to endure them for more than a few seconds, people will often report
adverse physiologic reactions, such as headache, dizziness, and nausea.

The relationship between olfactory stimulation by such odorants as food
and alimentary functioning makes itself apparent in everyday life,
commonly evoking salivary and other digestive enzyme secretions, but
unpleasant smells depress appetite—a phenomenon confirmed readily in
the laboratory by Winslow and colleagues®*'—or they may even induce
vomiting. In recent years, experiments have revealed that mammals will
rapidly learn an association between an odor and subsequent nausea, even
if the odorant does not actually cause the nausea. In the experimental case,
an animal ingests a flavored liquid and later receives a nausea-inducing
injection of lithium chloride. Although the nausea may not begin for an
hour or more, the animal will develop a specific aversion to the flavored
liquid. Aversions to odors or tastes will develop readily under these
circumstances, whereas aversions to sensory stimuli not normally associ-
ated with eating will fail to develop. Aversions to sounds will develop,
however, if followed by electric shock. This phenomenon has given rise to
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the notion of inherent “preparedness” to form particular associations
(odor-nausea, sound-shock).

Irrespective of the exact physiologic mechanism of action, persons who
live in malodorous environments report adverse somatic symptoms. For
instance, Winneke and Kastka* found that the majority of persons living
within 1 km of a tar-oil plant in Duisburg and an insulation plant in
Cologne experienced occasional-to-frequent periods of *“odor-induced”
nausea and headache. Anyone who wishes to argue against the conclusion
that these adverse reactions result directly from the odor sensation must
account for the immediacy of the reactions. One or two inhalations of the
malodorous air surrounding many industrial operations will often induce
nausea, just as one or two inhalations of rancid leftovers in the home can
cause nausea.

Self-reports of adverse reactions to odorous pollutants should not
automatically be categorized simply as “‘annoyance.” Undoubtedly, many
complaints regarding environmental odors fall neatly into this category,
which has been defined as “an effect which may not be demonstrably
pathogenic but which involves a negative factor for an individual’s comfort
and well-being.”*? Odors deemed neutral or pleasant within a proper
context (e.g., bakery odor) may indeed give rise to annoyance when
present at unwanted times. Odors that cause annoyance are analogous to
noise, commonly defined as unwanted sound. Even odors deemed
somewhat unpleasant, irrespective of context, may generate nothing more
serious than annoyance. Nevertheless, to categorize all negative reactions
to community odors as annoyance reactions trivializes the problem of odor
pollution. Some industrial odorants produce malodors that are simply too
revolting and sickening to warrant the designation of sources of annoy-
ance.

The above discussions of mucous-menibrane function and morphologic
changes reveal that the label “demonstrably pathogenic can depend on
where in the body and over what duration a physician chooses to look for
pathologic change. Even aside from these considerations, the symptoms of
nausea, headache, and dizziness seem to transcend annoyance. Unfortu-
nately, these three symptoms lend themselves poorly to objective
verification and measurement. This leaves the victim of odor pollution,
particularly the victim exposed only briefly, medically ignored. The
transitory victim or the victim of episodic odor pollution may never have
any symptom other than unconditioned nausea. The subjective magnitude
of this symptom may exceed that of any other immediate reaction to
pollution. But its status as a health effect may await an objective validation
currently unavailable.
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PUBLIC-HEALTH ASPECTS*

This section discusses various kinds of responses to odorants and examines
the public-health implications that flow from each. By definition, chemi-
cals hazardous to human health are considered to be toxic; hence, they are
subject to control in accordance with existing laws or regulations, e.g., the
Toxic Substances Act and the Clean Air Act. Toxic odorous substances in
the atmosphere are automatically subject to standard-setting under the
Clean Air Act of 1970 and its amendments, and reduction of their
presence to below toxic thresholds is mandatory.

There is very little available information on the toxicity or hazardous
effects of odorous substances in man. It is known from studies on
experimental animals that some odorous substances may damage tissue,
but there is no direct evidence of the same phenomena in man. This lack of
evidence may be due to a lack of research; as new information is found, the
number of odorous substances known to be toxic may increase.

In some cases, a large fraction of the population are affected by odorous
substances described as ill-smelling, rank, foul, fetid, or stinking. There are
many odors to which the term *“foul” would be applied universally. Those
commonly encountered include odors from poorly designed and badly
operated sewage-treatment facilities, rendering and fishmeal plants, cattle
feedlots, farms with garbage-fed pigs, and a variety of rubber, petroleum,
and chemical manufacturing operations, including wood-pulping. These
responses include not only mild discomfort, but other symptoms that may
be associated with stimulation of the autonomic nervous system, such as
those in the Swedish and American surveys described by Jonsson.”
Distressing symptoms reported to result from such odors include “nausea,
headache, loss of sleep, loss of appetite, impaired breathing, and even
allergic reactions,”’ vomiting, general malaise, and sleep disturbance.

Note that in all these cases, although there may be an absence of disease
and infirmity, there is not a state of complete mental, social, and physical
well-being. Many people show distaste (disgust) and annoyance in
response to foul odors of moderate or even low intensity. The scientific
basis for this response is still unknown, but may depend on some
physiologic changes, as mentioned above, or may have a more vague origin
in the psychology of the individual.

In addition to malodors, the population can respond adversely to

*Dr. Melvin W. First, a member of the Committee, holds some views different from those of
the Committee as a whole, with respect to the effects of odors on public health. He has
developed a categorization of odorous substances based on their toxicity and their effects on
public health. That categorization is discussed in some depth in Appendix A, prepared by Dr.
First.
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pleasant odors. A great variety of manufacturing and agricultural odors
are almost universally considered to be pleasant. These include the
characteristic smells of baking and cooking, perfume-blending, candy-
making, and haying. In spite of the pleasant feelings usually associated
with these products and activities, air-pollution control agencies receive
complaints about emission of odors from restaurant kitchens, bakeries, and
similar establishments that make products that we take pleasure in eating,
wearing, or using. Thus, even odors that are universally thought of as
pleasant may become unacceptable when they are present in the air at an
unusually high intensity and for a long period.

There are many types of odorants commonly encountered on which
there is no consensus regarding effects on human beings; and there are
odorants that produce odors that a small fraction of the population
considers unpleasant, but that are acceptable to most when they are
present in commonly encountered concentrations. Exposures to odorants
that have unpleasant odors are often associated with a small number of
chronic and persistent complainers, a vast majority of indifferent neigh-
bors, and a bemused and troubled air-pollution control officer who
experiences great difficulty in trying to decide whether a situation merits
official control action in the face of an odor exposure that is thought to be
trivial. Normally, the intensity, duration, character, and degree of
unpleasantness of an odor in the mind of the public are important for
judging when exposures to odors constitute a matter of public concern.

Among the attempts to develop procedures for abating foul odors have
been a number of examinations of the dose-response relationships of odors
in the atmospheric environment."2** These investigations have used
polling techniques and questionnaires in areas with persistent odor
problems. Unfavorable responses were found to be most numerous when
perceived odor intensity was highest; single-point sources of large
discharge volume and high odor intensity (as in uncontrolled kraft pulp
mills) disturbed residents 20 km away; and there were sex-, health-, and
age-related differences in annoyance reactions to odors.” The correlation
between degree of chemical exposure and degree of annoyance reported is
often weak. These studies have many inherent methodologic complications
(e.g., reactions of individuals cannot be measured objectively).

To overcome the methodologic deficiencies, a number of performance
measurements have been proposed as indexes of annoyance. The assump-
tion is that, as the degree of annoyance increases, the performance of tasks
that require skill and close attention (such as problem-solving) is affected
adversely. Because these tests measure reactions resulting from annoyance,
rather than the annoyance itself, it has been hypothesized that some
somatic responses mediated by the central nervous system are more closely
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related to the perceived annoyance. Measurements have been proposed to
monitor central-nervous-system activity. But the great need in using
physiologic indicators of annoyance is to establish their validity.”” The
development of unifying principles would go a long way toward resolving
some seeming inconsistencies in odor-control efforts. In short, what is
needed is a synthesizing and integrating effort in science and technology,
to assure the public that adequate knowledge will become available to
safeguard its health and comfort and to keep the environment in a
condition close to the natural pristine state.

From the standpoint of public health, it is highly desirable that the
effects of atmospheric odors on humans be analyzed in conventional
epidemiologic terms—i.e.;

¢ Identification of the physical and emotional symptoms that odorants
cause.

o Development of firm dose-effect and dose-response relationships that
approach zero in the absence of stimulus but are unlikely to reach 100%,
even under the strongest provocation (i.e., where there is some degree of
immunity).

o Identification of susceptible populations, with respect to age, sex,
occupation, geographic distribution, etc., and measurement, in acceptable
statistical terms, of the nature, incidence, and prevalence of unfavorable
responses among identified susceptible groups.

o Development of a theoretical rationale that makes it possible to use
the foregoing information for preventive purposes—the ultimate public-
health goal.

SOCIAL AND BEHAVIORAL EFFECTS OF ODOR POLLUTION

Community annoyance due to odors has been studied primarily in Sweden,
the United States, and the Federal Republic of Germany. A series of
Swedish studies, beginning in the early 1960s,>*** have refined the
techniques for the measurement of annoyance and were the first to suggest
the use of such measurement to establish legal standards. The results also
pointed to the risk of relying on voluntary complaints for enforcement
purposes.

In the United States, seven major studies of community odor problems
have been completed since 1969. Four were conducted in California—two
in Eureka, one in Anderson, and one in Carson.'***” These four studies
focused on both annoyance and health aspects and indicated the existence
of dose-response relationships. The remaining studies were conducted as a
series to determine the social and economic impact of odors and to develop
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procedures for the identification and assessment of community odor
problems.''~"* The second in this series, carried out in Los Angeles,
included an attempt to determine the effects of odor pollution on property
value,

The social and behavioral effects described here include annoyance and
interference with such activities as use of home and yard, working,
attending school, shopping in desired locations, use of recreational
activities (parks, libraries, etc.), and maintaining comfort in confined
situations (hospitals, institutional homes, etc.). For present purposes, the
term “social effects” excludes consequences describable directly in
monetary terms.

Recent studies of the social and economic impact of odors'*" indicated
that feelings of annoyance were the most frequently cited problem. In fact,
whereas annoyance sometimes occurred without other undesirable effects,
the reverse never held true. This evidence seems consistent with a
conclusion voiced at the Third Karolinska Institute Symposium on
Environmental Health: “In environmental health the most important
dimension of an odor is probably its acceptability, e.g., what percentage of
the population is annoyed by the smell.”*#® '@

Interference with activities has not been well documented in the United
States. Social surveys have been concerned chiefly with annoyance and
symptoms of illness. A few surveys have included open-ended followup
questions, such as “How have odors bothered you?” and “How have odors
reduced the value of your home?”’ The answers have included statements
of interference with activities, but the frequency of responses to these
questions has been too low and too sporadic to permit firm conclusions or
generalizations.''

A series of laboratory and field studies recently conducted by Winneke
and Kastka® in the Federal Republic of Ge-many have sought to develop
concepts and strategies for odor-control legislation. The first study began
in 1974 with a face-to-face survey of 704 inhabitants selected at random
from one known odor-problem area and two odor-free areas in Diisseldorf.
Although the questionnaire was not included in the publication cited here,
it is apparent that the inhabitants were asked questions about the
interference of odors with their activities. The authors subjected the
responses to factor analysis. Three factors—F1, F2, and F3—werz found
to account for more than 50% of the total variance. The analysis produced
the structure of response components shown in Table 3-1. F1 consists of
items that stress sensory aspects of annoyance and is therefore termed the
“sensory experience” dimension of annoyance. F2 consists mainly of social
and behavioral effects of odors beyond annoyance and includes most of the
items that denote interference with activities; it is called the “social-
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TABLE 3-1- Response Components of Annoyance
Factors Derived from a Survey of 704 Inhabitants of
Diisseldorf

F1, Sensory Experience

Distinct perception of odors in neighborhood
Intensity of perceived odors

Frequency of odor perception

Odor annoyance of people ‘‘does exist”"
Degree of annoyance due to malodors
Degree of disturbance due to malodors
Windows ofien shut because of odors
Discomfort due to environmental odors
Foul-smelling air

Ventilation of apartment difficult
**Stinking’” air in neighborhood
Sleeping with windows shut
Environmental odors unbearable
Reduced pleasure in taking a walk
Strange smell in apartment

F2, Social-Emotional Disturbance
Reduced social contacts

No pleasure in coming home

Odor leads to tensions within family
Odor disturbs communication

Odor spoils appetite

Odor interferes with comfort of living
Odor interferes with outdoor activities
Odor induces anger

F3, Somatic Disturbance

Odor interferes with falling asleep
Odor disturbs sleep

Odor induces headache

Odor induces nausea

Odor induces fits of coughing

Odor interferes with reading and thinking
Odor induces bad mood

Odor interferes with recreation

Odor induces vomiting

Odor interferes with normal breathing

2 Data from Winneke and Kastka.48
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emotional disturbance” dimension. F3 contains mainly somatic reactions
and is called the “somatic disturbance” dimension. This series of studies is
discussed more fully later. The point to be made here is that items of
interference with activities have been successfully measured by at least one
group of investigators. The authors have shown that these measures, as
well as measures of somatic disturbance, are indicative of more severe
degrees of annoyance than are mere measures of perception and reports of
bother.

There is a large body of evidence in the United States and other
countries that shows annoyance to be a common reaction of inhabitants in
communities where unpleasant odors are encountered. There is far less
evidence of the relative severity of annoyance caused by various odors
among various social groups and of social effects other than annoyance. To
increase the data base so that decisions can be made on when to control
unpleasant odors and what degree of control to exert, there must be many
additional studies in many different locales. The choice of methods used in
performing those studies is important, if the results are to be helpful.

Two methods have been used: one relies on spontaneous complaints, the
other on social surveys. Both have assisted state and local air-pollution
control agencies and other public authorities in gathering evidence on
community odor problems. The method that involves spontaneous
complaints has evolved as a routine part of agency activities and is by far
the more widely used.

SPONTANEOUS COMPLAINTS

Odor complaints are almost always initiated spontaneously by citizens in
the community. Solicitation of complaints by local authorities is permitted
(but seldom attempted) in some jurisdictions and strictly avoided in others,
depending on local policy or interpretation of state law. Almost all
grievances are received by telephone and handled by inspectors or clerical
personnel. Most agencies maintain records of odor complaints on some
type of form, examples of which are presented in Figure 3-1. When a
complaint is received by the Los Angeles County Air Pollution Control
District, for example, a summary of the information given by the
complainant is recorded on a Radiophone Message Log sheet (Figure 3-1,
top) and then dispatched to an inspector in the field. If the complaint
involves odors, code 963 is indicated. The inspector is required to drive to
the home of the complainant to verify the presence and, if possible, the
source of the odors. A Nuisance Complaint Form (Figure 3-1, bottom) is
completed by the inspector at that time, in accordance with the
complainant’s responses to the questions on the form.
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Traditionally, odor-complaint data have been used for the following
purposes.”

+ To alert local authorities that odors were detected at specific times
and locations and that possible odor problems exist.

e To help determine whether local law governing odors has been
violated.

¢ To describe the conditions under which odors were detected and to
enumerate the effects of odors experienced by the persons who com-
plained.

¢ To help identify the offending odor sources, so that steps can be taken
to eliminate the odor problems.

Enforcement agencies have relied on odor complaints as a measure of
community reaction for a variety of reasons:'*"

+ In some jurisdictions, local law requires that a given number of
complaints be received before initiation of enforcement procedures.

o Odor complaints provide an inexpensive means to gather information.

¢ Use of complaints offers a simple, straightforward approach for
dealing with odor problems—viz., those responsible for the sources of
offending odors can be pressured until they apply whatever process
controls are necessary to satisfy the complainants.

¢ Other methods of measuring community reaction are considered by
agency officials to be too elaborate and expensive for purposes of
enforcement.

In some jurisdictions, odor complaints are so numerous that it is
sometimes difficult for enforcement agencies to attend to them in a timely
manner. In recent years, the number of complaints about disagreeable
odors has approached the total of all other air-pollution complaints. Data
from California illustrate this fact. A national survey of odor problems,
conducted in 1969, ranked the Los Angeles and San Francisco metropoli-
tan areas among the 10 greatest potential odor-problem areas in the United
States." The relative importance of odor complaints, compared with other
air-pollution complaints, in these areas, as well as in Humboldt County, is
shown in Table 3-2.” The survey found the national average to be 29 odor
complaints per 100,000 persons, which is exactly that shown for the San
Francisco metropolitan area (Table 3-3). Note that the per-capita figure
for Humboldt County is more than 25 times as great as the national
average. Virtually all the complaints were directed against reduced-sulfur
odors produced by two sulfate pulping plants operating near Eureka. The
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TABLE 3-2 Comparison of Numbers (and Percentages) of Odor,
Smoke, and Other Air-Pollution Complaints Received by Los Angeles
County, Bay Area, and Humboldt County Air Pollution Control Districts
During 1971¢

No. (%) Complaints

Reason for Los Angeles Bay Area Humboldt County
Complaint County APCD APCD APCD
Odor 3,812 (60%) 1,202 (33%) 746 (61%)
Smoke 1,423 (23%) 1,418 (39%) 388 (32%)
Other forms of air 1.074 (17%) 985 (27%) 88 ( 7%)
pollution
TOTAL 6,309 3,605 1,222

2Data from Flesh and Turk.2? Sources: R. E. George, Los Angeles County APCD: T. F.
Brennan, Bay Area APCD; and J. L. Caufield, Humboldt County APCD.

per-capita figures for Los Angeles County and the Bay Area are much
lower, although still at or above the national average. The majority of
complaints in these two locations were also aimed at reduced-sulfur odors.
However, these odors were produced by numerous oil refineries and
chemical plants.

When complaints are received in large numbers, one might assume that
the complainants are anxious for public authorities to hear their concerns.

TABLE 3-3 Complaints Received per 100,000 Persons Residing in Los
Angeles County, Bay Area, and Humboldt County Air Pollution Control
Districts®

Estimated
District Population No. Odor Complaints
District (1970) per 100,000 Persons
Los Angeles County 7.036.463 54
Bay Area® 4,174,233 29
Humboldt County 99.692 748

¢ Complaint data from Table 3-2; population data from U.S. Bureau of the Census.4?

b Includes Alameda, Contra Costa, Marin, San Francisco. San Mateo, and Santa Clara
Counties only.
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One might also assume that the information volunteered can be used to
measure community reaction to odors accurately, without need for more
elaborate methods. Unfortunately, most data from studies of spontaneous
complaints suggest that such information offers a poor means of gauging
community reaction, because the number of complaints and the quality of
the information volunteered are often due to an interaction of many
factors and cannot be expected to represent true feelings of the complain-
ants. For example, the following statement regarding volume of com-
plaints appeared in the report of Lindvall and Radford:?® '

In general, very few people will register a formal complaint with the authorities
about any environmental problem. In Swedish, British and American annoyance
surveys less than 10% of the population reported making any formal complaints by
writing letters, telephoning or making personal visits to officials.’*34 In British
and American surveys only 20-23% of those who felt they had a serious local problem
ever felt like calling or writing to an official. In contrast, reports of annoyance in these
surveys showed that only a small fraction of those who actually report annoyance com-
plaints take action in any spontaneous way.® A study of annoyance to aircraft noise
showed that the main characteristics of individuals discriminating complainants from
noncomplainants were those of education, value of their home, and membership in
organizations. Thus the volume of complaints received by officials may reflect not so
much the amount of discomfort experienced by the exposed population as its social
class composition and level of community organization. ¢

Although not specifically stated in the paragraph, the correlation between
the volume of complaints and the social class composition or level of social
organization in a community is known to be positive. That is, the higher
the social class or the more organized the social structure, the larger the
volume of complaints one might expect to receive as a result of the
presence of odors.

Of equal importance, studies have found that persons who volunteer
their opinions tend to exaggerate or overstate their concern. An example
occurred in Sweden:® 1,200 persons signed a petition demanding that
health authorities eliminate the nuisance of offensive flue gases caused by a
sulfate cellulose factory. In response to a later survey sponsored by the
health authorities, almost 600 of these persons stated that they had not
experienced annoyance during the period specified in the petition. The
contradiction could not be explained by a diminution in exposure after the
petition was submitted. The petition was therefore rejected as an unreliable
index of the extent of concern. This is not to say that all petitions are
unreliable, but rather that community-initiated petitions are likely to
contain unmeasurable bias. Social surveys, however, when conducted by
properly trained investigators, can be used to estimate the true feelings of
the average citizen in the community by including controls for bias.
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SOCIAL SURVEYS

For the reader who is unfamiliar with the techniques of social surveys,
basic elements are described in Appendix B. Also included there are
suggested uses of survey methods as they are applicable to odor cases. The
remaining paragraphs of this chapter return to the social surveys
conducted by Winneke and Kastka.

After the face-to-face survey conducted in 1974 (described earlier),
Winneke and Kastka* performed followup studies on small subsamples of
the original 704 inhabitants of the test area and two control areas. One
purpose of the followup studies was to examine the stability of annoyance
over time. Stability coefficients were generated from the application of a
“test-retest” procedure. The authors reported that *‘these stability-
coefficients are sufficiently high to support the conclusion that in dealing
with odor annoyance we are obviously dealing with a markedly stable
attitude, amenable to scientific study.”**®*™*

Winneke and Kastka then studied changes of annoyance with distance
from the source. Surveys were conducted in communities near a tar-oil
plant in Duisburg and an insulation-material plant in Cologne. The
effluent from the tar-oil plant (an area source of odors) consisted mainly of
hydrocarbons and sulfur compounds, and that from the insulation plant (a
point source), mainly of phenolic compounds. As illustrated in Figure 3-2,
the change of annoyance with distance was found to be completely
different for these plants. By closely examining the patterns of annoyance
near the insulation plant (broken lines), one can see that there are marked
decreases in the degree of annoyance between about 100 and 300 m from
the plant boundary for factors F2 (“‘social-emotional disturbance™) and F3
(“somatic disturbance”). Statistical comparisons (Scheffé method) between
these points were highly significant for both factors, but not for Fl
(“sensory experience”). The authors concluded that ‘“this supports our
hypothesis that social-emotional and somatic aspects of annoyance are in
fact indicative of more severe degrees of disturbance than are sensory or
stimulus-centered odor experiences. This, furthermore, illustrates the
superiority of a multi-dimensional approach to odor-annoyance as opposed
to one-dimensional odor-indexes.”* & ™

The difference in the patterns of the multidimensional annoyance
reaction at increasing distances from the tar-oil and insulation plants led
the authors to attempt to relate these patterns to patterns of odor
exposure. A program was developed to measure ainbient-odor concentra-
tions in the vicinity of the two sources. The program included acquisition
of a mobile laboratory equipped with olfactometers and an initial phase of
operation to cover 1 yr. Odor concentrations were determined according
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to the dilution-to-threshold method. The measurements were made in the
lee of the plants. Two subjects at a time were asked to make dilution-to-
threshold determinations, with each determination taking approximately 2
min. Median (50%) and extreme (95%) values were computed at different
distances from the plants. The values shown in Figure 3-3 were obtained
during the initial phase of work. Visual comparison of Figures 3-2 and 3-3
for 100-300 m from the insulation-plant boundary offers the clearest
indication of the existence of dose-response relationships.

CONCLUSIONS

There is extensive evidence from laboratory studies with animals that some
odorants can induce marked physiologic and morphologic changes—
notably cardiovascular and respiratory. These may be distinct from toxic
effects. Corresponding studies with humans are lacking and, in some cases,
impossible. Nevertheless, reported symptoms of those exposed to air
pollution show close parallels with such responses. This should alert us to
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the strong possibility that comparable physiologic changes underlie human
responses to odors associated with expressions of irritation or annoyance.
Moreover, some changes may also occur without being perceived by the
person who undergoes them. Their impact on health, if any, is yet to be
established and urgently requires study.

Regardless of their underlying cause, many of the unpleasant sensations
associated with exposure to odorants pose a serious threat to the sense of
well-being: nausea, depression, headache, and even the belief itself that
malodors are threatening health are conditions that must be considered as
potentially, or in fact, damaging to health.

Groups that are particularly susceptible include asthmatics and others
with preexisting respiratory and cardiovascular disease and allergic
persons.

The use of information obtained by means of spontaneous complaints
about odors is a poor method of measuring community reaction.

The social-survey method of measuring community reaction to odors is
a more accurate method than relying on odor complaints. Properly and
expertly developed and applied, this method can yield valid and significant
results related to annoyance in the community.

RECOMMENDATIONS

Two sets of criteria should be considered in establishing standards for odor
emission. The first depends on complaints that the emission has an
objectionable odor or causes objectionable symptoms. The second con-
cerns evidence that exposure to odors results in some measurable
departure from a normal or control condition—be it anatomic, physiolog-
ic, biochemical, or behavioral. Those exposed need not be aware of the
change (although they may be); the odors may be pleasant, unpleasant, or
neutral; and the receptors that mediate the change may be anywhere in the
nasal cavity. The second set of criteria offers some possibility of defining
emission standards for a range of substances in terms of specific
concentrations or ranges of concentrations, because it depends on objective
measures of selected indicators.

There are established methods for measuring most if not all of the
effects, and research with animal models should be undertaken to
determine whether representative odors or emissions elicit changes that
constitute substantial departures from the normal. Heart rate, respiratory
rate, and electric activity in the olfactory system can be monitored with
chronically implanted electrodes in freely moving rodents in an odor
exposure chamber such as that described by Laing and Panhuber.”
Indicators of nasal mucosal function include rates of ciliary activity and
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mucus flow, pH, mucus thickness, and changes in nasal resistance."'*
Techniques for investigating altered morphology in mitral cells have been
described by Laing and Panhuber.” If odorants have adverse effects on
body functions, they may not be drastic. Thus, a battery of techniques,
each with its own resolving power, may be needed to establish the nature
and importance of any phenomena that emerge.

Despite the difficulty of such investigations, populations exposed to both
pleasant and offensive odors should be studied to determine whether they
contain higher proportions of people who suffer from alterations of the
senses of smell and taste, including reduced sensitivity to odors, than do
control populations. If increased proportions are found, an attempt should
be made to establish whether those people have a higher incidence of
work-related accidents associated with failure to detect odors or have
reduced enjoyment of food and poor nutrition, which might be associated
with altered appreciation of flavor. Particular attention might be paid to
workers who live near an odorant source to which they are also exposed
during working hours; to the very young and very old; and to those with
cardiovascular or respiratory disease.

The regulation of substances that are released to the atmosphere and are
of public concern for no other reason than their characteristic foul odor is
a necessary function of air-pollution control agencies and should continue
to be pursued with vigor. This follows from the recognition that prolonged
exposure to foul odors usually evokes undesirable reactions in people that
can range from unease, discomfort, irritation, and anger to violent
physiologic manifestations, including circulatory and respiratory effects,
nausea, vomiting, and headache severe enough to lead to prostration.
Psychophysical and other studies are needed to make it possible to predict,
before a potential odor-emission source is constructed, the degree of odor
control that will be needed at the source to avoid community displeasure.
It will be especially important for planning and enforcement purposes to
learn what intensities of odor above a recognition threshold are tolerable
for what periods and exposure frequencies. This research effort shoulid
inform the setting of additional regulations for control of malodors.

The social-survey method of measuring community reaction to odors
should be refined and tested for use by enforcement agencies and others as
a substitute for using odor-complaint information. Consideration should
be given to the relative usefulness of the different dimensions of annoyance
in performing this work.

Further attempts should be made to develop dose-response information
for odorous emission from pulp and paper mills, oil refineries, chemical
plants, feedlots and stockyards, and other sources of widespread emission
of odorous substances.
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Measurement
Methods

Odorants carried with emission into the atmosphere disperse and
sometimes react in the atmosphere and produce odors in the ambient air
that are perceived by people in communities. The ambient odors constitute
a dose to which the affected population may respond in a variety of ways,
as shown in Figure 4-1. Thus, the measurement of odors can be considered
at three levels: odors can be measured at their source, they can be
measured in the ambient air, and their impact on the community can be
measured if appropriate scientifically valid methods are available. This
chapter deals with analytical and sensory measurement methods that may
be applicable to the evaluation of the impact of air-poliution odors in
emission and in ambient air. Techniques for the measurement of the social
and economic impact of air pollution odors on the community are dealt
with in Appendix B.

The intent of this review is to reflect the present state of the art of odor
measurement. It is based on information obtained from the open literature,
from working papers and reports of various societies and industrial
organizations, and from direct correspondence and interviews with groups
currently engaged in odor measurement or development of methods for
odor measurement. A considerable fraction of the information resulted
from various current and past activities of the American Society for
Testing and Materials (AsT™M) E-18 Sensory Evaluation Committee
(including cooperative exercises, e.g., with the TT-4 Odor Committee of
the Air Pollution Control Association).

The following principal topics are discussed:

82
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‘SOURCE ATMOSPHERIC DISPERSION (SEE CHAPTER 5)
ODOR
EMISSION TOPOGRAPHRY

CHEMJICAL REACTIONS

SIMILAR SYMERGISTIC

POLLUTANTS \ ‘ ! / POLLUTANTS
SE

DO

rxmmu
BY OBSERVER

IMDIVIDUAL:
ATTITUDE
S!lSITIVITY

COMMUNITY RESPONSE (SEE APPENDIX A)
A. NONE OR NEUTRAL

B. NOTICEABLE BUT ACCEPTABLE

C. ORJECTIONABLE

FIGURE 4-1 Factors affecting odor dose response.

« Analytical measurements

o Sensory measurements of odor detectability, odor threshold, odor
intensity, the dose-response function (change in intensity with dilution),
odor character, and odor pleasantness and unpleasantness

o Panelist selection for odor evaluation

o Sampling for analytical and sensory measurements

Each of these topics is very complex, so only the principal features of the
state of the art can be highlighted here; for further details, the original
references must be consulted. (However, if the availability of information
allows, comparisons of methods of measuring the same property of odors
are discussed.) The references have been selected to illustrate the main
points of the discussion and reflect the prevailing variety of opinions,
rather than to produce an exhaustive but unwieldy bibliography.

The art of odor measurement is quite mature; the goal now is to refine
techniques so that methods that are both scientifically sound and
reasonably practical can be selected. The discussion section of this chapter
deals with such selection. However, after the selection, large gaps will
remain in relating the measurement data to the impact of an odor on a
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community. Only after such gaps are filled can useful criteria for odor
control be developed. Possible approaches to this problem are also outlined
in the discussion.

An odorous emission or odorous ambient air usually contains large
numbers of different odorous substances. The resulting odor sensation is a
composite effect of such a mixture and depends on the concentration and
odorous properties of the component compounds. Accordingly, an
odorous gaseous sample can be characterized by two approaches, serving
somewhat different needs: in analytical terms, by determining the
components and their concentrations, and in sensory terms, by measuring
human responses to the odor of a sample.

Analytical data are more precise than sensory data and may provide
information on the origin of the odorous components. This is useful in
modifying a manufacturing process or raw materials and in selecting
emission treatment methods to reduce the odor. In the case of ambient-air
odors, analytical data may assist in pinpointing the odor source and in
plotting the dispersion of odorous emission in a complex meteorology and
topography. It is not yet possible to describe the odor of a composite
sample from its analytical composition, because the available knowledge
on odors of mixtures of odorants is meager.

Sensory data provide direct information on the effect of an odorous
sample on the human sense of smell. The principal sensory properties of
odors are intensity, change in intensity with dilution, threshold, quality or
character, and hedonic tone (pleasantness-unpleasantness).'"* The annoy-
ance potential of odors in the context of odorous pollution depends on all
these properties.

ANALYTICAL MEASUREMENTS

An odor in air is usually a result of the presence of many odorants; only
rarely is a single substance responsible for an air-pollution odor. There are
some single-substance odors in the manufacture of specific chemicals, such
as ammonia and hydrogen sulfide. In such cases, a suitable analytical
method can be applied.®

ANALYTICAL SENSITIVITY NEEDED

The sensitivity of the analytical method must exceed the sensitivity of the
human sense of smell to the particular odorous substance for which a
sample is analyzed. Because the sensitivity of the human sense of smell for
different odorants may cover a broad range of concentration, the required
instrumental sensitivity may be quite different for different odorants.
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As a generalization, analytical sensitivity down to 0.1 ppb (vol/vol) will
be adequate for any odorant, inasmuch as this is the lowest known average
odor detection threshold for humans. Most thresholds are above this
benchmark; some people, however, may be more sensitive than the
population mean by a factor of 10.""*'** For most single odorants, less
sensitivity may suffice. For example, the analytical sensitivity need not
exceed 10 ppm for ammonia or 1 ppb for hydrogen sulfide.'*

In a few cases, odor-control regulations specify the maximal permissible
concentrations of specific odorants in emission and the analytical methods
for measuring them. The concentrations that are specified are based on
odor detection thresholds and dispersion equations that permit the
ambient concentrations of odorants to be estimated from the emission
concentrations.® Thus, the Bay Area Air Pollution Control District*
regulates the emission of trimethylamine, phenol, methyl mercaptan,
dimethyl sulfide, and ammonia; there are adequate specific analytical
methods for these odorants. In West Germany, selected odorants are
classified in three groups on the basis of their potential odorosity, and
different values of permissible emission concentration are specified for each
group; the method of analysis is gas chromatography (Gc).'”

MIXTURES OF ODORANTS

In most cases of odorous air pollution, many odorants are present; and in
many of these cases, many odorants are present at concentrations
significantly above their odor thresholds. There are indications that
subthreshold concentrations of several odorants together may result in an
odor above the detection threshold.'*** Usually, however, a few odorants
are responsible for the characteristic odor of a complex mixture, such as
diesel-engine exhaust,'™" rendering-plant emission,'” and tobacco
smoke. "

Food scientists have been the leaders in developing methods for analysis
of complex mixtures of odorants and flavors, and many of their methods
are now in use in research on air-pollution odors. Such methods deal with
sample acquisition, gas-chromatographic separation of the sample compo-
nents (e.g., with capillary columns), and mass-spectrometric (Ms) iden-
tification of the components sequentially eluted from the GC column. In
the GC methods, chemical compounds are separated on the basis of their
vapor pressures and solubilities in the GC materials. In the Ms methods,
these compounds are identified by their ionized molecular fragmentation
patterns. With proper selection of GC column material and GC temperature
programing procedures, methods can be adapted for analyzing any
odorant or many odorants simultaneously.
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These methods have several weak points. They are expensive and
therefore are suitable principally for exploratory research, rather than for
routine monitoring. Their main use is in discovering the usual components
of some odorous emission type. They do not indicate which sample
components are relevant to the odor of the complete sample—that is, have
occurred at significantly odorous concentrations and have exhibited
characteristic odors. This information cannot be deduced from concentra-
tion data, unless the odor-concentration relationship is known for all the
components measured. In the present state of the art, it is common for
many components identified in an odorous emission—alcohols, many
noncyclic hydrocarbons, etc.—to have little to do with the odor of the
sample. It is also common for many identifications to remain ambiguous or
questionable.

“ODOROGRAM” METHOD

In a variant method using GC, a sensory evaluation is conducted on the GC
column effluent. In this “odorogram” method, the column effluent is split;
one part is delivered to a hydrogen-flame ionization detector, the other
part to a sniffing port.'*?4652€0.101117 The detector is sensitive to almost all
organic compounds (some exceptions are formaldehyde, carbon tetrachlo-
ride, compounds with no CH group, and compounds with a substantial
content of oxygen atoms in a small molecule) and responds approximately
in proportion to their mass flow rate.” A recorder monitors the detector’s
response for each component eluted from the GC column, forming only one
peak for each component. However, peaks for some substances can overlap
significantly or coincide. The analyst evaluates the odors of the compo-
nents as their vapors emerge from the sniffing port simultaneously with the
appearance of the peaks on the recorder chart and marks the odor notes by
the peaks. A given component produces a GC peak at the same
characteristic elution time in different samples, subject to minor fluctua-
tions caused by instrumental factors. The area transcribed under the peak
is proportional to the amount of the component introduced into the
chromatograph. An example of an odorogram is shown in Figure 4-2.

Odors have no relation to the relative peak sizes for different
components. Some components may exhibit very strong odors even if their
peaks are small. Others, such as aliphatic hydrocarbons may produce large
peaks without exhibiting an odor. If the sample size is sufficient, significant
information on odor can be derived from the chromatogram: components
that have strong and characteristic odors can be indexed in terms of their
odors and GC elution times. Thus, a catalog of the GC elution times and of
the odors of the sample components may be compiled and serve as a
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“‘signature” of the sample. If the chemical identity of some components is
of interest, the mass-spectrometric identification can concentrate on these
components. As an example, the odorogram technique led to a conclusion
that, although diesel exhaust contains many hundreds of compounds, only
a few dozen were reasonably relevant to odors.'**+'®

In odor-control efficiency studies, odorograms can be compared without
resorting to Ms. Comparisons of the odorograms of untreated odorous
emission and of emission treated by some odor-control process may
indicate which odorants have decreased in their concentration and to what
extent. For example, odorograms can indicate (as sometimes happens
during incomplete oxidation) whether new odorous components were
generated by the control process. Emission odorograms can be compared
with those from raw materials and materials at different stages of an
industrial process to pinpoint the origin of emitted odorants. In the case of
odors in ambient air, odorograms of ambient-air samples can be compared
with the odorograms (sometimes named ‘“chemical signatures”) of
odorous emission of several possible sources.

The sampling of odorous gases for analytical measurement is discussed
later in this chapter.

METHODS BASED ON CORRELATIONS OF ANALYTICAL
MEASUREMENTS WITH SENSORY MEASUREMENTS

Presumably, if the analytical composition of enough samples of a specific
odorous-pollution type is known and the odor characteristics of the
samples are measured by sensory means, statistical methods can be used to
develop predictive equations relating, for example, odor intensity to the
composition. The statistical methods are usually forms of multiple
stepwise regression analysis. Much work in this direction has been done in
the food and beverage industry,'*****'”” and similar methods have been
applied to tobacco-smoke odor'*and rendering odor.”

Short-cut methods may be based on the premise that some chemical
families of compounds are primarily responsible for odors of specific types
of emission. Composite analytical indexes can be used to characterize the
content of such groups of compounds.

Diesel Odors

The diesel-odor analytical system (DOAS) is based on the content of
aromatic and oxygenated organic compounds in diesel exhaust.” A large
sample of diesel exhaust (500 L) is collected by adsorption in a polymeric
adsorbent and extracted with cyclohexane for analysis in a liquid
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chromatographic system with an ultraviolet detector to produce a response
for pooled aromatics and for oxygenates. Instrumental and procedural
improvements in the original method have been reported. The correlations
between perceived odor intensity and odor index data based on DOAS were
found to be poor;* the unburned hydrocarbon content correlated with the
odor intensity better than this index. Exhausts from different engines did
not show the same correlation trends.

Paper- and Pulp-Mill Odors

The odors from paper and pulp mills usually are caused by hydrogen
sulfide and lighter mercaptans and organic sulfides. Instruments that
measure overall constituents, such as total sulfur or organic reducible
sulfur, may produce data that correlate reasonably with the analytical data
on specific contents of hydrogen sulfide (H,S), methyl mercaptan
(CH3SH), methyl sulfide (CH3gSCHj), and methyl disulfide (CH3SSCH3),
because, as long as the industrial process is not significantly changed,
similar mechanisms lead to the production of these odorants (Cederlof et
al.;*R. Blosser, personal communication). Multiple correlation coefficients
with statistical significance as strong as p < 0.001 (confidence level larger
than 99.9%) have been obtained for some emissions of this type.

Rendering Odors

In an exploratory study on rendering-plant emission,'” infrared absorption

due to organic acid groups and methyl disulfide was measured with a
MIRAN long-path infrared spectrophotometer and total sulfur content was
measured with a Meloy sulfur-hydrocarbon analyzer. With a limited
number of samples, indications of possible correlations between odor
dilution thresholds and the above analytical data were obtained. Electro-
chemical determination of concentrations of amines and sulfides has
recently been explored.'® These substances are significant contributors to
rendering odors.*"'"

SENSORY MEASUREMENTS

Sensory measurements of odors are based on human responses to samples
of odorous emission or odorous ambient air. (Sampling methods are
discussed later.) These responses are supplied by evaluators commonly
called panelists (or sensory judges or subjects). The procedures for their
selection and their training are discussed later in this chapter.
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SENSORY PROPERTIES OF ODOR

The types of human responses sought depend on the particular sensory
dimension that is measured. These include odor intensity, detectability,
character, and hedonic tone (pleasantness and unpleasantness). The
combined effect of these properties is related to the annoyance that may be
caused by an odor.

Odor intensity is the strength of the perceived odor sensation and
depends in a complex way on the odorant concentration, with which it
should not be confused. The intensity of an odor is perceived directly,
without knowledge of the odorant concentration or of the degree of
dilution of the odorous sample needed to eliminate odor.

When an odorous sample is progressively diluted, the concentration of
odorants decreases, and the odor intensity weakens, but not in direct
proportion to the extent of the dilution. With further dilution, the intensity
eventually becomes so low that detection or recognition of the odor is very
difficult. At some statistically defined point of dilution, the detection
threshold is reached. Somewhat less dilution (i.e., somewhat higher
odorant concentration) is needed to recognize the odor; this dilution is
termed the recognition threshold.

In the context of odorous air pollution, the two properties, intensity and
threshold, have different functional significance. In locations where an
odor is above the detection threshold, the perceived odor intensity
decreases at a rate much lower than would be in proportion to dilution.
Thus, the effect of a reduction in the odorous emission on the perceived
intensity of the odor may not be obvious. However, even a partial
reduction in the odorous emission rate will reduce the geographic area in
which the odor will be noticeable.

Odors of equal intensity may differ in character. An odor that has a
distinct, readily recognizable character tends to be annoying when
encountered as an air-pollution odor.

The hedonic tone of an odor—its place on a scale of pleasantness and
unpleasantness—is closely linked to its character. However, an otherwise
pleasant odor may be considered objectionable by the exposed population
in the context of industrial emission.

Annoyance experienced by a population exposed to an air-pollution odor
is a combined result of the intensity, character, and hedonic tone of the
odor, as well as of the frequency and duration of the exposure.
Measurement of annoyance is one of the most difficult tasks in odor-
pollution work.
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ODOR INTENSITY

The most common devices for measuring the perceived intensity of odors
are category scales, scales based on magnitude estimates, and reference-
sample scales. Odorant concentration, as related to the odor-detection or
recognition threshold concentration, is not a satisfactory measure of
perceived intensity. Odor-intensity measurements may be used for both
emission and ambient-air odors.

Category Scales

A category scale consists of a series of numbers with or without a
definition of their meaning. One of the most widely used is that by Katz
and Talbert:"

no odor

very faint odor

faint odor

easily noticeable odor
strong odor

very strong odor

WM h W=

Other scales may be mentioned to illustrate the diversity of category scales
in use. Some have fewer categories, and others have more. For example,
there is a nine-category scale:*

no odor

slight odor
moderate odor
large odor
extreme odor

O N W W o

In that scale, the intermediate numbers have intermediate meanings. The
following scale evolved from an initial 0-3 scale:'”

X threshold odor

1/2  very slight odor

1 slight odor

1 1/2 slight to moderate odor
2 moderate odor

2 1/2 moderate to strong odor
3 strong odor
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There is no evidence that larger scales, especially those with more than
nine categories, improve the reproducibility of the intensity ratings.
Standard deviation tends to increase in proportion to the number of
categories, and the 0-5 scale is both simple and probably adequate.

The advantage of the category scales is in their simplicity. But category
scales also have disadvantages. First, the numbers are not proportional to
the perceived intensities of the odors (rather, they are very approximately
proportional to the logarithms of the perceived intensities, except at the
ends of the scale). An odor of category 3 is felt to be much more than 50%
stronger than an odor of category 2; in fact, on a 0-5 scale, the perceived
intensity of an odor increases by a factor of approximately 4 per category;*
thus, an odor of category 3 will be considered, in a direct comparison, 4
times stronger than an odor of category 2. Second, people differ in their
use of a given category scale; this necessitates specialized training of
panelists. Third, there tends to be a compression of judgments at the upper
end of the scale; although the scale ends with a given category, odors in
that category may be quite different in intensity.

Scales Derived from Magnitude Estimates

In its simplest form, a magnitude-estimate scale is developed from a free
assignment of a number—any number—thought by a panelist to represent
the magnitude of an odor sensation experienced.* This permits comparison
of perceived intensities of odors of several samples. If odor A has been
assigned 15 by a particular panelist, and odor B, 30, odor B is twice as
strong as odor A for that panelist. Ratios of numbers in such a scale are
related as the ratios of the perceived intensities. Different panelists may use
different numbers, but the ratios of the numbers for given samples tend to
be similar.

In a more standardized form of the magnitude scale, the panelists are
instructed to use one odorous sample as an anchor or reference point, with
a definite intensity magnitude number—say, 20—assigned to this sample.
Each panelist then compares other samples with this reference sample and
assigns numbers to them in proportion to their perceived intensities.

The advantage of the magnitude-estimate scale, compared with the
category scale, is that relative intensities are immediately evident. The
method is particularly suitable for evaluating changes in odor intensity
with dilution.

The disadvantages of this kind of scale may vary. In a comparison of
only two different odors, difficulty may arise as to which odor property
was actually judged; it may be intensity, as requested, or some other form
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of impact, such as relative unpleasantness or pungency. If panelists have
been using a category scale, it may be difficult for them to change to a
magnitude scale. Also, people differ in their perception of odor intensity,
as well as in their use of numbers; therefore, many (e.g., over 20) panelists
would have to be used to calculate statistically stable mean magnitudes.

One way of producing an anchor or reference point is to ask panelists to
give an intensity estimate of an odor that is, for example, imagined to be
“moderately strong.” Magnitude estimates of different panelists can then
be normalized by calculations. “Moderately strong” is permanently
assigned a magnitude number—say, 10—and the individual ratings are
normalized against this reference number. Thus, in a free choice of
numbers, if a panelist rated the intensity of an odor 40 and had assigned a
rating of 50 to the “moderately strong” intensity, the normalized intensity
of the new odor would be 40/50 X 10 = 8. Such a process results in a
numerically anchored, essentially free-ended scale in which the magni-
tudes of numbers are related as the perceived odor intensities, but the
individual differences in the use of numbers are smoothed when the mean
magnitude is calculated from the normalized values. This process does not
account for interpanelist differences in the range of numbers used. Many
other techniques for analyzing magnitude-estimate data are in a rapid state
of development in industry.

In a graphic form of the magnitude-estimate scale method, panelists are
asked to draw lines, or mark off line lengths, in proportion to perceived
odor intensities. A line that is twice as long as another indicates an odor
that is twice as strong as another odor.

Some researchers have experimented with other types of magnitude
responses, e.g., finger span* and hand-grip strength (Lindvall;* Stevens;*
A. Dravnieks, personal communication). Apart from scientific interest in
and confirmation of laws of different types of psychophysical
responses,™'* these do not appear to have practical advantages over other
methods discussed here.

The measurement of responses by monitoring such physiologic reactions
as galvanic skin response and breathing rate is a little-researched field, but
it is believed that these responses are influenced by many other factors and
are difficult to use for odor measurement.

Reference-Sample Scales

In the reference-sample approach, a series of different concentrations of a
selected reference odorant is provided, and each odorous sample is
compared with this series to locate the position in the series that most
closely matches the odor intensity of the sample. The method has the
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advantages of avoiding semantic definitions and of not needing any but
rudimentary training or data normalization.

Two typical examples of such scales are the Turk et al. diesel-exhaust
odor-intensity kit**’ and the ASTM E-544 scale based on 1-butanol.® MThe
Turk ez al. kit uses a mixture of odorants, imitating diesel-exhaust odor, at
12 concentrations, with an increase in odorant concentration by a factor of
2 per step. The AsT™ butanol scale (Figure 4-3) uses 1-butanol vapor as
the odorant at eight concentrations in the range between aproximately 10
and 2,000 ppm (vol/vol) in air. These represent eight different odor
intensities. The concentration increase is by a factor of 2 per step. The
vapor samples are supplied in a steady stream from elliptic 20 X 35-mm
glass sniffing nozzles at the rate of 0.16 L/min. Panelists use these eight
intensities for matching to the odorous sample, but they can also select
between-intensities positions and positions below the weakest or above the
strongest intensity.

In France and some other countries, a pyridine odor reference scale is in
use in the household gas industry and has recently been used in
measurements of diesel-exhaust odors.*

Although some practitioners favor the use of specific reference odor
scales for specific odors, that is not essential, inasmuch as different odors
can be compared with the same scale, without much loss in reproducibili-
ty. Consistency has been observed in matching intensities of different odors
to a heptanal scale, compared with the direct matching of the same odors.”
In developing the AsT™ butanol scale, an experiment was conducted, in
which 22 meeting attendants matched three odors against the butanol
scale.’ Before the test, some doubted the validity of matching different
odors. The standard deviation for butanol itself versus the butanol scale
was 0.9 scale step; whereas for hexanal it was 1.1 and for n-butylacetate it
was 1.2 scale steps. These values were thus only slightly worse than for 1-
butanol matched against itself. Judgments by the doubters were not out of
line with the judgnient means.

In the butanol scale method, odor intensities are recorded merely in
terms of the concentration, in parts per million (vol/vol), of 1-butanol
vapor that has the odor intensity that matches the intensity of the odorous
sample. The value of the odor intensity of 200-ppm butanol is not
perceived as twice as large as that of 100-ppm butanol. Thus, butanol
parts-per-million values do not provide information on the relative
perceived intensities of odors. However, such information can be derived
from the parts-per-million values with an equation:™

S = 0.261 (C)>*e
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FIGURE 4-3 Butanol-scale olfactometer. The }-butanol is in the vessel, C. Air enters a tee,
A, where the air flow is split: one part passes through capillary B, the butanol vessel, picks up
its vapor, and exits at E; the other part passes through D and mixes with the saturated vapor
of butanol in tee F. The splitter, H, divides the mixture into appropriate fractioned flows
delivered to sniffing ports. A separate air flow, the makeup air, is supplied to splitter J and
then to the sniffing ports in such amounts that the total flow rate from each port is the same.
The odor of a sample, not shown, is compared with the odor from the sniffing ports, to locate
the porCor a position between the ports that smells as strong as the sample. Reprinted with

permission from AsTM.®
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where S is the perceived odor intensity of the sample that is matched
against butanol and C is the concentration, in ppm, of 1-butanol (in air
emitted at 0.16 L/min) that matches the sample’s odor intensity. The
coefficients were derived from magnitude-estimation data by three
laboratories and from a definition that the odor of 1-butanol at 250 ppm
has an odor intensity, S, of 10. Such odor corresponds to a point between
categories 3 and 4 on the 0-S category scale. The S scale has the following
characteristics: at S below 1, an odor is close to its threshold intensities;
the ratio of S values for two samples is approximately equal to the ratio of
the odor intensities of the samples; the scale has no definite end points; and
experience with the scale indicates that the standard deviation for S in
repeated evaluation of a given odor by a given panel is of the order of 2
units.

Comparison of Odor-Intensity Scales

Category and magnitude-estimate scales have been compared in many
studies.”***'* A comparison of the category scale and the butanol scale has
been conducted by several laboratories in a round-robin exercise by the
Ast™M E-18 Committee.” The objective was to find which form of
communication of odor-intensity data is less subject to interlaboratory
variability. Figure 44 illustrates the result. Each segment represents one
laboratory. The point in the middle of each segment is the mean value
reported by the laboratory; lengths of segments indicate standard
deviations for the separate laboratories. It is evident that the means are
dispersed much more on the category scale than on the butanol reference
scale.

Figure 4-5 compares two reference-sample scales—the Turk et al. kit
and butanol. It demonstrates that calibration curves with expected
linearity are obtainable in a comparison of reference scales. Some
compositional changes seem to have occurred in the several-year storage of
the mixture imitating diesel-exhaust odor.

The principal advantage of the reference scales is that they may be, and
are, used in two different modes. In one, samples of odorous air are
directly compared with the series of references. In the other, the scale is
used to train panelists, and the panelists then use it by memory, e.g.,
walking through a neighborhood and recording their judgmehts of
ambient-odor intensities at different locations and times, with reference to
the scale.
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FIGURE 44 Odor-intensity evaluation versus category scale and versus 1-butanol scale in
multilaboratory exercise by ASTM E-18 Committee. Left, matching butanol to its own scale.
Right, matching anethole to butanol scale. Each line segment represents data from a separate
laboratory. The center points in the segments are means. Lengths of segments indicate
standard-deviation range on each side of mean for panelists of that laboratory. Reprinted
with permission from asTm.”

THE DOSE-RESPONSE FUNCTION (CHANGE IN INTENSITY WITH
DILUTION)

Small Changes in Concentration

When the concentration of an odorant in an emission is reduced by some
form of odor control or by dilution in the atmosphere, the perceived odor
intensity decreases. For a small change in the odorant concentration, a
particular decrement of concentration is needed to produce a just-
noticeable change in the perceived odor intensity. For a given odorant, this
fractional change in concentration tends to be roughly constant and is
known as the Weber fraction. In the nineteenth century, Gustav Fechner
used the Weber fraction to derive a logarithmic law of sensory magnitude.
The law, known as the Weber-Fechner law, states that sensory magnitude
grows as a logarithmic function of stimulus magnitude.” It is now
considered an obsolete and inadequate expression of intensity change with
dilution. “Odor-difference threshold” is another term used to describe the
minimal concentration change needed to produce a just-noticeable
difference (jnd) in the perceived odor intensity. Earlier researchers
reported that a concentration change of 15-30% was typically needed to
produce a jnd in intensity. More exact recent work™ has indicated that,
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FIGURE 4-5 Comparison of #-butanol and Turk ez al. kit scales (“*old kit” is several years
old). Storage of the kit resulted in some decrease in odor intensity for the weakest-odor
samples of the scale. From 1rTR1 files, Project 6183, Chemical Species in Engine Exhaust and
Their Contribution to Exhaust Odors. Project supported by NAPCA and CRC.

with increased precision in odorant concentrations and better control of
sample presentation, the jnd is as low as 5% for some odorants.

Large Changes in Concentration

Most modern work on odor intensity uses the relation known as the
psychophysical power law, sometimes referred to as Stevens’s law,*'™'™
which is operative for all kinds of sensations. One of its principal
formulations is S = kI" where S is the perceived intensity of sensation, I is
the physical intensity of the stimulus (odorant concentration, C, for odor
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stimulus), and k and » are constants. The values of n are different for

different senses. For odors, n is less than unity and is different for different

odorants,”**'® typically in the range of 0.2-0.7. Factors that influence

judgments of odor intensity have recently been exhaustively reviewed.™
In the logarithmic form, the relation for odors becomes

log S = log & + nlog C,

where C is the concentration of the odorant and » is the slope of the
psychophysical function. The value of n is measured by applying an
appropriate sensory intensity measurement method to odorous-pollution
samples of several dilutions. Typically, either a magnitude-estimate scale
or a reference scale, such as the butanol scale, is used. A plot of log S
against log C produces a straight line if the above equation is obeyed. In
some cases, 8 more complicated intensity-concentration relationship is
observed.” Figure 4-6 shows examples of normal and abnormal relation-
ship. Such plots for individuals may differ considerably, but plots obtained
by averaging group responses can be statistically stable, with n values
agreeing to within 0.1 unit.>'®
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FIGURE 4-6 Normal and abnormal forms of odor-
intensity change with dilution. Dilution factor refers
to dilution from saturated vapor of the odorant. B,
benzaldehyde; D, diacetyl; P, pyridine; V, vanillin.
Reprinted with permission from Dravnicks.”’
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Significance of Dose-Response Function in Odor Control

The usefulness of measuring the S~C relationship in odorous-pollution
control is in estimating the extent of the decrease in odor intensity, with
emission treatment, for near-source locations where the odor remains
above its threshold. Thus, for an emission with n = 0.33, a decrease in the
odorous emission by a factor of 8 (equivalent to an 88% reduction in the
odorant concentration) would decrease the perceived odor intensity by
only a factor of 8°* = 2 and would not be very apparent by memory to a
casual observer.

In dilution in the atmosphere, an emission odor is converted to a weaker
ambient odor. Again, the dose-response function indicates the rate of
intensity decrease with dilution. The S-C functions have been used in
situations where many different odorous emissions occur, and a priority
for emission treatments needs to be established. Those with a lower n value
respond to dilution by atmospheric dispersion less than others with a
larger n. Odorants that smell stronger than others at emission concentra-
tions, but have larger n values, will decrease in odor intensity faster than
those with lower n values. At some dilution, a crossover may occur, where
the initially stronger odor ceases to dominate and the initially weaker odor
becomes dominant. Such possibilities must be taken into account in
planning for reductions in odor complaints.

Odors with smaller slopes approach their odor thresholds more siowly
as dilution is increased. The shape of S-C curves in the vicinity of the odor
threshold is disputed.” If one assumes that the function essentially
continues its course beyond the threshold, an odor with a lower n will
decrease in its potentially detectable intensity with dilution more slowly,
and the statistical probability of its detection below the threshold will be
higher than for an odor with the same dilution threshold but a greater
slope.” Odors with lower n values are considered more pervasive—less
susceptible to disappearance by dilution.”

ODOR THRESHOLD

The entire range of dilution of an odorous emission or odorous ambient air
can be subdivided into three regions. At sufficiently large dilution (low
concentration of odorants), odor detection by most people is, with respect
to statistical probability, impossible. At insufficient dilution, odor can be
easily detected by most people. Between these two regions is an
intermediate one in which odor detection may or may not be possible,
depending on the sensitivity of the sense of smell and the mode of sample
presentation. It is in this intermediate region that odor detection and


http://www.nap.edu/catalog.php?record_id=19818

Measurement Methods 101

recognition threshold are observed, and it is this region that presents
considerable difficulty in defining precise threshold values.

Threshold is not an exact property of a substance, as is, for example,
vapor pressure. However, if experimental conditions are controlled, if
panelists are appropriately selected, and if presentation protocols are
adhered to strictly, reasonably reproducible values of dilution thresholds
can be obtained. These will be reliable unless various conditions, such as
sample flow rates, or the characteristics of sample presentation are
changed. Threshold data obtained by different, but in themselves repro-
ducible, methods usually have significant correlations, even if the
numerical values are different,” so calibration curves relating one method
to another can be successfully developed.”

Signal-Detection Theory: Odor Detectability Index

Signal-detection theory originally evolved to treat radar signal detection in
the presence of random electric noise and dealt with detectability and
recognizability of weak signals—those which are close to the noise levels.
It was later introduced in psychophysics,'” and its application to odorous
air-pollution measurement was explored by Lindvall.* It is applicable in
the near-threshold range to weak odors, such as those in the atmosphere at
high dilution.

This theory postulates that, when an observer judges the presence or
absence of an odor in a sample, the judgment depends both on the
sensitivity of the observer’s sense of smell and on the criteria used to
decide whether a signal (odor) is perceived on the background of various
other spurious signals (noise). For some, a “yes” decision is reported only
if they are very sure of odor. Others may be more free in reporting “yes.”
It is recognized that the reporting of an odor when one smells odorless air
and the failure to report an odor when a weak odor is present are inherent
effects in judgment and are not to be ascribed to irreproducibility in
judgment.

Four outcomes are possible:

e Odor is present and is reported (H, a *“hit”).

o Odor is present, but is not reported (M, a “miss”).

o Odor is absent, but is reported (FA, a “false alarm™).

o Odor is absent and is not reported (CR, a “‘correct rejection’).

From the numbers, N, of responses in each of these categories, a
statistical detectability index, d’, is determined. This is a sensitivity
measure separated from the decision criteria effects. Numerically, the
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procedure is as follows: First, two conditional probabilities are calculated,
P (hits) for hits and P (false alarms) for false alarms, such that:

(N of hits)
(N of hits) + (N of misses)

P (hits) =

(N of false alarms)

P (false alarms) = —
(N of false alarms) + (N of correct rejections)

Tables'” derived from probability distribution equations are then used to
find a d’ value for the calculated values of P(hits) and P(false alarms). Such
tables are constructed by subtracting the z score (units of standard
deviation) that corresponds to P(false alarms) from the z score that
corresponds to P(hits). Values approach zero when nonodorous air is
repeatedly judged and approach 2 in the range of relatively easy detection
of an odorant-containing sample repeatedly presented in a random order
with nonodorous air presentations.

The signal-detection theory has been used to measure ambient traffic
odors;" panelists in a mobile laboratory made judgments on samples of air
delivered from outside. In one study on the d’ values in detection of
hydrogen sulfide,” &' was found to increase linearly with the logarithm of
the concentration of this odorant.

Calculations of d' require large numbers of responses (preferably in the
hundreds). Because of that and because of the relative novelty in its
application to odors, this method has not yet found extensive use in
routine odor measurements. Forced-choice multiple-sample methods are
relatively free from the decision criteria effect, are more economical of
panelists’ time, and are better understood by odor measurement practition-
ers; thus, they are increasingly preferred in routine work.

It is possible that the detectability-index method can be used in studies
of population response in an open environment. This would require
monitoring the ambient air simultaneously by analytical methods, inas-
much as odorant concentrations in air fluctuate, thus precluding experi-
mentation at constant concentrations.

Detection versus Recognition Thresholds

The more usual way to characterize the detectability of an emission or
ambient-air odor is through determination of odor thresholds. The odor
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detection-threshold test measures the lowest concentration of an odorant
at which an odorized sample can be distinguished from nonodorous air. In
the odor recognition-threshold test, the panelists must be familiar with and
readily recognize the character of the odorant; the test establishes the
lowest odorant concentration at which this odor can be recognized. The
odorant concentration at the recognition threshold exceeds that at the
detection threshold by a factor of 1.5-10.™

Common Forms of Odor-Threshold Tests

In any common form (one different from the signal-detection-theory
approach) of either the detection or recognition odor-threshold determina-
tions, panelists are presented with samples of nonodorous air and with
various dilutions of an odorous emission or odorous ambient air. Panelists
judge which sample evokes an odor sensation and which does not.

The objective is to find the greatest dilution (the lowest concentration of
the odorant) beyond which (i.e., greater dilution, lower concentration)
fewer than half the panelists detect (or recognize) the odor. More than half
the panelists would detect the odor at a dilution that is smaller (a
concentration that is greater). This concept appears simple, but all kinds of
interferences occur in such determinations. The experimental design is
critical; e.g., the order of sample presentation influences the threshold
value determined.

Increasing-Dilution Series (Descending Series) In this design, panelists
evaluate an odorous sample first and then evaluate more and more dilute
samples until no odor is detected. The problem often encountered with this
procedure is that stronger odors fatigue the sense of smell and make the
odor of weaker samples presented later more difficult to detect.

An additional problem with increasing-dilution series is physicochemi-
cal; it arises when the sample presentation devices are constructed to
deliver different dilutions from the same dilution and sniffing system.
Odorants are adsorbed (and sometimes absorbed) in the construction
materials of the equipment. With increasing dilution, adsorbed odorants
desorb and temporarily contaminate the weaker sample.

Decreasing-Dilution Series (Ascending Series) Very dilute and therefore
nonodorous samples are evaluated first, and then the concentration is
increased until the odor is detected by all panelists. The problem with this
approach is anticipation: panelists anticipate that an odorous sample will
eventually appear and tend to report detection or recognition of an odor
prematurely. In one experiment, nonodorous air samples were repeatedly
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presented to a well-trained panel, and after the fourth presentation “odor”
reports began to occur (A. Dravnieks, personal communication).

In both these methods, the decision criterion used by the panelists
operates. At each presentation, each panelist must decide whether odor is
present or absent. The responses will depend on the panelists’ readiness to
be wrong, when they are not yet sure.

Randomized-Dilution Series In this design, weaker and stronger dilutions
are presented in a random order. This approach is used in an effort to
eliminate anticipation. The problem encountered here is much the same as
in the descending series: A temporary desensitization by a stronger odor
makes the detection of a weaker odor more difficult. The adsorption-
desorption problem also may distort the concentrations of odorants in the
samples presented.

In a comparison of several presentation designs, it was concluded™ that
random presentation makes it almost impossible to determine odor-
detection thresholds.

Modified Ascending Series (Insertion of Blanks or Out-of-Order
Samples) In an attempt to reduce the anticipation observed in the
ascending series and to provide some verification of the reliability of
panelists’ judgments, the ascending series is modified as follows: instead of
steadily progressing with increases in concentration, a nonodorous
“blank” sample is presented once in a while, or an out-of-order sample is
presented (e.g., repeating a previous, more dilute sample). For example,
the AsT™M 1391-67° version of this dilution test, which uses dilution
syringes, recommends that each third or fourth presentation be an out-of-
order sample.

It appears that this approach is more palliative, rather than curative, of
the problem in the ascending series. In a typical test with a limited number
of presentations, there will be many variants in the order of presentation of
blanks or repeat samples; each set of sequentially presented dilutions will
in essence consist of short segments of the ascending or descending series.”
Usually, a method for dealing with “odor” reports in blanks is not
prescribed. Reports of odor in blanks are considered inconsistencies and
thus warning signs related to the validity of data. It is known, however,
from the signal-detection theory, that such reports are a normal effect in
judging weak signals.

Multiple-Sample Forced-Choice Methods In this approach, panelists give
their judgments only after smelling and comparing several samples. Some
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are blanks (nonodorous), others contain odorous samples diluted to
identical concentrations. Panelists must smell all samples in the set and
only then report which are odorous. They then proceed to the next, usually
more concentrated set of odorized and blank samples.

In some multiple-sample methods, the response “no odor in any of the
samples” is permitted.? This results in judgments based both on sensitivity
and on the panelists’ decision criterion. The proponents of the non-forced-
choice response believe that it is improper to request definite judgment if a
panelist is not sure.

However, in the more frequently used multiple-sample methods, a
forced-choice response is prescribed. A panelist who cannot decide by
smell must simply guess. This approach simplifies the statistics and to a
very large extent removes the decision-criterion effect from the response.

The number of samples in a set is usually between two***and five," with
one or two being odorous samples and the rest blanks. The three-sample
method is usually termed the triangle method. Several sets are presented
one after the other. Usually, each set contains more of the odorous
emission or ambient air in the nonblank samples than the previous set;
thus, the series is ascending. The typical increase per step is by a factor of 2
or 3.

In two-sample sets, the only feasible question is which sample is
odorous. When there are three samples (two of them blanks) per set, the
question may be which sample is different from the others (detection
threshold).

The multiple-choice samples within a set can be made available all at the
same time for the panelist to make mutual comparison. This version is
usually preferred by panelists. Otherwise, the samples of a set may be
presented sequentially; for example, with a set of three samples, it could be
asked whether the first, the second, or the third had an odor. Usually, a
precaution is taken to avoid a positional bias—preferring the left to the
right sample or, in the three-sample sets, the left, or the center, or the
right. This effect is controlled by changing the order of the samples in the
set or by arranging the samples in a circular mark-free fashion.* However,
a recent study” indicated that the positional bias does not affect the results
of odor-threshold determination and appears only in sets with samples
below the threshold concentration.

In 1978, astM Committee E-18 on Sensory Evaluation completed
development of a recommended practice on odor- and taste-threshold
determinations by an ascending-series forced-choice triangle method.” This
procedure was selected because it is easily standardized, may be applied to
odorants added to a background that is already odorous, and is now
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widely used in flavor research and industrial quality control.® The AsTM
text does not deal with the physical form of sample presentation or the
selection of panelists.

Go-No Go Methods In some applications, mostly in quality control,
multiple-sample methods are used to judge whether the odor threshold is
within specified limits. In such cases, the emphasis is on establishing with
sufficient confidence that an odor is not noticeable at, e.g., a probability of
0.05 (confidence level, 95%), meaning that the odor detection could have
occurred by chance in one case in 20. It may be specified that an odorous
sample diluted by a factor of 100 should not be detectable by smell. A
sample so dilute can be compared with nonodorous air samples in a
forced-choice multiple-set design with a statistically sufficient number of
panelists” or a few panelists in a go-no go design a sufficient number of
times."” Appropriate statistical tests are then applied to the data to estimate
the significance of the result for different numbers of panelists. For
example, in the forced-choice triangle test, seven panelists in a panel of
nine must make the same and correct choice to reach p < 0.01
(confidence level, 99%);” such coincidence of identical selections in a test
in which none of the three samples were odorized could occur in one case
in 100.

Threshold by Extrapolation of Intensities An approach not based on
odorous-nonodorous sample selection consists of extrapolation of the odor
intensity data from odor intensity measurements above the odor threshold.
In a typical application,” odorous air samples are presented in an
ascending series. The odor intensities at each concentration are rated, e.g.,
on a 04 category scale. In a semilogarithmic plot of dilution factor versus
intensity category, a best-fit straight line is constructed. The straight line is
extrapolated to the zero category,” or some other category, and the
dilution at that point is considered to be the threshold dilution.

In the U.S.S.R., a somewhat similar procedure has been reported. Odor
intensities at several dilutions are rated on a 0-5 scale, and odor threshold
is taken to correspond to category 1 on the scale.

A similar approach uses ratings of the odor intensities according to the
ASTM butanol scale.® Several suprathreshold concentrations of the odorous
sample are compared for their odor intensity by matching parts-per-
million butanol-scale values. A plot of logarithm (sample dilution) versus
logarithm (ppm butanol) is usually straight, and extrapolation to the
butanol threshold concentration yields an estimate of the odor threshold of
the odorous sample.
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Olfactometers for Threshold Determination

Olfactometers are devices for the presentation of odorous samples to
panelists, most usually for odor-threshold determination, and not devices
that measure odors themselves.” Some olfactometers have been called
odorimeters, osmometers, 0Smoscopes, etc.

Dilution Methods Odorous samples can be diluted with nonodorous air
in two different ways. In so-called static dilution (actually better termed
batch dilution*®*), a sample is diluted to the desired fixed volume. In
dynamic dilution, a flow of the odorous sample is mixed with a flow of the
odorless air in a desired ratio.”” In flowing systems, adsorption effects can
be dealt with more easily than in batch dilution, and the same flow can be
used to deliver the diluted sample for smelling at a controlled rate. The
present consensus of Air Pollution Control Association (APcA) Odor
Committee TT-4,"™ concerned with air-pollution odor measurements, is in
favor of dynamic methods, excluding the Scentometer.

Sample Presentation to Panelists Odor test rooms in which air is rapidly
circulated and an odorous sample is released for evaluation by panelists are
occasionally used.'* Samples cannot be changed rapidly in a test room, and
the use of large panels is unwieldy. Odor-room work is usually conducted
by a few expert odor judges. Such rooms tend to have a slight background
odor, and expert judgment is needed to evaluate the effect of a sample on
the room air.

In some olfactometers, hoods (chambers) of appropriate size are used,
into which a panelist inserts his head to smell a sample passing in a steady
measured flow through the hood.” Large samples and high volumetric flow
rates are needed.

Mask olfactometers are face or head masks with air supplied at 7 L/min
or faster—the flow rate needed to satisfy breathing requirements. Odorous
samples are mixed with the breathing air in gradually increasing
concentrations,''’ or nonodorized air and odorized air are fed to the mask
alternately in accordance with some predetermined schedule.”” Mask
olfactometers can be used directly in odorous air (such olfactometers have
odor adsorbers that produce nonodorous dilution air from the odorous
ambient air''), and some use portable cylinders with nonodorous air or
oxygen for sample dilution. The rationale for the mask method®” is that the
dilution of the odorous sample in the air breathed can be tightly
controlled; in other types of olfactometers, in which samples are smelled
from sniffing ports, the surrounding ambient air may dilute the odorous
sample emitted from the port before it enters a panelist’s nose. However,
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the significance of this argument does not seem to be experimentally
proved; in a comparison of four odor-measurement systems, "' the panelists
were least sensitive with the mask device. The mask olfactometer is
cumbersome if a large number of panelists is required. Even if individual
masks are used, there is often a residual odor. As with any single-sample
method that requires yes-no judgment, decision criteria and anticipation
may complicate the results.

The Scentometer,' another type of olfactometer, uses glass tubes that
are inserted into the panelists’ nostrils; the panelists inhale through the
nose.

Another variation of sample presentation, also with nostril inserts, is
designed to limit the total amount of diluted sample per sniff to 30 or 50
ml™ this is a typical volume of a usual sniff, and it is considered that
sensitivity is higher with a short sniff than with full nasal breathing.

In all other forms of olfactometry, diluted samples are presented at
sniffing ports, which range from glass nose cones’” to open ends of tubes
of various sizes and shapes. An unsettled question in the use of sniffing
ports involves the influence of the flow rate from such ports on the
determined odor threshold. Rates typically range from 0.5 L/min'* to 150
L/min. Some studies have indicated that the ease of odor detection
increases with increased flow rate.” An increase from 0.5 L/min to 10
L/min from a 25- X 35-min elliptic port increased the dilution needed to
reach the detection threshold of n-butanol by a factor of 3 in a forced-
choice triangle test; the dilution threshold, in terms of the dilution ratio,
varied linearly with the logarithm of the flow rate. Despite differences in
the flow rates, the different dynamic-dilution olfactometers produce
threshold values that correlate through linear plots of different slopes.™""
Lower flow rates consume less sample per test, can be maintained with
olfactometers that are more portable, and use smaller and less expensive
components. They also permit work in normally ventilated rooms, which
are more generally available. Specific olfactometers for use with collected
samples or in ambient air are discussed below.

At high rates of emission from sniffing ports, the air flow begins to be
felt and tends to facilitate odor detection. This leads to the claim that
stimulation both by feeling the flow and by the odor may be an artificial
situation that complicates data interpretation.

In some methods of sample presentation, the time allowed for sniffing is
controlled. Thus, a signal is given when the sample for the evaluation
begins to be presented, and another signal directs the panelist to report
whether an odor was perceived.'” The next sample—odorized or a blank—
is presented, etc. In such a method, the same port is used to deliver
odorous samples and blank air, and some error may be introduced if the
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dilution and delivery system does not properly follow the intended sample-
concentration changes as fast as expected, owing to adsorption, desorption,
and some volume retention. This can be corrected by the use of several
sniffing ports. These can supply the same sample dilution and thus permit
simultaneous evaluation by several panelists;*” or they can supply
different concentrations from different ports, with other ports supplying
blanks for comparison. ‘>

Obviously, there are large differences in the designs and methods of
application of different olfactometers, and at least several dozen different
devices have been described in the literature and some patented. Five types
of olfactometers are known to be available commercially and in use in
more than one laboratory. The AsTM D 1391 syringe dilution test is still
another system in multiple use.

D 1391 Syringe Test** Panelists eject the gas content of the syringe into
the nose for smelling. Preparation consists of making various dilutions of
the odorous sample with nonodorous room air in glass syringes. Because
the original procedure prescribed for this test was ambiguous in some
details and somewhat impractical for use with large panels, it was
subjected to the Mills modification,” to eliminate the trial-and-error aspect
of the AST™M and Mills method. The test procedure was further modified by
Benforado;®* the modification was related to the manner in which the
sample is administred to the panel from a master syringe and improved the
reproducibility. The revised test method has been prescribed for stack
emission by many air-pollution control authorities. It has been ill-
advisedly extended to weak ambient odors, but apparently only rarely.
More recently, both forms of the syringe test have been criticized'*'® on
the grounds of conflicts with correct sensory-evaluation principles, and
another revision was formulated.® The salient changes are as follows.
Panelists’ sensitivities are pretested with an odor relevant to the particular
pollution odor, rather than with a vanillin-methylsalicylate discrimination
method, as in the earlier procedure. At each dilution, two syringes are
compared, one with a diluted odorous sample, another with nonodorous
air; this requires that a panelist judge which syringe contains the odorous
sample, whereas in the earlier version only one syringe at a time was
presented and a yes or no answer was required. Samples are presented in
ascending odorous-sample concentration, increasing by a factor of 2 per
step; in the earlier version, out-of-order concentrations had to be presented
once in a while. Correct selection of the syringe at three consecutive
concentrations (this can occur by chance in one case out of eight) is taken
to indicate that the panelist’s threshold was reached at the lowest of these
three concentrations. The panel mean threshold is simply the geometric


http://www.nap.edu/catalog.php?record_id=19818

110 ODORS FROM STATIONARY AND MOBILE SOURCES

mean of the panelists’ thresholds. Earlier, in the Mills modification, the
panelists’ responses were pooled on a plot of logaritlmic dilution against
probability, with 509% probability taken as the threshold datum.

The test is now inapplicable to weak odors (detection thresholds at
dilutions by less than 25 times) and usually applicable to stronger odors
(detection thresholds at dilutions in excess of 50 times); the original test
did not have this limitation. The limitation excludes use of this test for
most odors in ambient air.

This recent revision has corrected many defects of the syringe test.
However, some problems remain. Adsorption of odorants on the syringe
walls interferes with maintenance of intended dilution factors. The rate of
expulsion of the sample into the nose is difficult to control, and the total
time for sniffing is short. Consequently, APCA Odor Committee TT4
declined to endorse the revised ASTM D 1391 and has stated a preference
for olfactometric methods based on dynamic dilution.'®

The most recent (1978) revision of ASTM D 1391 abolishes the concept
of odor concentration units per cubic foot and adopts the metric system
with a dimensionless dilution factor, Z.

Scentometer'***™ This device was developed for measurement of odors in
ambient air. It consists of a plastic box, two glass nosepieces, activated-
carbon filters, and several calibrated holes in the box. An operator inserts
the nosepieces into his nostrils and breathes through the nose, first
obtaining only air deodorized by the carbon filters. He then opens selected
holes to admit the odorous ambient air into the box, where it is diluted,
during inhalation, with the carbon-filtered nonodorous air. Different holes
provide different dilution ratios (D/T), or dilution to threshold. The
panelist judges whether adding the odorous air resulted in odor. Typical
dilution-to-threshold ratio settings of 2, 7, 31, and 170 are defined in the
manual, but documentation on the actual dilution ratios that result is not
available. The manual states that odors at a D/T of 2 usually do not
constitute a pollution problem and those at a D/T of 31 always do.

The device has been used in community odor surveys® and is prescribed
in some odorous-pollution control regulations.”™

The Scentometer method has been criticized on several grounds. It is
not possible to verify whether the operator actually detected an odor.
There is some question about the sensitivities of the test, inasmuch as the
Scentometer operator is already exposed to the odorous atmosphere,
which produces some olfactory fatigue (adaptation); this effect must be
overcome at the beginning of the test, by breathing through the
Scentometer’s carbon filter for at least a few minutes. With the nasal
inserts in nostrils, this is difficult. An alternative way to prevent fatigue is
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to use the device in an open automobile while moving from an odorfree
area into the odorous air, traversing the emission-originated plume to the
other side of the plume into nonodorous air. This technique is described in
a recently published set of procedures (see the appendix to Flesh and
Burns®’).

The degree of mixing in the Scentometer during inhalation is uncertain.
The carbon-filtered air sometimes has a weak odor that may complicate
accurate detection of the added odorous air. Consequently, ApcA Odor
Committee TT-4 arrived at a consensus'® against the use of the
Scentometer in air-pollution control regulations and recommended the
selection of some better controlled device that uses dynamic dilution.
About half the Committee members thought that measurement of odors in
ambient air should not be used in regulations, because such odors are
transient and make it difficult to obtain consistent measurements and are
expensive to sample and monitor; they recommended that measurements
required by the regulations be confined to those made at the source of the
odorous emission.

Misco (Sanders) Olfactometer’ This olfactometer is a mask device, used

both in ambient air and on odorous samples in the laboratory by a few
expert panelists. Nonodorous air is supplied to the mask. When the Misco
olfactometer is used in odorous ambient air, diluted air is generated by
filtration through active carbon and silica gel. The odorous sample is
gradually added to the breathing air until an odor is reported. At this
point, flowmeters are read and the odorous-sample dilution is calculated.
An appropriate calibration odorant (for instance, methyl sulfide for
measurement of paper- and pulp-mill odors) is used to relate the pollution
odor being measured to the odor threshold for the calibration odorant.

The Misco device was originally developed by Sanders at the California
Public Health Service. The Misco Company undertook to manufacture the
device. (An olfactometer similar to Misco's is made by the Eutec
Company.)

It is understood that a similar device, equipped with electronic sample-
presentation controls, is in use in Bay Area Air Pollution Control District
laboratories. It is operated as a go-no go test method, to determine
whether an odor is detectable at some specific sample dilution. In this
form,'*' samples of diluted odorous air and nonodorous air are presented in
a random order at approximately 15 L/min. Each presentation lasts 5 s,
with a 10-s interval between presentations. A total of 10 nonodorous and
10 odorous presentations are administered; all odorous presentations are at
the same dilution specified by regulations. During the intervals, only
nonodorous air is presented. The sample is considered odorous if odor was
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reported in eight of 10 odorized presentations. However, a test is
considered invalid if odor was reported in three or more nonodorous-air
presentations.

Technical performance data on this device and its evaluation method
have not yet been published. Anticipation effects are eliminated. Instru-
mentation artifacts resulting from rapid changes of samples may occur,
but the extent of these is not known.

The statistical analysis (chi-squared) of the above limits for positive and
negative test results indicates that a sample will be considered odorous
only if the probability of a positive result by chance is at p < 0.05
(confidence level, over 95%). A nonodorous sample can be found to be
odorous by chance in approximately 2.5% of such 20-response tests.

TO4 (Mannebeck) Olfactometer” This was developed in Germany, and
several dozen units are in use there. It is a portable mask device that uses
pressurized oxygen from a portable cylinder to supply dilution gas and to
drive an ejector that sucks in ambient odorous air and mixes it with the
oxygen supplied to the mask. A valve controls the rate of introduction of
the ambient-air sample. The dilution ratio is calculated from flowmeter
readings. In the simplest form of its application, the procedure is
susceptible to the anticipation effect.

Dynamic Triangle Olfactometer™*’'¥ This device was developed initial-
ly for use in the rendering industry both for emission and for ambient-air
odor, but now is in use in various industrial and research laboratories. It
was designed to permit use of the forced-choice triangle method in
detection-threshold determinations. Such measurements are done over a
range of sample dilutions.

The device provides fixed dilutions. For each, three sniffing ports
arranged in a circle are attached to the olfactometer by a flexible conduit.
Two ports supply nonodorous air, and one supplies the diluted odorous
sample; all three form a triangle set. The flow rate from the ports is 0.5
L/min. In the olfactometer used for industrial odorous emission, there are
six dilutions. Each next dilution is more dilute than the preceding by a
factor of 3. In the olfactometer for ambient odors, five dilutions are
provided, up to dilution by a factor of 81.

The sample consumption rate is approximately 0.1 L/min for emission
and 1 L/min for odorous ambient air. All flows are continuous and
constant during the test. The total odorous emission from the device is low
enough to permit work in normally ventilated rooms. However, the low
flow rates complicate the decontainination of the dilution and port system
if strong odors have been inadvertently admitted.
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Each panelist begins with the lowest-concentration set and proceeds
toward stronger samples. In each set, the panelist must indicate which of
the three ports exhibits an odor (is different from the other two for

- detection or is characteristic of a reference for recognition). The selection
is signaled by pressing a signal button at the port that lights a
corresponding bulb on a signal board. An EDj, value (effective dosage for
50% of panelists) is calculated by combining the responses of panelists; it
is a dilution at which an estimated 50% of the panelists would have
difficulty in reliably detecting the sample odor.

The method has the advantages described for the ascending-series
forced-choice triangle method.™

The standard deviation of EDy, values from repeated measurement of
the same sample by the same panel of nine is typically around 0.1 in
log(EDjg,) units.”>*** For a dilution factor of 100, one standard deviation
gives the range 80-125. ‘

Hemeon Olfactometer’” This device is larger than the others described
and uses a flow rate of 150 L/min from the sniffing ports. Judgments
consist of rating the perceived intensities of the odors of samples diluted to
different extents, and the threshold is estimated by extrapolation to zero
odor. Dilution can be increased by an increase in the dilution air flow, a
decrease in the odorous-sample flow, or both. For strong odors with very
low thresholds, a supplementary predilution stage is provided. Diluted
odorous samples are emitted from three glass cone-shaped sniffing ports to
three panelists who can judge the odor simultaneously. A test begins with
dilution sufficient to make the sample nonodorous. Sample concentration
is then increased, and at each concentration the panelists rate the odor
intensity on a 0-4 scale. A plot of the logarithm of the dilution ratio
against the category-scale rating is prepared, and the best-fit approximate-
ly straight-line plot through points is extrapolated to zero intensity,
indicating the dilution threshold for detection.

The high flow rate is considered an advantage for a rapid change in
dilution, but requires a larger device and better ventilation than the other
olfactometers. The odor sensation is accompanied by the feel of air flow,
and this may or may not be an advantage; its significance has not been
critically explored.

Use of Different Olfactometers The ASTM syringe method and the
Scentometer reflected the state of the art when odor-control regulations
first became technically more developed. Previously, public-nuisance laws
constituted the common approach to odor control.

Dynamic olfactometers, except the Scentometer, later appeared, and
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many organizations designed their own devices. Today, only one pollution-
control jurisdiction, the Bay Area District in San Francisco, specifies
dynamic olfactometry and uses a specific locally developed apparatus, or
the equivalent, in its laboratory. Other jurisdictions specify the AstM D
1391 syringe test or its Mills modification; some add *“‘or equivalent.” The
procedures for establishing the equivalence of different olfactometric
methods have not been spelled out. Presumably, they are not restricted to
an exact numerical equivalence of measured detection-threshold values,
but could consist of calibration curves relating data derived with one
method to data derived with another.

One reason for specifying the AsTM D 1391 or equivalent is that a data
base exists from the early work by the Los Angeles County Air Pollution
Control District,” in which data were collected on the dilution thresholds
of various industrial emissions that seemed to reduce population annoy-
ance caused by emission odors to a tolerable point. It is questionable
whether such data, obtained in a limited number of cases in specific
topography and meteorology, should be indiscriminately used in all other
situations.

Some air-pollution control jurisdictions accept the data obtained by a
dynamic olfactometer as a substitute for the syringe-test data, on the basis
of reasonably valid technical arguments, even if the regulations have not
specifically provided for an alternative method. Thus, the Illinois EPA does
not specify use of a dynamic olfactometer instead of the syringe method,
but grants permission for the use of a dynamic triangle olfactometer for
weak odors; permission needs to be requested separately for each case (A.
Dravnieks, personal communication).

Odor Committee TT-4 of the Air Pollution Control Association
endorsed dynamic olfactometry over ASTM D 1391 syringe and Scentome-
ter and recommended that specifications be developed for the performance
of dynamic olfactometers.'™

Comparison of Odor-Threshold Measurement Systems

A comparison of the overall performance of the AsTM D 1391 methods
and the Misco, dynamic triangle, and Hemeon olfactometers has been
made by TRC, Inc., for the Illinois EPA."”' The odorants used in the
comparison were diluted vapors of phenol, butyric acid, dimethylamine,
dimethyl sulfide, and hydrogen sulfide. These are typical malodorants that
occur in the most annoying emission. Both the values of detection
threshold obtained and the operational characteristics were compared.
Figure 4-7 shows the relationships between the values of dilution
thresholds for odor detection obtained with various pairs of methods.

The following gives estimates of the ratio, R, for the highest to the
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FIGURE 4-7 Comparisons of four odor detection-threshold measurement systems in the
laboratory, using various malodorants. The number in the lower right corner of each plot is
the correlation coefficient for the least-squares fit line through the actual data points; this line
is not shown. Points would be on the drawn diagonal if the two systems yielded exactly the
same numbers for detection thresholds. Each data point corresponds to measurements of the
threshold for the same odorous sample by the same panel at the same session by two methods
(indicated by titles on the coordinates). Reprinted with permission from Dravnicks.”

lowest values of odor thresholds for the same odorous samples. The data
apply to a typical panel of 8-10 panelists, not specifically selected for the
homogeneity of their odor sensitivities.

Same panel, same day, same high-state-of-art system: - R=25
(Note: based on a range of four standard deviations of panel means.)

Static system, different panels deliberately selected to represent a maximal
difference in odor sensitivity in a normal population: R=10
Same panel, same day, same high-state-of-art system, sample flow rate to
nose changed from 0.5 to 9 L/min: R=4

Same panel, same day, different commercially available systems:
R = up to 200
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If the values were identical, points on Figure 4-7 would be on the
diagonals. The correlation coefficients indicate the goodness-of-fit of the
least-squares straight line that could be drawn through the points in each
diagram. Correlations between methods have substantial statistical sig-
nificance.

The Hemeon method (probably because of the higher sample flow rate
and the method of estimating the odor threshold by an extrapolation of the
intensity response) gives the highest values; the panelists appear to be more
sensitive in this test. Surprisingly, the mask method, which is supposed to
conserve odorous vapors by delivering them directly into breathing air,
operated as though the panelists were less sensitive than in the other
methods. The mask device was considered inconvenient by the panelists,
especially when odor rapidly increased in intensity while the mask was on.
The triangle method was found to be convenient and desirable. It must be
pointed out that the use of the forced-choice triangle principle is not
limited to the particular type of olfactometer used.

The TRC work found the dynamic triangle olfactometer to be the most
suitable for the odor detection-threshold determination, with a comment
that a higher flow rate might facilitate deodorization of the device during
changes from one sample to another.

The six-dilution dynamic triangle olfactometer for odorous emission was
compared with the AsTM D 1391 method with rendering emission and
some single odorants. Data from this work are combined with the TRC
data in the upper left part of Figure 4-8. A reasonable agreement between
the two studies, but not exact correspondence between the values of odor-
detection thresholds obtained by the two olfactometric methods, is
evident.

Comparison of Dynamic Triangle Olfactometer and Scentometer The five-
dilution dynamic triangle olfactometer for odorous ambient-air samples
was compared in the laboratory under closely controlled conditions with
the Scentometer, but for rendering odors only.” In another experiment,”
Scentometer readings at different positions around a rendering plant were
made simultaneously for each position by three Scentometer operators,
and bag samples were taken at the same time for a laboratory evaluation
by dynamic triangle olfactometer. The odor-detection thresholds for
experienced and inexperienced panelists agreed very well. Scentometer
data correlated with the dynamic-olfactometer data for experienced
panelists, but not for novices. The lower part of Figure 4-8 shows the
relation between the Scentometer D/T settings and the dynamic-triangle
data.
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PERCENT DETECTION FROM SCENTOMETER
FIGURE 4-8 Comparison of dynamic triangle olfactometer results with ASTM D 1391 test
results (upper left corner) and with Scentometer results.”® The data points in the insert
represent rendering odors, some single odorants, and the malodorants of Figure 4-7. The
Scentometer D/T setting signifies the nominal dilution factors in accordance with the
Scentometer manual. The left coordinate is equivalent to log ED,, or log Z, as defined in ASTM
D 1391, 1978 revision.*

APCA TT-4 Test In 1977, several laboratories participated in an
interlaboratory detection-threshold measurement exercise organized by
APCA Odor Committee TT-4. Explicit directions were given on how to
prepare the controlled concentrations of odorous-air samples in plastic
bags. Each participating laboratory measured the odor-dilution thresholds
of such preparations with whatever olfactometric method it commonly
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used. The measurement results from different laboratories scattered
substantially. It was speculated that a part of the problem was in sample-
preparation irreproducibility, and a repetition of the cooperative exercise
with a gaseous odorous sample that could be circulated between
laboratories and periodically verified analytically is being considered.

A similar interlaboratory test is planned for Europe and was discussed
at a Society of German Engineers (VDI) meeting on odor-active substances
in September 1977 in Dusseldorf, Germany (A. Dravnieks, personal
communication).

Units for Expression of Dilution

Before 1978, aAstM D 1391 and Ast™ D 1356-73a used definitions based
on “odor units.” Odor was likened to a “substance.” If 1 ft* of odorous
sample had to be diluted to N ft’ to reach its odor-dilution threshold, the
“odor concentration” in the original sample was said to be N units/ft’. If
such a sample was emitted at a rate of ¥ ft’/min, the “odor emission” rate
was said to be NV units/min. Most existing air-pollution odor-control
regulations, except those based on the Scentometer, refer to such units.

There were several objections to these definitions. Odor is a sensation,
not a substance. The so-called odor concentration is not a measure of odor
intensity. With wider use of metric units, the situation with “odor units
per cubic foot” was becoming even more confusing.

In the 1978 revision of D 1391,* syringe-dilution method definitions
proposed in 1970 at the Stockholm Conference on Odors'” were
incorporated. The dilution to the detection threshold is now defined in
terms of a dimensionless factor, Z, equal to the concentration, C, of an
odorant in the sample, divided by its concentration, C,, at the detection
threshold; then Z = C/C,,. Numerically, Z is equal to odor units per
cubic foot. Thus, if 1 volume of odorous sample has to be brought to a
total of 1,000 volumes to reach the dilution threshold, Z = 1,000. If such
a sample is emitted at 50 m*/min, the odorous emission rate is 1,000 X 50
= 50,000 m*min. This is the volume of a nonodorous atmosphere that
can accommodate emission for 1 min without becoming odorous, as
measured by a threshold test. In essence, it measures the clean-air demand
of the odorous emission. Numerically, it is equivalent to odor units per
minute after conversion from cubic meters to cubic feet.
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ODOR CHARACTER

Odor character is the array of the odor notes of the odor sensation that
permit one to distinguish odors of different substances on the basis of
experience. It is said then that odors are different if they differ in character
notes.

At sufficiently high concentration, most substances with molecular
weights up to about 200 or 300 have odors. Some exceptions are
substances that have two or more -OH groups or combinations of several
other polar groups. However, odorous substances very rarely smell so
much alike that they cannot be distinguished by odor in a direct
comparison. Thus, there are many tens of thousands of different
characteristic odors, even disregarding the odors that result from mixtures
of odorants.

Odor character is evaluated by a comparison with other odors, either
directly or through use of descriptor words. The AsT™M E-18 Sensory
Evaluation Committee canvassed 31 contemporary lists of odor descrip-
tors.” The result was a composite list of 830 descriptors, which may not
have included special descriptors used in some industries. Later, about 100
people in various laboratories cooperatively screened this list and
concluded that approximately 160 odor descriptors are considered useful
and important.

Although there are many distinguishable odors, some can be grouped by
similarity. Serious attempts at odor classification began with Linnaeus in
1752; since then, dozens of classification systems have been proposed, and
these were reviewed by Harper er al. in 1968.% It has been suggested that
studies of specific hyposmias—decreased, or below-normal, sensitivity to
selected odors—may lead to a physiologic classification'’ based on 3040
classes. .

No odor classification has yet been universally accepted. For practical
purposes, aside from an open-ended wordy description of an odor, it is
now understood that each odor may have a combination of character notes
of different applicability. The odor character is then best described by
methods known as multidimensional scaling or profiling.

In multidimensional scaling, the odor is characterized by either the
degree of its similarity (or dissimilarity) to a set of reference odors or the
degree of applicability of various descriptors (sometimes termed attributes)
to it. The result is an odor profile.
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Direct-Comparison Profiling

In direct comparison, the odor of the sample is compared with a series of
odors of reference odorants or odorant mixtures. The sample odor is
scored for the degree of its similarity to each of the reference odors; scales
of scores may be bipolar, with *“very similar” at one end and “very
dissimilar” at the other end. Scales for scoring commonly consist of five to
nine categoriw."’“‘"""*"’

The selection of reference odors for comparison depends on the odor
character of the expected odorous samples. For example, in characterizing
the odors of diesel exhaust,'” four odorous mixtures were designed, to
represent burnt-smoky, oily, pungent-acid, and aldehydic-aromatic odor
characters.

The more diverse the odor characters of the expected samples, the larger
the number of reference odors needed to characterize their odors. One
typical scale has nine reference odorants:'*'*

Odorant Odor Character

1-heptanol oily

vanillin sweet

methylsalicylate fragrant

benzaldehyde spicy

guaiacol burnt

butyric acid rancid

1-hexanol metallic

I-propanol etherish

ethyl disulfide sulfurous (or sulfidic, to avoid
confusion with sulfur dioxide
odor)

Even the nine-odorant scale is insufficient for more complete character-
ization of many odors that may occur. Many odors, such as that of
pyridine, may be quite dissimilar to any of the nine, and hence not readily
characterized. A list of chemicals to represent 45 different odor-character
notes has been published.*

Thus, some basis for selecting reference odors is available, but, with the
exception of the diesel-exhaust odors,” the use of reference odors for
characterization of air-pollution odors has been very limited. In a
multisource environment, it is often possible to select some specific
composite materials from industrial processes for use as reference odors
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TABLE4-1 Odor Reference Standards, Kearney, NJ¢

Odor Type Odor Reference Standard

1. Foundry core Core mixture made up in laboratory to formula used by the
foundry, then kept in a warm sand bath for odor presenta-
tion to panel

2. Baking exhaust Exhaust gases from oven sampled in evacuated stainless steel
bomb

3. Sour fat Sour fat from skim tank of rendering plant mixed with a little
mineral oil

4. Inedible protein Dried inedible protein product from rendering plant

5. Varnish cooking Raw aged linseed oil

6. Fishy-varnish Mixture of linseed and menhaden oils, 4:1

7. Fatty acid Linseed oil fatty acids

@ Reprinted with permission from Turk and Mehiman. 124

and compare the odors in the ambient air with them. Table 4-1 is an
example of such a collection.'*

Reference odors can be used either for direct one-by-one comparison
with an odorous sample or for odor-recognition training. In the latter case,
the evaluation of an odorous sample, such as ambient air, may be
conducted by memory.

In comparing any two sample odors, the evaluation resuit may change
when the order of presentation of the two samples is changed. The cause is
a temporary adaptation of the sense of smell to the first odor, which results
in a selective desensitization to some odor notes in the second sample. The
usual remedy for this difficulty is to reverse the order of the presentation in
a later experiment and then calculate the mean of both ratings.

In direct comparison, an odor rated against itself is not always reported
as identical. Temporary distortion of a panelist’s sensitivity to various odor
notes may change odor perception, and the recovery of the sensitivity may
occur at different rates for different odor notes. In a cooperative
experiment by the ASTM E-18 Sensory Evaluation Committee,* in which
50 panelists participated in rating mutual dissimilarities of 10 odors on a
0-7 scale (0 = no difference), the exercise included comparing two
samples of the same odor. The dissimilarity of identical odors was scored
at 0.33 for the clearly aniselike anethole and 1.05 for the less distinct odor
of 1-butanol.
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Odor Descriptor Profiling

In this approach, a sample odor is evaluated by scoring the degree of
applicability of various descriptor terms (odors). The descriptors refer to
various character notes. The judgments may use a category scale or some
graphic scale. In one form of multidimensional scaling, descriptors are
paired and shown at opposite ends of a scale, to represent antonyms, and
the panelists mark the in-between position that best characterizes the odor
of the sample.' One of the simplest and most frequently used systems of
grading the degree of applicability of a descriptor is a 0-5 scale*“*“ (0 =
not applicable; 5 = applicable to a very high degree).

The descriptors should include all pertinent odor notes. There are two
approaches to the selection. Some researchers would like to have as simple
a scale as possible. Others argue that too simple a scale will produce
profiles that are similar for some odors even if the odors are quite different
and that additional descriptors need to be provided to differentiate such
odors.

An example of a simple scale that did not work is that of Crocker and
Henderson.” They believed that a four-digit system can describe all odors.
In a four-digit number, the first digit indicated the fragrant note (on a 0-9
scale); the second, the acidic; the third, the burnt; and the fourth, the
caprylic (goaty). This system has only historical significance; it was found
to be too simplistic to deal with the complexity of odor character. An
attempt to apply the Crocker-Henderson scale to industrial odors in
Louisville (cited in U.S. EPA'*) was not successful.

Harper et al.* developed a scale of 44 descriptors for the food industry.
This scale quite broadly covers many kinds of odor notes. In work on air-
pollution odors, it was found that profiles for some clearly different odors
were similar. A much more elaborate list of descriptors was needed to
differentiate odors in practice.* Therefore, Harper’s scale was expanded*
by using lists of odor descriptors collected by the AsT™ E-18 Committee,'”
and some British descriptors were Americanized (Figure 4-9). The
descriptors for index 001-022 and 031-052 were taken from the list of
Harper et al.

A slightly abridged version of this scale (with 136 descriptors)* was
evaluated in an interlaboratory test (four laboratories) implemented by the
AST™M E-18 Committee.* Ten odorants were used. Replicate descriptor
profiles were developed several weeks apart in each laboratory and
evaluated; they correlated at p < 0.05 (confidence level, higher than
95%) in 93% of tests. Mean profiles for the same odorant by different
laboratories correlated at p < 0.05 in 97% of cases. The average number
of descriptors per odorant per panelist was approximately 10, with a range
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of 8.4-12.2 for different laboratories. Thus, descriptor profiles appear
suitable for documenting and communicating odor-character data.

In a previous interlaboratory test, 12 laboratories invited by the AST™M
E-18 Committee participated in evaluation of short-duration odors of nine
pure chemicals as they were eluted from a gas-chromatographic column.*
Mixtures of different concentrations were used. The 126 panelists who
participated were permitted to choose their own terms to describe odors,
and together they used a total of 136 terms. It was possible to cluster these
terms in 22 groups—e.g., “‘anise” with “licorice,” etc. For each odorant, a
composite descriptor profile for all 12 laboratories was calculated. The
descriptor profiles generated by each laboratory correlated with the
composite profile at p < 0.1 (confidence level, 90%) in 91% of tests; most
of the poor correlations were found for data from three laboratories.

Thus, either with a free choice of odor-descriptor terms or with
multidescriptor scales, adequate agreement in odor-character evaluation
may be possible, even without training of the panelists and despite
differences in the use of terms by different panelists. Obviously, training
and the presentation of examples of odors could improve correlations.

Some Classifications of Pollution Odors

Classifications have been proposed for pollution odors, as in Tables 4-2
and 4-3. The latter is for odors of water of industrial origin and is a three-
level classification scheme.? At the most generalized, left end, four
descriptors are used: sweetness, pungency, smokiness, and rottenness.
These are used on three levels to characterize eight typical odor classes,
and each class is subdivided into two to four types of chemicals.

Comparison of Odor-Character Measuring Methods

A reference-sample scale in which the odor of a sample is directly
compared with a set of reference odors avoids semantic problems, because
no names have to be attached to the various odor notes. The method does
require a large number of reference odorants, especially if a large variety of
odors must be characterized. Unique groups of odors, such as diesel
exhaust, require specially designed odorant mixtures to exemplify the few
distinguishable odor notes. The direct-comparison method is logistically
more complex than the descriptor-profile method—odorants must be
properly stored, handled, etc. Also, experience has shown that identical
odors are not rated identically in all cases, and an odor match in a direct
comparison is not as nearly perfect as might be expected.*

The descriptor-profile method is logistically simple. However, it does
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ODORS FROM STATIONARY AND MOBILE SOURCES

ODOR QUALITY EVALUATION

* SMELL SAMPLE. YOU CAN RESMELL 1T AS NEEDED POR EVALUATION.
¢ 80 THAOCUGH LIST BELOW. POR GACH ORICRIPTOR, SAC/ACLE THAT SCORE NUMBER WANCH BEST CHARAC.
TERIZES THE DEGAEE OF PRESENCE OF THAT ODOR NOTE M THE SAMPLE ODOR. if ABSENT, DO AOT
ENCIRCLE ZERO.
4e BHTIAL OR SIGN, AND DATE.

tngon scone oo DESCAPTOR scons

oo 12348 G OIY.FATTY 012348
002 123458 o 0132348
002 12348 o 612368
004 123458 o c12348
008  WERBAL,GREEN, CUT GRASS 12348 o 123458
008  ETHERISH, ANAESTHETIC 123458 o 123458
007  SOUR, ACID, VINEGAR .... .01234%8 [ 12348
008  LIKEBLOOD.RAWMEAT.. .. 012368 o 12348
008 DAY.POWDERY ... .......0 12348 o 123458
010  LIKE AMMONIA ... 012348 [ 12348
011 DISINFECTANT,CARSOLIC ... 0 1 2 3 & § oe1 123438
012  AROMATIC ..o 0 1 2 3 & & o2 12348
013  MEATY {COOKED, GOO00) ..o © 1 2 3 6 & oa2 12348
o1e 3K 0123468 on 12348
018  MUSTY, EARTHY,MOLOY ... 0 1 23 ¢ 8 o0 12348
o 12348 [ 12348
on 12348 o7 12348
o 12348 o0 12348
o 12348 000 12348
020 12348 os0 123458
an 12348 o8t 12348
o 12348 o82 12348
23 12348 o83 12348
02¢ 12345 004 12368
0% 123448 o 123468
e 12348 [ 123458
o 123458 o087 123458
o 12348 010  PAESM GREEN VEGETABLES....0 1 2 3 4 §
e 123458 008 ey I B B N J
[ ) 12348 (] 12348
FIGURE 49 An expanded Harper's scale for odor-quality profiles. Reprinted with

permission from Dravnieks er al.*


http://www.nap.edu/catalog.php?record_id=19818

Measurement Methods

125

— oescAPTOR c0RE o DESCRIPTOR scone
06?  BUTTERY (FRESH) ... 12348 04  NOUSENOLDGAS ... .01 2348
M UKEBURNTPAPER ... ... 012348 WS PEANUT BUTTER . c1234%8
2  COLOGNE ... N R E T W VIOLETS e 8 1 2 3 4 8
@4 CARAWAY ..o 0 1234 8 107 TEALEAVESLIKE ......... —0 12348
888 BARK-LIKE. BIRCH BARK e123408 108 STRAWBEARY.LIKE s123458
%8 MOSE-LIKE ——— 0 12348 108 STALE .. 012348
7  CELERY — ct1234s8 110 CORKLIKE 012348
8  BURNT CANOLE .o 0 1 2 3 & 8 " LAVENDER .. 012348
O  MUSMROOM-LIKE .. .. ...0 12348 12 CATURINE-LIKE 012348
67  WETWOOL WETDOG .0 123 48 13 PINEAPPLE (FRUIT) ... o12348
O OHALKY .o 8 1 2 3 4 B 116 FAESH TOBACCO SMOKE 812348
®2  LEATHEA-UKE 012348 T8 NUTTY (WALNUT, ETC) o12348
73 MARFRUIT... 0123458 196 FAIED CHICKEN 0123458
674 STALE TOBACCO SMOKE ... 0 1 23 4 8 117 WETPAPER.LIKE c12348
7%  RAWCUCUMBERALIKE ... 0 1 23 4 § 16 COFFEE-LIKE ... c12348
€% RAWPOTATOLIKE ... 012348 10 PEACH (FRUIM) 012348
77 WOUSE-LIKE .. 012348 120 LAUREL LEAVES c123a¢8
. o 123458 121 BURNTMILK . 012348
[} 12348 122 SEWERODOR o1 23408
[ 12348 128 800TY e O 1 2 3 4
081 BURNT RUSBER-LIKE ............. 012248 14 CRUSMEDWEEDS ... 0 1 23 46
-  GEn LEAVES 012248 13 RUSSERY (NEW RUBBER) 012348
083 URMNEALIKE ... .0 12348 128 BAKERY(FAESMOREAD) ... 0 123 48
84 BRERY (MER-LIKE) 812348 127  OAKWOOO,COGNACLIKE .0 1 2 3 4 §
s  CEDA UKE e 0 1 2 3 4 8 128 GRAPEFRUIT ... 012348
080  COCONUT-LIKE ... c123408 129 GRAPEJUICELIKE ... 0 1 2 3 4 8
87  ROPELIKE ... c1236¢s8 120 EGOY (FRESHEOSS) ... 0 1 2 3 4 §
o5  BEMNAL SPERMALIKE ... o1234a8 wm y— c12348
O80  LIKECLEANING FLUID (Corbana). 0 1 2 3 & 8 n 012348
80  CARDOOARD-LIKE ... c1234s8 m 012348
- LEMON (FRUIT) oo @ 1 23 4 8 2 012348
682  DIRTY LINEN-LIKE . 0123408 1. 012348
@2 KIPPERY (BMOKED FiS) c123408 12¢ 012348
e CARAMEL S— N I I w 012348
85 SAUERKAAUT-LIKE . 12348 128 012248
3 12348 1) c123458
- 123248 0 RAY . 012348
e 12348 1 KEROSENE.......... 012348
- 12348 12 NAIL POLISH REMOVER 0123458
w0 1232458 143 FERMENTED (Rotwn) FAUIT..... 0 1 2 3 ¢ 8
wr 122458 1) CHERRY (BERAY) ... ... 0 12348
w 12348 1. VARNISH ..o 012348
W gnEEN PEPRER 12348 W6 SOURMILK .. 123458

FIGURE 49 Continued
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TABLE 4-2 Community Odor Nuisance Classification®

Odor Type Typical Occurrence

Organic nitrogen compounds Reduction of animal matter, including fish; typical
representative compounds wouid be trimethylamine
and skatole; animal and fishy odors are different
from each other and could be two classes, instead of
one

Phenolic odors Curing of phenolic resins, creosoting operations, and
the like; typical components are phenol, cresols,
xylenols, and carvacrol

Organic sulfur Petroleum refinery emission, emission from pesticides
manufacturing, gas odorant leakage, and the like:
typical components are mercaptans, sulfides, and

disulfides

Organic acidic odors Emission of acids like butyric, valeric, and phenyl-
acetic

Bumnt odors Buming operations; tarry and asphaltic odors

Fragrant or floral Manufacturing or compounding of flavors and per-
fumes

Solvent odors Dry-cleaning exhaust. solvent drying emission

Camphoraceous Naphthalene or p-dichlorobenzene odors

Qily Vamish cooking; foundry core oven emissions: typical
odor of linseed oil

Gassy unsaturated Pungent, gassy odors like those of acrylic materials,

diesel exhaust, etc.

2 From A. Turk (personal communication).

suffer from semantic problems with respect to the meanings of descriptors.
One solution may be in the selection of panelists and in their training in
the uniform use of descriptors, as is done in milk-tasting. Nevertheless,
experience with collaborative testing of the descriptor-profile method* has
indicated that the same odors produce significantly correlated descriptor
profiles in different laboratories, despite the fact that both inexperienced
and experienced panelists were used, without training in the uniform use of
descriptors.

In the AsTM E-18 Committee study,” a special form of a statistical
treatment of odor descriptor profiles, based on a chi-squared statistic, was
found to yield overall odor-dissimilarity indexes that correlated highly
with the direct dissimilarity rating of the same odor pairs. Thus, the
semantic problems in using the descriptors are not as critical.
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Odor CI&ssiﬁcation Spaces

In the multidimensional scaling of odors, various reference odors or odor
descriptors are interdependent to various degrees. The question arises of
whether some parameters can be derived to classify odors in a mathemati-
cal way.

For instance, a tridimensional space (or one with more dimensions) may
be possible in which each odor is represented by a point, and the distances
between the points are proportional to the differences between the odors.
The development of a map from given distances between cities is
analogous. A multitude of distances results in a two-dimensional map, or a
tridimensional one if the distances are sufficiently accurate to include
elevation.

Several attempts have been made to develop such odor space
models >#5MNIILGS Ty most attempts, a few dimensions have been
sufficient to systematize the data. However, the number of different odors
used in each instance has been relatively low—up to 45. Usually, some
important odor types are missing. A generally applicable classification
based on odor spaces has not yet been developed.

HEDONIC TONE (PLEASANTNESS-UNPLEASANTNESS)

A distinction must be made between the acceptability and the hedonic tone
of an odor. Acceptability is usually a judgment made by a specific person
in the context of a specific situation and specific expectations. For example,
an otherwise pleasant odor may be unacceptable if it is a part of persistent
odorous air pollution in a residential area and originates from a fragrance-
manufacturing factory, and not from a flower garden.

When an odor is evaluated for its hedonic tone in the neutral context of
an olfactometric presentation in the laboratory, the relative pleasantness or
unpleasantness is determined by each panelist’s experience and emotional
associations. The response may be quite individualistic; thus, an odor
pleasant to many, such as musk, may be declared highly unpleasant by
some.

Hedonic Measurements

Hedonic judgment is both a category judgment (odor is pleasant,
unpleasant, or neither) and a magnitude judgment, inasmuch as odors may
differ in their relative unpleasantness or pleasantness.

Methods used to evaluate hedonic tone are similar to the odor-intensity
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TABLE 4-3 Odors (in Water) Classified by Chemical Type®

Odor Characteristics®

Sweetness Pungency Smokiness Rottenness  Odor Class Chemical Types Examples

100 50 0to 50 50 Estery Esters Lacquer, solvents, most fruits, many
Ethers flowers
Lower ketones

100 50 to 100 0o 100 50 Alcoholic Phenols and cresols Creosote, tars, smokes, alkcohol, li-
Alcohols quor, rose and spicy flowers, spices
Hydrocarbons and herbs

50 50 01050 50 Carbonyl Aldehydes Rancid fats, butter, stone fruits and
Higher ketones nuts, violets, grasses and vegeta-

bles

50 100 0to SO 50 Acidic Acid anhydrides Vinegar, perspiration, rancid oils,

Organic acids resins, body odor, garbage

Sulfur dioxide
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50

100

100

50 10 100

50

50

50

50 to 100

100

50

0to 50

0 to 100

100

100

100

Halide

Sulfury

Unsaturated

Quinones

Oxides and ozone
Halides

Nitrogen compounds

Selenium compounds
Arsenicals
Mercaptans

Sulfides

Acetylene derivatives
Butadiene
Isoprene

Vinyl monomers
Amines
Alkaloids
Ammonia

Insecticides, weed killers, musty and
moldy odors, husks, medicinal
odors, earth, peat

Skunks, bears, foxes, rotting fish and
meat, cabbage, onion, sewage

Paint thinners, vamish, kerosene,
turpentine, essential oils, cucum-
ber

Fecal odors, manure, fish and
shellfish, stale flowers such as lilac,
lily, jasmine, and honeysuckle

2 Reprinted with permission from ASTM.?

b The degree of odor characteristic perceived is designated as follows: 100 indicates a high level of perception, 50 indicates a medium level of perception,
and 0 indicates a low level of perception.
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rating, except that there are two directions: negative for unpleasant odors,
and positive for pleasant odors.

Category Scales These may be defined purely semantically (e.g., dislike
very much, dislike, dislike slightly, neither like nor dislike, like slightly,
like, like very much) or numerically (e.g., —3, —2, —1,0, 41, +2, +3).
Various pictorial hedonic scales have been developed, such as that in
Figure 4-10. This scale was used for rating attitudes to diesel-exhaust
odors'" in public-opinion surveys; it does not require numerical or lingual
expertise.

Magnitude-Estimate Scales Here, the panelist first judges whether the
odor is pleasant, unpleasant, or neither. If the odor is pleasant or
unpleasant, the panelist indicates by some magnitude response how
pleasant or unpleasant the odor is. This may be done by assigning a
number in a free open-ended selection of numbers. Another method
consists of marking the length of a line or a bar on paper.“*” Still another
uses a flexible self-rewinding tape that the panelist pulls out of a container
as much as will indicate the degree of unpleasantness or pleasantness.**”
The tape is positioned with its graded side toward the panel leader, to
prevent use of divisions by panelists as memorizable guides. Ratios of
numbers or lengths permit the estimation of how much more unpleasant
one odor is than another. Sometimes, it is useful to calibrate the panelists’
responses for their numerical or length range immediately. For example,
panelists may be asked to mark off their responses to an imaginary
“moderately unpleasant” odor. This length is assigned 100 units, and each
panelist’s rating of the odorous scale is divided, for normalization, by the
length indicated for “moderate.”

Comparison of Hedonic-Measurement Methods Although hedonic judg-
ments are individualistic, they are not as arbitrary as sometimes believed.
Three sets of data were compared. Ten odorants were common to a
hedonic evaluation conducted in 1964 at the University of California by 20
panelists who used category ratings™ and to an evaluation in 1975 in
Chicago by nine panelists who marked the length of a bar on paper.” The
hedonic values were ranked in order of unpleasantness-pleasantness; both
sets of data correlated at p < 0.05 (confidence level, higher than 95%).
Another group of 10 odorants from the 1964 data set was compared with
hedonic evaluation of their odors by nine panelists in 1977 in Chicago by
the tape-extension method.” The order of hedonic rating correlated at
p < 0.001 (confidence level, higher than 99.9%). Thus, the relative order
of hedonic-tone values of odors in a bland laboratory context rated by
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panels is feasonably stable, and a hedonic-value scale may be possible for
odors. There has been an attempt at this.”

Change in Hedonic Tone with Odor Intensity

Unpleasantness usually increases with odor intensity in a complex way.”
Pleasant odors may increase in pleasantness with odor intensity when the
intensity is low, but begin to become less pleasant, and may become
unpleasant at higher intensities. A comparison of hedonic tone at the same
odor intensities should be more useful than a comparison without regard
for intensity, and comparisons over a range of intensities may be even
more informative.

The hedonic tones of air-pollution odor samples from many different
industrial sources have been measured by marking lengths of a bar on
paper.® To relate the measured values to odor intensity, the intensities
derived by the ASTM E 544 method were also measured. Figure 4-11
represents the plot of the data. Overall, unpleasantness decreases with a
decrease in intensity, but at each intensity value there is a large dispersion
in unpleasantness of various odors. A new sample may be compared for its
relative unpleasantness with the industry average at the same intensity, or
with a cluster of points for related emission from the same type of
industry.

Thus, relative ratings of hedonic tone of odorous air-pollution samples
may be possible.

PANELS AND PANELISTS

Panelist Selection

The type of sensory evaluation that will be made on odors and the
objective of the evaluation will determine the rationale for panelist
selection.

If the objective is to measure, for some odor, the odor-sensitivity
distribution and the mean odor-detection threshold of the population at
large, no selection of panelists is necessary, and as many panelists as
possible should be used. Figure 4-12 is a plot of distribution of sensitivity
of 100 panelists to the odor of isobutyric acid." It is typical in the sense
that the distribution is normal (Gaussian) with respect to the logarithm of
the odorant concentration.

For some odors, people can be found who are significantly less sensitive
than the average population." ' For isobutyric acid, 10 of 400 people were
one-fiftieth as sensitive as the average of the rest' and formed their own
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Next, an odor will be presented.

1. Did you smell anything? Yes D No D

IF YES, CHECK THE BOX UNDER THE FIGURE WHICH BEST EXPRESSES YOUR FEELING,
THEN ANSWER QUESTIONS 2, 3, AND 4.

FIGURE 4- lO' "A hedonic scale used for evaluation of diesel-exhaust odors in population surveys. Reprinted with permission
from Springer.
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FIGURE 4-11 Scattergram of unpleasantness values of various industrial odorous
emissions. Each point represents one emission sample. Its measured intensity can be read at
the borizontal coordinate, and the unpleasantness on the vertical coordinate. Data represent
many types of emissions. The dashed line is the least-square fit plot through all points. At the
intensity coordinate of 2, the highest point is for a paper- and pulp-mill emission. The cluster
of points at the same coordinate around the dashed line is for emissions from auto-body
finishing operations. Reprinted with permission from Dravnieks.**
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FIGURE 4-12 Odor-detection threshold distributor for 100 people.
Based on data from Amoore."
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FIGURE 4-13 Distribution of individual odor-recognition thresholds
for ethyl sulfide in air. Plot is in log (concentration) versus probability
(%) coordinates and is based on responses by 33 people. Based on data
from Wilby.'®
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normal probability-distribution cluster. This is termed “specific anosmia,”
although the term “‘specific hyposmia” might be better, because sensitivity
is merely lessened, not absent.

The distribution of sensitivity to several sulfur compounds' among
panelists also follows the normal probability function in a logarithmic
concentration plot (Figure 4-13). Similar findings have been reported for
2-mercaptoethanol, 1-menthol, ethylene dichloride, propylbenzyl alcohol,
d-camphor, formic acid, and ammonia, but not for the hydrocyanic acid
resulting from hydrolysis of potassium cyanide; for this acid, the threshold
range appeared much larger and trimodal.”' Very little information is
available on the range of sensitivity to various odors in the population.

Lower sensitivity in a given person to one odor does not automatically
imply lower sensitivity to all odors, so it is important to test sensitivity
with an odor appropriate to the odors that will be measured. Thus,
sensitivity to the typical malodorants butyric acid and methyl disulfide
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(components of rendering odors) had no relation to sensitivity to vanillin
and methylsalicylate." It is obvious that persons with specific anosmia
should not be included.

Figure 4-12 further illustrates the effects of various rationales for
panelist selection. Some advocate using the more sensitive fraction of the
panelists, such as panel A, to provide a safety factor in the results.’ Others
would select a homogeneous group—those whose sensitivity is average and
quite similar, such as those represented in the center of Figure 4-12. Such a
group would produce data with a high degree of reproducibility, which in
reality is an artifact generated by panelist selection. A less arbitrary
approach is the selection of a few panelists to approximate the normal
distribution of sensitivity of a larger group (Brown et al.*' and Bethea, cited
in U.S. EPA'®). A large group of prospective panelists is tested in duplicate
or triplicate with the type of air-pollution odor sample that is to be
evaluated. Those who are inconsistent in their judgments are not
considered for panel membership. The rest form the panelist pool and are
classified on the basis of their sensitivity. Each smaller panel is assembled
from this pool of qualified panelists ia proportion to the number of
members of their sensitivity groups in the entire panelist pool. Panels so
composed would closely reflect the approximate distribution of sensitivity
of the panelist pool.

Familiarity with the relevant odors is required in evaluation of subtle
differences in odors. This is especially important in surveying an area for
occurrence of pollution odors, to identify their sources and decide which
sources should be the prime candidates for control. If panelists are selected
for this purpose, they must be tested for consistency, ability to discriminate
odor qualities, and sensitivity to all pertinent odors, e.g., to specific odor
notes in evaluation of diesel-exhaust odors.'**

For evaluating the hedonic tone and acceptability of odors, the exact
opposite applies.” Here, a thorough familiarity with the odor produces
bias. Although some familiarity cannot be avoided, evaluation of the odor
should preferably be conducted away from its source without informing
panclists about the origin of the odor.

Panel Size

The principles and methods for panelist selection for various sensory tasks
include many considerations,”' including panel size. For most routine
tasks, a panel of nine or 10 is about the smallest, inasmuch as data
obtained with smaller panels cannot be statistically tested with sufficient
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resolution of probabilities. Larger panels, 15-100, are needed for hedonic
judgments.®

Panelist Training

For such tests as odor-threshold and odor-intensity measurements, in
which population response is to be estimated, the only training needed is in
how to proceed with smelling and responding. For tests that are to
establish finer differences between odors, training in procedures is
accomplished by conducting evaluation trials with many typical samples
that encompass the range of samples of odorous pollution expected.
Detailed protocols for panelist training are available.'>'**

SAMPLING

Samples can be taken into an analytical device or an olfactometer, or in
some cases (e.g., ambient air) smelled directly. The advantage of sampling
into an evaluation device is that the degradation of the sample is
minimized. In other cases, it is advantageous to take a batch sample of
ambient odorous air or emission at the source for evaluation in a
laboratory by methods that are impractical in the field.

SAMPLING FOR ANALYTICAL EVALUATION

Methods differ, depending on whether a specific odorant or a group of
odorants are to be measured.

Field Monitoring

The concentration of some odorants either in the ambient air or in stack
emission can be measured and monitored in a semicontinuous manner by
devices that can operate in the field. For instance, hydrogen sulfide and
some highly volatile organic sulfur compounds can be determined
quantitatively in emission-gas samples or, in ambient air, taken periodical-
ly by portable gas analyzers. Such analyzers use batch sampling into a gas-
chromatographic separation column to separate components of the
sample. A photometric hydrogen-flame ionization detector selectively
detects elution of sulfur compounds from the gc column®* Another
type of equipment measures total reducible-sulfur content.

*Portable gas chromatograph Model 513, Analytical Instrument Developments, Inc,

Avondale, Pa.; Rotorod gas sampler Model 721, Metronics Associates, Inc., Santa Claras,
Calif.


http://www.nap.edu/catalog.php?record_id=19818

Measurement Methods 137

Other simple and less precise direct-sampling analytical devices use
color reactions. Hydrogen sulfide in air is detected semiquantitatively by
darkening of a lead acetate-impregnated paper.” Colorimetric tubes that
contain packing with reagents that change color in the presence of specific
groups of compounds are available for a large variety of chemical
groups,'’ but their performance has not been widely discussed. For
emission, a gaseous odorous sample is pulled through the tube by a syringe
that can be attached to the tube.

Sampling for Analysis in Laboratory

Techniques for sampling emission and odorous ambient air have advanced
substantially in recent years, owing to the advent of thermally resistant
porous organic polymeric adsorbent materials with a large surface area.

Freezeout and Active-Carbon Methods Previously, freezeout and active-
carbon methods were used.’ In the freezeout method, all volatile vapors in
air are condensed by passage through cold traps cooled to the temperature
of liquid nitrogen; or through stages of cooling with ice, dry ice, and liquid
nitrogen. In the active-carbon method, vapors are adsorbed on the
extremely large surface of fine pores in carbon.' The carbon method is in
extensive use in monitoring personal exposure of workers to NIOSH-
controlled organic vapors, such as chlorinated hydrocarbons. A device
with a small battery-operated pump and a carbon adsorber is carried by
the worker. Adsorbed vapors are later eluted from the carbon adsorber
with a solvent and analyzed to calculate the cumulative exposure to the
potentially harmful vapors.

Neither of these methods is well suited to sampling for odorant analysis.
Because water vapor is a substantial portion (several percent) of the
atmosphere and may be a very substantial portion of emission, freezeout
samples contain much water. Water interferes with many forms of analysis
and is a complicating factor especially when ambient air has to be analyzed
for parts-per-billion concentrations of odorants. Concentrating the odor-
ants from aqueous samples with solvent extraction and evaporative
concentration is a laborious procedure, and it is complicated by possible
losses in the extraction and evaporation of the solvent and by interference
caused by impurities in most solvents.

In the carbon method, sample recovery from the carbon poses problems.
Recovery by thermal desorption requires a considerable increase in
temperature and readily results in thermal and catalytic changes in the
composition of the sample. Elution with a solvent is less harsh, but some
materials may be incompletely recovered. Impurities in the solvents are
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difficult to avoid, and the volume of the solvent required results in a
sample that needs to be concentrated by vaporization.

Polymeric Adsorbents Porous organic polymers that are relatively ther-
mally stable and have large surface areas are available.'™*!"'°/%!? Thege
can adsorb most organic vapors quite efficiently, but retain little water
vapor. The principal materials have trade names of Porapak, Chromsorb
100 Series, and Tenax. A gaseous sample is pulled through a tubular
element packed with such materials. Organic vapors are adsorbed, and
most of the water vapor passes through. A sample is recovered by heating
in an inert-gas flow. The surface of such materials is noncataiytic and the
temperatures needed are lower than for recovery from active carbon.
Therefore, sample degradation is minimal, although with some unstable
compounds it may be a potential problem and has to be critically explored.

For some analytical methods, a sample can be recovered from such
polymers with a solvent. For most purposes dealing with very low
concentrations of odorants, problems with impurities in the solvent and
the undesirable dilution of the sample by the solvent make the extraction
method less attractive; it is rarely useful below parts-per-million (vol/vol)
concentrations of organic vapors in air, if the analysis is by gas
chromatograph (A. Dravnieks, personal communication).

Of the three materials named, Tenax GC is increasingly used. It is based
on 2,6-diphenyl-p-phenylene oxide, as probably the most thermally stable
of the available materials. Although the material is the same, there are
almost as many mechanical arrangements for sample collection as there
are laboratories that use it.***'**'%” They differ in the amount of
adsorbent used, the geometry of its placement, sampling rates, and
mechanisms of the sample recovery. Performance is characterized by
breakthrough volumes for various vapors, because the collector operates
very much like a GC phase in frontal adsorption analysis. Each substance
has its characteristic retention volume. Those which are more volatile and
are adsorbed less continue to accumulate in the collector until this volume
is exceeded; then, as much vapor enters as leaves, and the amount retained
remains constant, although proportional to the concentration of the
odorant in the air. Heavier odorants may be totally retained until quite a
large volume of the gaseous sample has passed. In accordance with the
effects inherent in gas chromatography, for a sample of constant air
volume, the content of each component in the collector is proportional to
its content in air, regardless of whether the specific retention volume has
been exceeded; the proportionality factors are different for compounds that
exceeded their retention volumes and for those which did not.

Some samples at high temperatures may contain water vapor that would
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condense when the sample is cooled to the ambient collector temperature.
Such samples are usually prediluted to a controlled extent in a flowing
system with inert gas until such condensation is prevented. The collector
temperature can also be increased. Both methods decrease collection
efficiency.

The volume of air to be sampled depends on the expected concentration
of odorants; it may be from a fraction of a liter to many tens of liters.
Sampling times are from a few minutes to an hour, or even more. Sampling
rates are from 30 ml to several liters per minute.

The polymer method is rapidly replacing freezeout methods. The use of
grab samples in inflatable bags or preevacuated cylinders for sample
collection has little or no advantage. Such devices are bulkier than small
polymeric collectors, are difficult to keep free of impurities, and still
require additional concentration when samples are brought to the
laboratory for analysis.

Samples collected in polymeric adsorbents can be closed, transported,
and stored for hours and sometimes days, although early analysis is
desirable. Before reuse, collectors usually need reconditioning by heating
in an inert-gas flow. This is done shortly (hours or a day) before sampling,
because impurities tend to build up even in closed collectors, in ways that
are not entirely clear.

SAMPLING FOR SENSORY EVALUATION

The integrity of a sample of odorous air or emission is best preserved if the
sample is evaluated without storage and transportation. However, such
evaluation requires that panelists be brought to the site of odor occurrence.
This is difficult if the odors are transient or change with location or if a
large number of panelists is needed.

Evaluation in the Field

In-the-field sensory evaluation is undertaken in two types of situations.

One type is in a form of odor survey. When odorous emission disperses
in the environment, it reaches different locations at different concentra-
tions, which fluctuate with atmospheric conditions and winds. Taking
samples in such a situation for laboratory evaluation is prohibitively
expensive. The most suitable form of survey involves the use of trained
odor experts or highly trained panelists.”® They travel extensively in the
community exposed to odorous air pollution and make notes on the
intensities and characters of odors at different locations and different
times. It is highly desirable that additional odor information be collected
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to support and verify these observations. Documentation of meteorologic
conditions is essential in estimating the frequency of occurrence of the
ambient odors, provided that the frequencies of occurrence of different
meteorologic conditions for the specific source location are known from
climatic data. If some samples are available for sensory evaluation in the
laboratory, verification or calibration of the field measurements against
more exact measurements made by larger panels under more favorable
odor-testing conditions is possible. If analytical samples of ambient air and
emission are taken, the analytical data can be used to reconcile walking-
survey data with emission-dispersion equations. All such supplementary
infonnation increases the credibility of the walking survey by experts and
permits better estimation of the benefits to be derived from odor-control
measures.

Another type of in-the-field evaluation uses mobile laboratories. These
are trailers or motor homes equipped with air deodorization equipment to
maintain odorless air inside and with instrumentation to deliver a flow of
odorous air or emission samples for measurements inside.”'” Panelists
conduct odor evaluations in the comfortable environment of the mobile
laboratory, and the odorous samples delivered undergo a minimum of
composition change. The operation of such laboratories is expensive, but
they may be useful for critical evaluation of odor-complaint disputes and
for evaluation of sampling techniques (for comparison with results
obtained on samples taken to a stationary laboratory).'”

The reverse of the mobile-laboratory method is used in testing of odors
from vehicular sources. Here, the laboratory is stationary, but the odor
sources are brought to some testing stand for monitoring of operational
variables, and emission is piped to the laboratory for evaluation.

Sampling for Sensory Evaluation in Laboratory

Sampling of odorous ambient air or emission for later evaluation by panels
in a properly equipped odorless space requires the proper choice of
sampling equipment, containers, and sample-recovery methods.

Sampling requires a device to withdraw a batch sample of an emission or
ambient air and a container for sample storage (Figure 4-14).

In some cases, a simple ejector''’is used in which a nonodorous-gas flow
sucks in the gaseous sample, dilutes it to a known ratio (which depends on
ejector characteristics), and pushes it into a storage container. This
method is particularly suitable for hot, moist gas streams.

A frequently used sampling device for emission is a peristaltic pump
that uses an essentially nonodorous plastic tubing—e.g., food-grade Tygon
tubing®—and kneads it by rollers or other mechanical elements to deliver
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the sample into a container. A gaseous sample can be sucked either from a
negative- or positive-pressure duct and is pushed into the container. Some
slight condensation of excess water vapor does not interfere with the
pumping. The initial emission sample is discarded to allow for adsorption
equilibration of the flowing sample with the material of the tubing and
sampling line. The container, typically a plastic bag, is preflushed to allow
for the initial loss of odorants by sorption in the bag walls. The advantage
of the peristaitic-pump method is that a new piece of tubing element can be
used for each new sample; therefore, no cleaning of the pump is needed.

For a weakly odorous sample, it is undesirable to have the sample pass
through the pump, because of adsorption and sorption losses or contami-
nation by weak odor from warm plastic tubing. In such cases, the bag is
placed in a larger drum,*"''° with the bag-filling spout outside the drum.
When air is pumped from the drum—e.g., with a hand bellows pump—the
bag is inflated with the odorous ambient air or other sample. Again, a
preflush is used.

Another method uses an evacuated or partially evacuated stainless-steel
cylinder.’ When it is opened, odorous air or emission sample rushes in. If a
partially evacuated cylinder containing dry inert gas is used, the sample is
diluted and water condensation is prevented in case the sample contains
condensable moisture. The cylinder method obviates the use of pumps in
the field. Problems are the possible loss of odorants by adsorption at
cylinder walls and the need for a thorough cylinder-cleaning between the
samples. For recovery, the cylinder is pressurized by introducing excess
inert gas, so dilution of the sample before its olfactometric evaluation is
unavoidable; its extent is known, however, and can be accounted for in the
calculations.

A special form of sampling is collection in adsorbents.”' A sample is
recovered either by heating in an inert gas or by extraction with a low-odor
solvent, such as pentane. The pentane solution is then vaporized in a
closed odor-testing room, and the odor is evaluated by an expert panel.

The most common containers used for collecting and storing gaseous
samples are plastic bags. The bags must be free of pores, exhibit no odor
(or only an inconsequential odor if emission is being sampled), be
mechanically strong, and prevent loss of odorants by diffusion through the
wall material. Diffusion is almost impossible to prevent totally. Even
multiple-film laminate bags used in the food industry to prevent flavor loss
from packaged foods do not totally prevent it. The shelf-life of samples in
bags is limited and may be different for different types of samples.

In the United States, bagged samples can usually be transported and
evaluated within 24 h after sampling. Several studies of the storage of
odorous or other gaseous samples have been conducted,™*™!'*!* gome
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with inconsistent results that indicate artifacts in sample preparation or
analysis. The most advisable course is to pretest the storage of the
particular type of odorous sample in the proposed bags, on the basis of the
odor-detection threshold tests with nine or more panelists. A statistical
analysis of the panel data would show whether a statistically significant
odor degradation had occurred. Degradation can occur not only by
diffusion through the walls, but also by reaction between the components
of a sample. Thus, weak mixtures of hydrogen sulfide in air of normal
humidity rapidly degrade in glass containers or syringes, but remain stable
for 1-2 days in thick-walled (0.5-mm) polyethylene containers (A.
Dravnieks, personal communication).

Popular containers for emission samples are thick-wall cubic collapsible
polyethylene 18-L (5-gal) “Cubutainers.”* They have a very slight
background odor, but are inexpensive and are discarded after use. They
have survived air-freight shipping in cardboard boxes and even by
themselves.

For weaker odors, much more expensive Tedlar® or heat-sealable FEP
Teflon* bags are often used. Such bags can be deodorized by repeated
flushing with odorless air.

Recovery of Samples

Recovery is the reverse of sampling. The sample is removed from the bag
either by a peristaltic or other type of odorless pump at a controlled rate
into an olfactometer or to sniffing ports® or by being pushed into the
olfactometer by compression of the bag in a cylinder.* In either case, a few
minutes are allowed for overcoming adsorption losses in the tubing that
connects the bag to the olfactometer.

Sample Size

The flow-rate requirements of the olfactometer determine the sample size.
The size typically ranges from 15 to 200 L.

OTHER FORMS OF SAMPLING

The Mills version of AsTM D 1391% proposes sampling into a glass
container, initially filled with mercury, by lowering the level of mercury.
This method has now been almost universally rejected because of the
toxicity of mercury.

Another modification” for sampling hot and humid emission uses a 250-
ml glass sampling bulb filled with dry air. One end of the bulb has a long
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glass capillary tube that is inserted into the sample stream and adjusts to
its temperature. The other end of the bulb is connected to a glass syringe,
and 5 or 10 ml of sample is pulled into the glass bulb; this results in a 1:50
or 1:25 dilution of the moist gas sample with dry air. Experience with
adsorption on glass surfaces makes it questionable whether at the high
surface-to-volume ratios in such collectors adsorption losses can be
ignored, especially for large odorant molecules, which strongly adsorb at
glass surfaces (particularly if the molecules contain polar groups and
double bonds).

These methods of small-scale sampling are more and more being
replaced by bag sampling and dynamic dilution techniques.

COMPILATIONS OF DATA ON ODORS

The ast™ E-18 Committee compiled and published tabulations of odor
and taste detection and recognition threshold values from the literature
and from unpublished laboratory data.'” A new enlarged edition of this
compilation was published in 1978, and the AsT™M has established a
procedure for a periodic updating of the compilation. Another compilation
was published in Holland in 1977."*

Data in these compilations show large differences in the thresholds of
the same odorants reported by different authors. These differences are
probably caused by differences in methods, panelists, and purity of
compounds.

Perhaps the mean values of the thresholds reported in these compila-
tions can be used as tentative benchmarks of odor thresholds for specific
chemicals.

Odor-intensity data on 110 substances have been tabulated.'

Data on odor character, which in the scientific literature is usually
termed “odor quality,” are scattered in the literature and have not been
collected and systematized.

CURRENT APPROACHES TO THE MEASUREMENT
OF INDUSTRIAL POLLUTION ODORS

EMISSION

Most of the data base on emission odors is in terms of odor-detection
limits, usually in the form of odor-detection thresholds—the dilution that
is needed to make the odor of the emission nondetectable is measured.
Such measurements are made to satisfy the applicable regulations of
particular air-pollution control jurisdictions.
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FIGURE 4-15 Dose-response plot for odorous-emission dilution test
using category scale for measurement of odor intensity. Based on data
from Hemeon.”

However, limited use is also made of measurements of odor intensities at
one or several dilutions of the emission. Because the odor intensity of an
odorous sample decreases with dilution at different rates for different
odorants, such measurements provide more useful information on the
degree of dilution (by reducing the output of odorants at the source or by
atmospheric dispersion) that is needed to reduce odor to zero intensity or
to some intensity specified as low enough.

In one case, an emission sample is continuously withdrawn with
immediate dilution to a controlled ratio, and the odor intensity of the
diluted emission is measured with the AsTM E 544 butanol scale.'® The
values obtained are used to estimate to what degree (e.g., after the
atmospheric dilution) the odor may be a cause of complaints.

The use of dose-response functions for an extrapolation to some odor
intensity has already been mentioned. This is the procedure proposed for
the Hemeon olfactometer,” with extrapolation to zero odor. Figure 4-15
shows the principle.

One working group (J. J. Franz, personal communication) selects the
“very slight odor” as the target value for odor control. Emission samples
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are taken in 200-L bags and immediately (within 1 h) presented in diluted
form at several consistently increased concentrations of the emission
sample. The flow rate for smelling is over 30 L/min. A small panel (four to
five persons) rates the odor intensity on a 0-4 category scale, with 1
representing a very slight odor. The dilution needed to obtain such
intensity is then estimated from the dilution-intensity category plot. This
dilution has been found to serve as a useful guide for estimating, from the
atmospheric dispersion equations, the possibility of complaints about
ambient odors related to a particular emission source.

Another working group (A. Gaynor, personal communication) uses the
ASTM E 544 butanol-intensity scale for measuring the odor suprathreshold
intensities of an emission at several dilutions, measures the odor-detection
threshold EDgo of the emission with forced-choice dynamic triangle
olfactometry, measures the odor-detection threshold ED;, of butanol, and
combines all measured values in one log-log plot (Figure 4-16*). In Figure
4-16, point T represents the EDy, of the emission on the abscissa and the
EDj, of the butanol on the ordinate. All values apply to the same panel of
nine and represent measurements during the same evaluation session; the
threshold point is usually on the continuation of the straight line
connecting the suprathreshold intensity points. The vertical line marks the
dilution characterizing the odor-detection threshold of the most sensitive
panelist, the approximate ED,, value for a panel of nine. The right-hand
scale is the S scale™ (see the discussion of odor-intensity measurements)
and consists of numbers proportional to the perceived odor intensity of the
various locations on the dose-response plot. Such plots permit calculating
odor intensities of emission at different degrees of atmospheric dispersion,
so that the perceived odor intensities in various locations under different
meteorologic conditions can be estimated. No exhaustive data bases exist
to prove or disprove definitely that the predicted ambient-odor intensities
agree with the observed values. However, in application to the emission
odors from auto-body finishing operations, where several types of odors
occur, those which had a smaller slope in Figure 4-13 were found to
dominate the character of the ambient odor at greater distances from the
plant, even if their intensities at the source were lower.

AMBIENT AIR

Recent approaches to measurement of industrial odors in ambient air have
extended beyond simple measurements of odor-detection thresholds at
some selected locations and times.

In a Dutch study, the statistical distribution of the detection thresholds
within a population was considered to relate the odor impact on the
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FIGURE 4-16 Dose-response plot for odorous-emission dilution test using AsT™ E 544
1-butanol scale for measurement of odor intensity. Data from A. Gaynor (personal
communication).

community to the atmospheric dispersion equations.” The odor-impact
indexes were telephone-complaint frequency and response to distributed
questionnaires. The statistical distribution of odor-detection thresholds for
specific air-pollution odors was not measured, but was assumed to be a
typical logarithmic normal probability function. An example' of the
distribution function is shown in Figure 4-14: with ethyl sulfide at 4 ppb in
air, 50% of the people would be able to detect its odor; at 1.5 ppb, only
15% would be able to do so. Atmospheric concentrations of emission
odors were estimated for different locations in the community with
dispersion equations. It was found that functions like that in Figure 4-13
quite satisfactorily predict the distribution of the frequencies of complaints
in the various areas in the community.

In another work, extensive ambient-odor detection-threshold measure-
ments and chemical analytical data were obtained to calibrate the local
atmospheric dispersion model (A. Gaynor, personal communication).
Detection thresholds were found to correlate with the concentrations of
emission measured analytically. The industrial odorous-emission source
was an auto-body finishing plant with several hundred stacks that was in a
city and surrounded by residential, school, and commercial buildings. The
dispersion model was developed by placing a scale model of the plant and
community in a wind tunnel with equipment to imitate various meteoro-
logic conditions. However, it was questioned whether dilutions of the
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ambient odorous air along a typical street would follow the values of
dilutions predicted from the model. Emission was characterized in terms
of odor-detection threshold, total emission rate, and analytical composi-
tion. Ambient odors were sampled simultaneously at 10 sites along streets
downwind from the plant; analytical samples at all sites were also taken
and analyzed to provide a direct measure of the dilution of the source
emission at the various sites. Odor-detection thresholds were measured
with forced-choice dynamic triangle olfactometry;* local citizens, con-
cerned with the ambient odors, were panelists. In total, air was sampled in
three sets of 10 locations each. Similar measurements were made when the
plant was shut down, and they provided the data for a comparison with
odors produced when the plant operated.

In one case (R. Blosser, personal communication), dealing with a paper
and pulp mill in an area where the local odor-control regulations specify
maximal permissible emission of several sulfur compounds,” analytical
monitoring instruments are used to measure the ambient concentrations of
these compounds at the property line. The maximal permissible concentra-
tions are set on the basis of expected dilution by the time the odorants in
the emission reach the property line, so that at this location the odors
would be at an estimated detection threshold. Direct analytical monitoring
at the property line is used by the plant to ascertain that the detection
threshold there is not exceeded.

Direct perceived-intensity measurements in ambient air are increasingly
used to survey the distribution of ambient odors in the community.

In a Danish study,' panelists were trained to estimate the ambient-odor
intensities by reference to the Turk ez al. odor-intensity scale developed
originally for diesel-exhaust odor-intensity measurements.'”* The ambient-
odor survey was conducted by several panelists who wore plexiglass hoods
supplied with air deodorized by active carbon. At various locations in the
community, they opened the hoods and estimated the ambient-odor
intensity, by reference (by memory) to the intensity scale.

In connection with an auto-body finishing plant in the United States,
panelists selected from the company’s personnel served as a periodic “odor
patrol” (A. Gaynor, personal communication). They walked in the
community and characterized, by reference to a memorized AstT™M E 544
butanol scale, the ambient-odor intensity at different locations. This
permitted a recording of the odor-intensity distribution under different
meteorologic conditions.

In still another study,”” a mask device was adapted to measure the
perceived odor intensities in ambient air. The intensity of an ambient odor
was compared with the intensity of butanol odor (as in the AsTM E 544
test), which could be supplied to the mask at various concentrations.
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DISCUSSION

GENERAL NEEDS

When odorous emission creates a community odor problem, there is
assumed to be a need for technologic control of odor. The extent of the
needed control and the success of control cannot be determined unless
odors are measured.

Measurements on the emission combined with some empirical knowl-
edge provide support for calculations on the degree of odor control
needed. Similar measurements performed after the implementation of odor
control yield data on the efficiency of the control. After dilution in the
atmosphere, the odorous emission reaches various locations in the
community; the odors are then ambient odors. Ambient odors vary with
location and time, because atmospheric dispersion depends on meteorolog-
ic conditions, distance from the emission source, and topography.
Measurements of ambient odors at some selected sites and times are
methodologically possible and may be useful; some air pollutants are
already similarly monitored at fixed sites. However, such limited informa-
tion does not reflect the broad scope of the impact of odor on the
community. Time, location, meteorologic, topographic, and demographic
variables require that the adverse response of the community to the
ambient odor be measured by other means. Community response is shown
in a variety of ways, such as by complaints to industry, press, public
officials, and other public figures and by answers to odor-survey questions.
There is a need to develop satisfactory indexes that can measure, at least
on a relative basis, the extent of public annoyance with an ambient odor
and the response to reduction of the annoyance as technologic odor
control is implemented.

Because the potential for odor annoyance depends on odor intensity and
character, and these in turn depend on the type of emission and its
atmospheric dispersion within specific topography, it is unlikely that some
generally applicable target values could be defined for all emission that
would eliminate the impact of odor on the community. Differences in the
sensitivity of individuals to ambient odors also complicate the selection of
such a target. Only elimination of an odor would eliminate the impact. In
most cases, this would entail excessive cost, usually with a high penalty in
energy. Odorous emission is diluted by the atmosphere before it has its
impact on the community, so elimination of emission odors themselves is
not necessary to eliminate ambient odors, except under very unusual
atmospheric conditions (e.g., a heavy inversion).

A compromise that in many cases may be technologically possible at
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tolerable economic and energy penalties is a reduction of emission odors to
the point where some appropriate community response index reaches a
judiciously selected low value or indicates a virtual cessation of com-
plaints. In such an approach, the following chain of actions is visualized:

1. Odorous properties of the emission and the emission rate are
measured.

2. Community response to the existing ambient odors is characterized
through an odor-response index under several types of atmospheric
conditions.

3. An engineering judgment is made on the target value for reduction of
the emission odor and the means of achieving this target.

4. Technologic odor control is implemented.

5. The emission odor is measured to ascertain that odor reduction has
occurred and to estimate the efficiency of odor control.

6. Community response is monitored under various atmospheric
conditions.

7. If the adverse community response continues to be substantial,
further improvement in odor control is considered by returning to step 3
and continuing until the odor impact is no longer of measurable
dimensions.

Although community response to an ambient odor under a variety of
atmospheric conditions should be the most important dimension for
measuring the impact of the odor on the community, it may often be more
expeditious to survey ambient odors in a community by using estimates
based on responses of a small group of adequately trained persons.*

This discussion has used many vague terms that pinpoint the need for
research on methods to measure the impact of ambient odors on a
community and to arrive at agreed-on target values for permissible impact.
However, the problem of setting specific targets for pollutants is not
peculiar to odors. It occurs with many pollutants, when the degree of the
physiologically measured health effects is a continuous function of the
concentration and duration of exposure and the criteria for permissible
exposure must be set as a specific point on a continuous dose-response
curve.

SAMPLING

Change in an odor during sampling and sample storage is a possibility that
needs consideration. The change is least when the odorous sample is
delivered for evaluation directly in a continuous flow. This requires special
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logistics, such as the use of mobile odor-evaluation laboratories. A
common alternative is batch-sampling with evaluation at a reasonably
odor-free location as soon as possible after sampling. With this method,
comparisons should be conducted on the odor threshold of the batch
sample and the threshold of a sample obtained by direct flow of the
odorous emission (or ambient odor) into the same threshold-measuring
device. Batch-sampling would be considered valid if the two thresholds
were statistically indistinguishable. Acceptability of storage of batch
samples must be validated by similar means, including comparison of odor
thresholds of identical samples after storage for specified durations.
Different materials may need to be used in the storage equipment (bag or
adsorbent) for different types of odorous samples. Batch-sampling must be
conducted with a preflush of the sampling equipment with the sample, to
avoid sample losses by adsorption and absorption.

Odorous samples are diluted to measure odor thresholds or to evaluate
the dose-response function (change in odor intensity with dilution). One
form of dilution, that in the AsTM D 1391 syringe-dilution test, uses
odorless air to bring a smaller volume of the sample to a selected fixed
volume. Adsorption of the odorant on the container walls is a source of
difficulty in such a method, especially if the final volume is small. This
form of dilution should be replaced by the so-called dynamic-dilution
methods, in which measured sample and dilution air flows are continuous-
ly mixed to produce needed dilution ratios. In the dynamic methods, the
initial depletion of the odorants by adsorption on the dilution-system walls
ceases rapidly when equilibrium is reached between vaporous and
adsorbed odorant.

ESTIMATING THE ODOR CONTROL NEEDED

‘When a need for odor control is evident from an adverse reaction of the
community, the extent of odor control that will significantly reduce or
eliminate the ambient odor must be estimated. This can be done on the
basis of measurements of the emission-odor threshold, from experimental-
ly determined dose-response functions, or from measurements of the
thresholds of the diluted, ambient odors. The last of these approaches
requires decisions as to the time and location of sampling and is therefore
less straightforward.

The emission-odor detection threshold can be used for engineering
estimates in two ways. First, there is considerable information, including
that reflected in some odor-control regulations, on the emission-odor
thresholds below which the corresponding ambient odors seem to cease to
be a problem. Second, threshold values can be used in atmospheric-
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dispersion models to estimate the odor thresholds expected in ambient air
under various dispersion conditions at different locations. If the estimated
ambient odors are too high, a reverse calculation will indicate what
emission-odor threshold target will reduce or eliminate ambient odors.
Such dispersion calculations for multisource situations may be questioned,
because additivity of thresholds cannot necessarily be expected.

In the use of dose-response functions, the perceived odor intensities of
the emission are measured at several dilutions. The measurement may use
any odor-intensity reference scale consisting of odor samples of graded
intensities or categories. Category scales are logistically simpler, but the
data obtained by different groups on the same samples are more difficult to
compare, because of the differences in the meaning of the categories for
different people. From the plot of the dose-response function, the dilution
needed to reach the odor-intensity target can be estimated. Atmospheric-
dispersion models are then used to determine whether the dilution targeted
from the response plots will occur naturally in the atmosphere. If not, the
degree of reduction in odor intensity can be estimated, and a point on the
intensity-dilution plot can be selected so that further atmospheric dilution
will bring the odor intensity to the desired target value.

Ambient-odor threshold measurements can also be used directly. If the
ambient odor is 5 times above the threshold (Z = 5) in the particular
location at the particular time, a reduction in the odorous emission by a
factor of 5 would presumably bring the ambient odor to an approximate
threshold value. This would apply, however, only to the same location
under identical atmospheric conditions. The problem in this approach is to
select the appropriate sampling site and atmospheric conditions. Many
ambient-odor threshold measurements at a number of locations under
different atmospheric conditions may be required to obtain a balanced
estimate of the needed emission-odor control, and the procedure would
then be long and cumbersome.

None of the three approaches produces an exact solution to the odor-
control problem. The data obtained by such methods provide only
guidance for the selection of an odor-control method, in addition to a
baseline for evaluation of the efficiency of later odor control. Comparison
based on the resulting ambient-odor thresholds is very cumbersome and
uncertain; this is an added disadvantage of the ambient-odor method in
dealing with emission-odor control.

ODOR-THRESHOLD MEASUREMENTS

Methods in which one sample at a time is presented and a panelist reports
whether it has an odor have one important disadvantage: validation that


http://www.nap.edu/catalog.php?record_id=19818

Measurement Methods 153

the panelist indeed perceived an odor is not possible unless many
presentations are made at appropriate dilutions. This is a particular
disadvantage when there are conflicting opinions on the presence or
absence of the odor problem, e.g., in arguments between the organization
responsible for an odorous emission and the clean-air enforcement
authority or concerned citizens. A practical and efficient procedure for
solving this difficulty uses a forced-choice muitiple-sample technique. One
or more samples contain diluted odorous emission or ambient air, the
others are odorless air. The panelist smells all the samples and indicates
which is (are) odorous. An incorrect choice signals that the odorous
sample at the dilution used cannot be reliably detected by its odor by a
particular panelist. Judgments of several panelists at several odorous-
sample dilutions are combined to obtain the mean panel threshold.

Methods in which one sample at a time is presented should be
considered to yield advisory data only. Critical values should be obtained
by the forced-choice multiple-sample methods. The one-sample method
has use in scientific research and yields significant data when many
judgments are obtained and the values are analyzed by statistical
techniques based on signal-detection theory.

Odorous samples in threshold determinations can in principle be
presented in ascending, descending, or randomized order, with respect to
the concentration of the odorous materials in the diluted samples.
Ascending order is preferred in the forced-choice multiple-sample method.
An anticipation error—reporting an odor when there is none but one may
be expected—cannot occur in the multiple-sample presentation. Descend-
ing order and random order suffer from difficulties caused by adaptation
(when a weak odor cannot be detected after a stronger one has been
smelled) and desorption hysteresis effects (odorants adsorb rapidly when a
higher concentation is handled in the dilution system, but desorb slowly
and contaminate the weaker concentration when it is handled).

Because most of the odor-threshold data are applied on a relative
basis—comparing one emission with another, or treated and untreated
emission, or ambient and emission odors—the argument as to which
technique produces the most useful results and would reflect performance
of an odor in open air is not critical. Criteria for performance of the
measurement method should be based principally on the reproducibility of
the mean panel values, ease of application, relative freedom from errors
inherent in various sensory methods (adaptation, anticipation, and
judgment criterion used by the panelist), cost, and economy in time, both
per evaluation and per panelist. Developing such performance criteria for
dynamic-dilution odor-threshold measurement methods is an obvious need
in dealing with pollution odors.”
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If ambient-odor threshold is defined as nondetection of odor in 50% of
attempts to detect, then the value of such a threshold is not a useful
criterion for estimating the extent to which the odor should be reduced to
eliminate complaints. Nondetection of odor in even a much higher
proportion of presentations—inhalations—may still imply detection in a
substantial number of presentations; this would usually be interpreted as
evidence of the presence of an odor in the ambient air.

Another use of the ambient-odor threshold measurements is in
verification of atmospheric-dispersion models. In such an application, odor
thresholds of the emission and of the ambient air are measured. It is
important that the same method, and preferably the same panelists, be
used to measure both; different methods produce different thresholds, even
with the same panelists.

ODOR-INTENSITY MEASUREMENTS

Measurement of perceived intensities of ambient odors is a more
satisfactory method for the evaluation of the impact of odors on a
community. This and the odor character are the only properties of an
amnbient odor of which a person in the ambient air is aware. Perceived
intensities of ambient odors cannot be estimated from dilution thresholds,
because two different odors at the same multiple of their threshold
concentrations may have different odor intensities.

The following short table, based on data of Katz and Talbert,*indicates,
for several highly unpleasant odors, how much an odorous-air sample with
a “faint” odor must be diluted to reduce the perceived odor intensity to
“very faint” and to “none.”

Dilution factor to reduce to:

Odorant ‘“very faint™ “none”
Allylmercaptan 3 9
Allylamine 5 25
Methyl sulfide 23 530
Thiophenol 52 2,500
Allyl sulfide 70 5,000

In reverse, allylinercaptan, for example, smells faint at a concentration
ninefold above its threshold, and allylsulfide smells faint only at a
concentration 5,000-fold above its threshold.

Because multiples of the odor-detection threshold are not an appropriate
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measure of the suprathreshold intensities, there is a need to measure the
intensity directly.

Three principal methods for measuring odor-suprathreshold intensity
have been discussed: category scales, magnitude-estimate scales, and
reference-sample scales. The last of these is preferred, because it does not
require special training and it avoids problems as to what various
categories or magnitudes should mean. The astM E 544 butanol-odor
reference scale is a good potential candidate for determining suprathresh-
old intensities.

The current trend in method development is to use intensity measure-
ments in odorous-pollution studies;"*”™* this indicates an increasing
concern with the perceived intensity, rather than detection threshold.

ODOR CHARACTER

One of the principal uses of odor-character evaluation is in tracing an
ambient odor to its source. In such an application, the use of emission
samples as odor-character reference scales is preferred.

For a broader range of odor character, descriptor scales and the
resulting profiles are useful. These produce data on the influence of process
changes and odor-control devices on the character of odor. The character
of an odor is closely related to its hedonic tone, but hedonic tone can be
evaluated directly and independently of character.

HEDONIC TONE

The hedonic tone of an odor is probably its most important property in the
determination of its impact on a community. Its measurement, by either a
category scale or a magnitude-estimate scale, is sinmiple. Relative judgnients
on hedonically negative (unpleasant) odors can probably indicate which
odor is potentially more annoying. However, it is not yet possible to
predict from hedonic data the impact of an ambient odor on a community.

CONCLUSIONS

GENERAL

1. Odorous emission and odorous ambient air have various analytical
and sensory properties. Knowledge of the numerical values of some of
these properties is essential in any approach to the control of odorous
pollution.

2. The analytical properties of odorous emission and odorous ambient
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air are characterized by the chemical identities and concentrations of the
odorants present.

3. The sensory properties of odorous emission and odorous ambient air
are perceived odor intemsity, change in intensity with dilution (dose-
response function), odor detectability (including detection and recognition
thresholds), odor character, and hedonic tone (which refers to the
pleasantness and unpleasantness of the odor).

4. Determination of the sensory properties of odors from analytical data
on odorous samples in most cases is not yet possible.

5. Several methods are available for measurement of every analytical
and sensory property of odorous emission and odorous ambient air.
(Methods for estimating the impact of pollution odors on a community
from data on the analytical or sensory properties of these odors are
discussed in Appendix B.)

6. Limited information is available on the performance of the various
measurement methods and is sufficient for a preliminary selection of those
which are most suitable and appropriate for further development; in
particular, there is a need for more comprehensive investigations of their
reproducibility, of means of improving reproducibility, and of applicability
to various types of emission and ambient-air odors.

7. Existing odor-control regulations, wherever they attach numbers to
odor properties, almost exclusively prescribe some form of measurement of
odor-detection threshold as a basis for determining the severity of odorous
pollution; by far the dominant measurement methods are the AsTM D 1391
syringe-dilution and the Scentometer methods. Odor-measurement meth-
ods are available that are free of several shortcomings of these two and
that can yield more useful information on pollution odors, especially on
the dose-response function for specific odors.

SELECTION OF PROPERTIES AND METHODS

8. The most suitable properties for the evaluation of odors in ambient
air are measurements of perceived intensities, of change in intensity with
dilution, and of detection. Measurement of recognition thresholds is useful
for specific purposes, such as verification of atmospheric-dispersion
models.

9. The most suitable properties for measuring and monitoring emission
odors are detection thresholds and perceived intensities at one or more
dilutions, including dose-response function plots. Such data permit
calculation of the effect of odor control and estimates of the perceived
reduction in odor complaints. Experience accumulated by odor-control
technologists on the relation between emission-odor threshold and
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incidence of population complaints permits crude estimates of the degree
of odor control that will be needed.

10. Direct evaluation of odors of emission or ambient air is preferable
wherever practical and economically feasible; such evaluation precludes
changes in the samples that may be caused by sampling and storage.
However, in many cases this approach may be logistically and economical-
ly prohibitive; an appropriate form of batch-sampling for later off-site
evaluation is a valid option.

11. It is likely that different types of odorous emission and ambient
odors will require specific adaptations of the odor-measurement methods,
especially with respect to sampling and sample storage, because loss of
odorants by adsorption on and diffusion through the container walls
depends on the properties of the odorants, as well as on the container-wall
material.

12. In the selection and training of panelists, two rationales coexist.
Where the relative changes effected by odor control are to be monitored,
panelists with similar sensitivity to the particular odor in question may be
useful. However, such a panel provides little information on the distribu-
tion in the population of different sensitivities to the odor being measured.
A randomly selected panel of statistically sufficient size provides at least
limited information on such distribution and permits crude estimates of
the percentage of the population that will be annoyed when a given degree
of odor control is practiced.

13. An important factor in the measurement of emission and ambient-
air odors is the selection of a practical method for measuring the
appropriate property in a way that is easily standardized. In the case of
sensory measurements, the selected procedures should be essentially free of
various specific effects inherent in sensory evaluation, so that reproducible
results may be obtained when identical odorous samples are evaluated by
different working groups.

MEASUREMENT OF ODOR THRESHOLD

14. Odor threshold is a function of the measurement-method variables
and may be defined only by reference to specific measurement systems.
The most useful functional value ought to be based on the detection or
recognition threshold of an odor in free ambient air, when one enters such
air from an essentially nonodorous environment; if this value for the
particular odor were known, the measurement system that produced the
threshold value closest to such open-air value, either directly or through
some calibration plot, would be a preferred system for odor-threshold
measurement. Such open-air work is unknown.
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15. At least four systems for odor-threshold measurement are commer-
cially available in the United States. They differ widely in design and use.
In a study of limited scope, they have produced different numerical values
for the same odorous samples with the same panelists on the same day;
however, the values obtained by different systems could be related by
calibration plots.

A number of important factors, apart from sampling and sample
storage, influence the results of odor-threshold measurement:

o Individual sensitivities for odors may differ by a factor of 20, or even
more—still within the limits of normal probability of distribution in the
population.

e Many statistical designs of sample presentation in current use suffer
from differences in personal judgment criteria, in addition to differences in
individual sensitivities; from anticipation effects; from the effect of
olfactory fatigue; and from a lack of verification that an odor was
perceived when the panelist stated that it was. The pre-1978 version of the
ASTM syringe-dilution test and the Scentometer method both suffer from
these problems. The multiple-sample forced-choice ascending-concentra-
tion design is essentially free of most of these problems and economical of
the panelists’ time.

e Measurement methods that use dynamic mixing and controlled rate
of sample delivery are more suitable than the static methods (such as the
ASTM syringe-dilution test) for sample-handling, in that they permit
elimination of the effect of adsorption losses on the sample odorant
concentration and better control of the rate of sample delivery to the nose.

« On the basis of scanty experimental evidence, the mask design for the
sample-nose interface, compared with a shifting-nozzle design, does not
appear to increase panelist sensitivity or reproducibility of odor-threshold
measurements. There are no reliable data on the effect of the various
sample-nose interface designs on the values of odor threshold or intensity.

o The rate of sample delivery to the nose has a great effect on the odor
threshold of an odorous sample. This rate is not standardized, beyond the
values specified in the instructions of manufacturers of specific odor-
measurement systems.

Unless all the factors that affect the values of odor thresholds are
standardized, widely different thresholds are likely to be reported for the
same samples by different groups. Until then, data obtained with the same
system, preferably by the same panelists, can be used in monitoring the
efficiency of odor control on a relative basis.
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MEASUREMENT OF PERCEIVED ODOR INTENSITY

16. Measurement of perceived odor intensity on the basis of a series of
concentrations of a reference odorant requires a minimum of panelist
training and gives, from a limited set of experiments, more reproducible
results than the method of semantic or numerical category scales,
according to interlaboratory comparisons. The ASTM E 544 odor supra-
threshold-intensity scale based on n-butanol is an adequate candidate
method for most odor-intensity measurements.

17. As in the case of odor-threshold measurements, the design of the
sample-nose interface and the rate of flow of the sample in this interface
influence the perceived odor intensity of the sample. However, because
dilution of the sample is not required, direct measurement of perceived
intensity of ambient odorous air is feasible.

MEASUREMENT OF OTHER PROPERTIES OF ODOROUS SAMPLES

18. There are methods for evaluation of odor character, and some have
been shown to produce satisfactory inter-laboratory agreement in studies
of limited scope. Such methods may assist in investigation of ambient
odors in a multisource environment. Relating odor-character data to the
impact of an odor on a community is complex and not well understood.

19. The hedonic tone (pleasantness and unpleasantness) is widely
recognized as a very important factor in determining the relative
annoyance of odorous pollution. Limited experience had demonstrated
that measurement of hedonic tone in different laboratories with similar sets
of odorants produces similar results with respect to the relative pleas-
antness and unpleasantness of their odors. A broadly accepted hedonic
reference-sample scale is not yet available, but appears feasible. The
relation between hedonic tone and the annoyance that results when an
odor is encountered in the context of odorous pollution is poorly
understood, especially in the case of pleasant odors.

20. Analytical measurements are applicable to the monitoring of the
content of specific odorants in emission and in ambient air. In a few cases,
where relations have been found between the odor threshold (or odor
intensity) of odorous samples and the content of specific odorants,
analytical measurements can be a valid tool for monitoring odor control.
Analytical data may assist in relating an ambient odor to its sources and in
verifying atmospheric-dispersion models. In most odorous-pollution cases,
many odorants are present, and analytical data cannot substitute for
sensory data.
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RECOMMENDATIONS

1. Pollution-odor control technology should be supported by better
odor-measurement methods than those specified in existing odor-control
regulations.

2. Measurement of odor-detection or -recognition thresholds should use
dynamic-dilution techniques and statistically based sample-presentation
design that reduces the influence of various effects inherent in sensory
evaluation, including the role of decision criteria, olfactory fatigue, and the
anticipation effect. The use of multiple-sample forced-choice ascending-
concentration series is recommended as suitable and efficient. All factors
that may influence the results—such as the rationale of panelist selection,
sample flow rates, design of the sample-nose interface, and method of
calculating results—should be standardized to optimize the reproducibility
of results between laboratories.

3. Odor thresholds measured by the optimized method of recommenda-
tion 2 should be compared with the existing regulation-prescribed methods
and with threshold values that apply to odor detection in open, naturally
breathed ambient air.

4. Perceived odor intensity should be considered, with hedonic tone, as
the most important property of ambient odors. Methods for measuring
intensity should be adapted; the ASTM E 544 scale may serve as a base.

5. The hedonic tone (pleasantness and unpleasantness) of a pollution
odor should receive major attention as an important property related to
the impact of the odor on the population. A hedonic reference-sample
scale should be developed for such measurements.

6. In the adaptation and development of these recommended methods,
a broad data base should be generated on their performance before they
are incorporated into odor-control regulations. The data base should
include an analysis of the influence of the various operational factors on
the measured values, analysis of sources of error, findings on the
applicability of the various methods, and findings on the degree of
agreement that can be expected between measurements conducted in
different laboratories.

7. Work on the use of analytical measurements for various types of
odorous emission and ambient odors should be pursued so that instrumen-
tal monitoring of pollution odors can eventually replace the more
cumbersome sensory measurements.
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Characterization of
Odorant Transport
in the Atmosphere

Odorants are brought into contact with people by atmospheric transport.
In short, the atmosphere is the *“connecting link™ between the sources of
odorous emission and human (or other) receptors. To understand the
nature of odor problems or complaints in the United States, it is necessary
to consider the changes in odorant composition and concentration at the
receptor that result from atmospheric transport. This, in turn, requires an
understanding of the mechanisms involved in atmospheric transport of
odorants.

GENERAL TRANSPORT AND DIFFUSION

Odorous materials released into the atmosphere are redistributed and
diluted and react in ways that may be described by means of mathematical
and physical models. The atmosphere disperses these materials rapidly,
because the atmosphere is turbulent. Consequently, turbulent diffusion is
reviewed here, before the discussion of odorants, themselves.

Turbulence, a process of chaotic motion possessed by almost all natural
fluid flows, is easy to recognize, but difficult to define. The dispersion of
material in the atmosphere is more rapid than molecular diffusion by many
orders of magnitude. Gifford® has outlined the areas of diffusion in the
lower layers of the atmosphere and discussed the average conditions of
wind in the lower atmosphere, describing shearing stress, mechanical
turbulence, the Reynolds number of the atmosphere, viscosity, the surface-
wind profile, effects of buoyancy, the Richardson number (which is
associated with the stability of the atmosphere), turning of the wind with

169
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height, and the appropriate diffusion theories that follow from consider-
ations of these atmospheric characteristics.

There are two fundamental theories of atmospheric diffusion: the
Fickian or K theory and the statistical theory. The gradient-transport
approach was developed by Fick*in a paper published in 1855. Fick related
atmospheric diffusion to the diffusion of heat in a conducting body. The
general case of diffusion in three dimensions—in which the diffusion
coefficients, which are not necessarily equal, can vary with the three spatial
coordinates—is shown in Equation 1. If the dispersion coefficients X, X,
and K, are constant, the diffusion is called Fickian. The more general case
is called K-theory diffusion. The solution of Equation 1 requires
specification of appropriate boundary conditions and, in the atmosphere,
the addition of appropriate transport terms.

3 3 d 3 3 33
‘E=—(Kx—q—)+—(1(yai)+5—(l(za—q) m
a3, \'*3, ) 2, ) . i

The second theory, which is in more general use, is the statistical theory
of turbulent diffusion. The model most often used to describe atmospheric
dispersion statistically is that of Gaussian or normal distribution. It has
been demonstrated that repeated averaging of experiments in the atmo-
sphere yields a distribution that is nearly normal in the vertical and cross-
wind directions for average concentration. In 1953, Sutton' described his
model of averaged plume diffusion. He reasoned that the Lagrangian
single-particle autocorrelation function must depend only on the intensity
of atmospheric turbulence and viscosity. This was the begining of the use
of the Gaussian plume-diffusion model.

Strictly speaking, the Gaussian diffusion model applies only in the limit
of large diffusion time for homogeneous stationary conditions. Batchelor,'
in 1949, reasoned, by analogy with a central limit theorem of probability,
that the Gaussian function may provide a general description of average
plume diffusion, because of the essential random nature of this phenome-
non. Pasquill," in 1962, pointed out that for very small diffusion times the
distribution particles should take the same form as the wind fluctuation
distribution, because the particle trajectories coincide with instantaneous
wind. In the atmosphere, this approximates a Gaussian distribution fairly
closely.

Hilst,” in 1957, and Gifford,® in 1959, independently introduced the
concept of a fluctuating plume mode. Figure 5-1 demonstrates the
fundamental concept as explained by Gifford. Plume-dispersion models of
the Gaussian form use elementary components to represent instantaneous
Gaussian puffs of material. The steady-state plume is merely an assem-
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blage of superpositions of those puffs, each emanating from a fixed origin
translated by the mean wind direction. It is assumed that the distribution
of material within the puff is described fully by its second moment, whose
change with dispersion times is obtained as a consequence either by
Fickian theory or by a statistical theory of turbulence. For mathematical
convenience, dispersion in the direction of the mean wind (the X direction
in Figure 5-1) is neglected in practice; this leads to the spreading-disk
dispersion model for plumes, which is portrayed in Figure 5-1(b).

Plumes from actual sources operate under more complicated processes.
This is illustrated in Figure 5-1(c), which includes a superposition of
elementary puffs. These puffs are wandering or meandering about the
center of the time-averaged plume. Following Gifford, we may consider a
one-dimensional problem and write the expression for the relative
concentration of material at any point in a particular cloud undergoing
dispersion as shown in Equation 2, where f is the material distribution
function, centered at a distance Dy from the origin; ¢ is time, counted from
some initial instance #,; and Q is the total amount of material in the cloud.
If the entire system is moved with a constant windspeed in the X direction,
then Dy will become a distance from the X axis. Gifford* wrote Equation 3
to represent the mean value of the relative concentration distribution,
which is really an average over many trials; g is the frequency function
associated with the variability of Dy over all the trials. From this basic
formulation, Gifford then demonstrated that the mean relative concentra-
tion from dispersion proceeding at different rates in the horizontal and
vertical directions may be written as shown in Equation 4, where Y and Z
are the average variances of the spreading puff, D, and D, are the variances
of the center of the puff about the axis of travel, and y and z represent the
fixed point in space at which the mean concentration is being calculated.

X

5=f(y—Dy;t’y0’to) (2)
X o0
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FIGURE 5-1 (&) Schematic formation of plume from superpo-
sition of individual averaged elements. (b) Schematic spreading-
disk plume model obtained by neglecting x diffusion. (c)
Appearance of naturally occurring plumes, with “real” puff
clements indicated. (d) Fluctuating-plume model. Reprinted
with permission from Gifford.®
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Finally, Gifford noted that the variance of the point-concentration
frequency distribution could be defined as shown in Equation 5.

Gt o

Hogstrom,” in 1964, developed data that could be applied to the
fluctuating-plume model described by Gifford by photographing smoke
puffs and measuring the diffusion of material about the center of the puff,
as well as the meandering of the puff with respect to the mean wind
direction for a period of 3060 min. He further divided it by atmospheric-
stability class, on the basis of the lapse rate of potential temperature in the
lower layers of the atmosphere. In 1968, Hogstrom' applied the data to
develop a statistical approach to the air-pollution problem of chimney
emission and compared the calculated data with measurements. Finally, in
1972, Hogstrom® applied the fluctuating-plume model as a method for
predicting odor frequencies from a point source. The Hogstrom model is
discussed later.

TRANSPORT AND DIFFUSION OF ODORANTS

For the purposes of the discussion, the odor dilution ratio defined by
Equation 6 is the dilution of a sample required to reach a given odor level,
detectability point, or other sensory target; Z, represents the odor dilution
ratio, C, the odorant concentration of a sample, and C, the odorant
concentration when some sensory target has been reached. Because Z,is a
ratio, it is dimensionless; it is independent of volumes and does not
describe the intensity of the perceived odor. Part of the problem of
describing concentration of odorous material with classical transport and
diffusion models is illustrated in Figure 5-2, taken from Hogstrém."' The
standard Gaussian plume model predicts an average concentration, as one
can see, from the assumed time history. In the example shown, the sensory
odor threshold was exceeded three times during the 1-h period, but the
hourly mean concentration was only about 60% of the odor threshold.

C
z,= 2 (6)
&

We would therefore anticipate that the standard Gaussian plume model
would underpredict actual odor levels downwind of a source. However,
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FIGURE 5-2 Schematic diagram showing how the concentration of
odorous matter can exceed the odor threshold several times during a
period when the hourly mean is much below the odor threshold.
Reprinted with permission from Hogstrom.*

when such models are applied to multiple point sources—such as various
vents on an industrial-plant roof—they frequently overpredict. For
example, during a survey of odors associated with an automotive assembly
plant, the modeled 200-dilution-factor isopleth corresponded to the
observed-nondetectability isopleth for the same atmospheric conditions.’

That is why it is necessary to use a model like the fluctuating-plume
model to determine the frequency of occurrence of values exceeding the
sensory target value, or else to predict the impact of individual puffs to
obtain a frequency distribution in that manner.

Up to this point, we have not discussed the potential impact of reaction
of odorants during transport in the atmosphere—i.e., the change that
could occur through reaction with other compounds in the atmosphere or
through disassociation due to sunlight or moisture in the air. If the
reaction is one that will decrease the odorant at some specified level, a
correction can be made in the source term in the model, similar in manner
to radioactive decay, to account for the reaction that occurs. However, if
the reaction is not a simple depletion rate, the existing models do not
account for that. Such reactions certainly do occur. For example, in a
study of odors associated with mixtures of sulfur compounds emitted from
viscose processes, variations in odor qualities with distance from the plant
were observed. These are summarized in Table 5-1, taken from Polgar ez
al.” Although some of this change was due to the dilution of the odorant
mixtures and different atmospheric transport because of release-height
variations, the change in odor quality beyond 5 km was ascribed by the
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authors, at least in part, to the photooxidation of carbon disulfide (CS,) to
carbony! sulfide (COS) during transport in the atmosphere.

A second problem in applying general transport and diffusion models to
odors is how to handle different compounds that are released from nearby
vents that might have similar odor characteristics. One can simply add the
contributions, sum them, and calculate odor impact on the basis of the
addition. There are several potential errors in doing this. First, this is not
always a true situation for odors, because the compounds that are
producing the odor may react to cancel each otlier or may react to create a
new compound that has a lower odor threshold than either of the
individual compounds and whose odor threshold cannot be estimated or
predicted.

Second, for mixtures that do not react, it has been reported that the odor
threshold of the mixture is approximated by the geometric mean of the
constituent thresholds, provided that the compound with the lowest
threshold amounted to less than 10% of the mixture (by volume). Because
the resulting mixture of odorants from different stacks is unknown, this
can be a major source of error in odor modeling.

Another difficulty of odor transport is the limitation of models to

TABLE 5-1 Odor Quality and Threshold of Synthetic Mixtures®

Odorants at
Threshoid,
Sample ppm Quality
1. HS 0.02 Rotten eggs
2. GCs, 0.67 Medicine, iodine, bumnt
. GCs, 0.45 Sweet, mild, rotten eggs
4. CS,, aged 3 days 0.78
5. CS,, aged 3 days 0.77
6. COS 0.05 Bumt rubber, carbamate
7. COS 0.12
8. COS, aged 3 days 0.12 Rotten eggs, burnt rubber
9. 71% H.,S, 29% CS, 0.01 Rotten eggs
10. 28% H,S, 72% CS, 0.05 Rotten eggs
11. 9% HS, 91% CS, 0.13 Rotten eggs
12. 20% H,S, 80% CS, - 6 out of 6: burnt rubber or carbamate,
2 could detect rotten eggs
13. COS/CS, (1/1,000) 0.23 Medicine, iodine
14. H,S/COS (1/70) - 6 out of 6: rotten eggs
15. H,S/COS/CS, 0.15 Burnt rubber, shoe wax, sulfur

(1/3.5/1,250)

¢ Reprinted with permission from Polgar er al.13
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distances of somewhat less than 20 km. Odors from individual industrial
sources, however, have been detected reportedly at about 80 km from the
source.'* The nature of these mechanisms is unexplained, although Turk e
al.” have suggested that they might be attributed to adsorption (and thus
localized concentration) on airborne particles. Obviously, odorants are
transported through the atmosphere by mechanisms other than turbulent
diffusion. At 20 km or more from the source, these mechanisms dominate.

STATUS OF ODOR MODELING

Hogstrom® has developed a method for predicting odor frequencies from a
point source on the basis of the fluctuating-plume dispersion model. It is
used to give estimates of odor frequencies around a point when the odor
threshold of the material emitted is determined by sensory methods. He
verified his model by using trained observers who made a large number of
instantaneous (yes—no) observations in a variety of locations around a
sulfate pulp factory in Sweden. At 2 km, positive odor observations were
obtained 10.8% of the time, and the odor frequency predicted by the
model was 8.9%. At 5 km, odors were detected 9.8% of the time, and the
model calculations indicated 5.6%. At 10 km, odors were predicted 8.5%
of the time, and the model predicted 3.1% occurrence. Finally, at 20 km,
odors were detected 5.1% of the time, and the model predicted 1.6%. In
this case, it is obvious that the prediction of the occurrence of detectable
odors was quite good at 2 km, and the validation of the model
demonstrated that it was underpredicting as distance from the source
increased. The total number of samples varied from 5,000 to 7,500 in this
particular experiment.

Hogstrom also conducted other experiments to verify the model with
different sensory measurements. In this case, he used automobiles to
transport people through the plume. There were five observers in two cars
with open windows. They traversed a section of road alternately in north
and south directions normal to the plume. The subjects made instanta-
neous observations of odor every 6 s. The model consistently overpredicted
the number of occurrences of odor detection by 30%, possibly because of
adaptation or fatigue of the observers. Therefore, there is some disagree-
ment between the two techniques used to observe the odors. However, this
does give an idea of the reliability that can be obtained from current odor
models.

Clarenburg,’in 1973, performed a study of the perception of odorous air
pollution with a population in the Netherlands. He developed a mathemat-
ical model for the perception of odorous pollution by the population living
in the vicinity of a chemical industry in order to describe it quantitatively.
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He started with the basic Gaussian plume model and developed a
penalization function based on the percentage of the population that would
perceive an odor, assuming a log-normal distribution function for such
perception. The basic problem was to predict the number of complaints—
that is, how many people would perceive odor as a function of the
population distribution around the complex in question. The correlation of
Clarenburg’s model with observed data yielded correlation coefficients
above 0.90, except for one case where the value was 0.69.

TRC (The Research Corporation of New England) has developed a puff
model that predicts the number of occurrences of specified odor dilution
ratios (to detection threshold) during a specified period, such as 1 h. This
model was reported by Murray ef al." at the annual meeting of the Air
Pollution Control Association in Houston, Texas, in June 1978. The
limited verification data indicate that the highest values of odor level are
predicted reasonably well for the test case. That is, the maximal predicted
odor dilution ratio was 10 at one point, and that observed was 8. At
another point where tested, the maximal predicted odor dilution ratio was
35, and the observed value was 30. No measurements were made of the
frequency of occurrence of odors exceeding the threshold at these points in
order to test that part of the model.

Odorant transport in the atmosphere is only partially controlled by
turbulent diffusion. Reactions of odorants in the atmosphere are largely
unknown, and conventional dispersion models may not be capable of
handling the complex reactions that do occur. Second- and third-odor
closure models may be required in the future. Dispersion models are useful
tools in predicting the impact of odorous emission on community odor
levels and in developing solutions to odor complaints. However, they must
be used with great care and consistency, or serious error will result. Their
use is limited to short distances and to nonreactive odorants.

There is a fundamental need for a verification program of the puff
model. Hogstrom has verified it for a few cases. In an area downwind of an
odor-emitting source, more work needs to be done on the actual frequency
of occurrence and to determine why Hogstrom’s model apparently
underpredicted at greater distances in some cases. Because the TRC model
is essentially the same as Hogstrom’s model, it follows that the same kind
of information is needed there. Clarenburg’s model was based on odor
complaints to begin with and offers a slightly different set of data, because
he was interested basically in developing a penalization function, rather
than a control function, to eliminate odor complaints. A subject that needs
exploration is the introduction of reactivity into these models, and much
more information is needed on potential reaction rates and processes that
can occur in the atmosphere for various odorant compounds. Finally,
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there is a great need for determining the potential additive effects of
various compounds, especially at the low concentrations that will be
present in the atmosphere.
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Methods of
Controlling Odors

Controlling odor is a complex problem. Chief among the complexities,
perhaps, is the extremely small amount of odorant that triggers odor
perception in humans. It has been estimated that 10 or 10° molecules of
odorant vapor in the nose is sufficient for detection. As an illustration of
the minuteness of this volume, a microgram of ethyl mercaptan in the
vapor state contains approximately 10'* molecules—10’ or 10* times the
number of molecules required for detection.” Because of our ability to
detect odorants at such low concentrations, sources that are of minor
concern for criteria pollutants—e.g., leaks from valves and flanges, minor
spills, and evaporation from condenser hot wells, sewage systems, or
retention ponds—may be the primary sources of odorous emission
responsible for community complaints of malodors.

Our olfactory acuity dictates a very high degree of control. In the
absence of any standard of acceptable community odor, the only sure way
to alleviate complaints of malodors downwind of a source is to preclude
detection at all, i.e., to reduce the odorant concentration in the community
to less than the detection or recognition threshold. This usually requires
control at the source with an efficiency of 95-100%, which is far greater
than the efficiency needed for most gaseous emission.

An odorant must be in the form of a gas or vapor if it is to be sensed by
the human olfactory system. Although solid particies and liquid droplets
in an odorous gas stream may have a pronounced effect on the persistence
and other characteristics of an odor, the wide range of methods used for
odor control apply to pollutants in the gaseous or vapor state.

179
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Choosing the precise form of control for a specific problem involves
consideration of the nature of odors, and this can involve a substantial
departure from most engineering principles. An odor is in itself an effect,
i.e., a subject’s conscious reaction to a stimulation of his olfactory system.
Odor control can therefore be directed either at reducing the concentration
of an odorant at the receptor or at interfering with the receptor’s olfaction
process. The approaches to odor control aimed at reducing the concentra-
tion at the receptor can be classified according to the engineering
operations that are effective: high-temperature oxidation, atmospheric
dispersion, absorption and gas-phase reactions, and adsorption. The
techniques aimed at interfering with the olfaction process are commonly
grouped under the general term “odor modification.” The various
engineering operations and odor modification are reviewed in separate
sections of this chapter. Applications are reviewed later.

Before discussing specific control methods, however, it is appropriate to
consider the most effective of all odor-control methods—process change.
There is nothing special about the concept of process change as a method
of pollution control. This is not definable technology; it is more a state of
mind. Engineers, through training and application of this training, have
been extremely successful in implementing this state of mind, by
developing improved processes when given the incentive to do so. Odor
emission presents a sizable challenge to the process engineers involved
with odor-producing processes. Approaches to odor control by process
modification will vary, but a number of truisms are perhaps worth
mentioning with respect to temperature, pressure, volume, maintenance,
and housekeeping.

o Temperature: The temperature of a process can have a pronounced
effect on odorous emission. Simply chilling the water of a vapor condenser
during warm weather when water temperature is highest and windows are
open may solve an odor problem. Excessive temperatures during drying of
a heat-sensitive material may produce odorous decomposition products;
this might be avoidable with adequate temperature control. Insufficient
temperature in a furnace in which waste gases are burned may produce
intermediates more odorous than the original material.

o Pressure: Converting a process environment from slightly positive to
slightly negative pressure by changing damper positions or fan locations
will reduce the number of leak points for odorous materials and make the
odor-control job easier.

o Volume: A large ventilation volume for an odorous process will tend
to dilute odorous emission, but may actually increase the quantity of
odorants emitted, if the odorant is a vaporized liquid. Odor intensities
downwind from a source are proportional principally to emission rates,
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rather than to the concentration of odorants in the effluent. Reducing the
ventilation volume may decrease odor downwind and will simplify and
reduce costs of additional odor-control equipment required. However,
such volume reduction can be achieved only if explosion hazards and other
constraints have been adequately considered.

o Maintenance: In many odorous processes, the greatest amount of
odorant released is from leaks (flanges, pump seals, uncovered vessels,
etc.). Controlling such sources of odor is a continuing job for maintenance
people.

o Housekeeping: Odor-producing materials allowed to accumulate in
the open (volatile wastes or putrescible foods and food byproducts) are
sometimes the only significant sources of odorous emission from some
operations. Good housekeeping can eliminate such problems.

It would be misleading to attempt to present a comprehensive list of
odorous air pollutants. Nonetheless, a list of selected typical odorous
substances grouped by chemical type can be informative, and such a list
appears as Table 6-1.

HIGH-TEMPERATURE OXIDATION FOR THE CONTROL
OF ODOROUS WASTE GASES FROM STATIONARY SOURCES

DESCRIPTION

High-temperature oxidation is an air-pollution control process in which
odorous waste organic gases or organic particles are converted to odorless
gaseous products, such as carbon dioxide and water vapor. The odors are
destroyed by exposure of the waste gases to the proper conditions of
temperature, time, and turbulence in the presence of air in a combustion
chamber. The temperature required depends on the specific contaminants
involved and the design configuration of the equipment used. This method
will completely destroy the odors in the waste gases at some temperature if
the control equipment has been properly designed.

The design of high-temperature oxidation equipment has not been
completely standardized, and each manufacturer has units of different
design. For this reason, in purchasing this type of equipment, it is well to
specify a field test involving sensory odor measurements*****® on the
stack emission to show that the odor problem is eliminated at the
temperature specified by the manufacturer. Odor dilution ratios of less
than 25 in the stack outlet (i.e., guideline-acceptable odor level) based on
the detection threshold are readily achievable with this type of control
equipment fired with natural gas. Oxidation temperatures range mainly
from about 600 to 1,500°F (about 315 to 815°C). Residence times can range
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TABLE 6-1 Major Odorous Air Pollutants, Olfactory Thresholds, and Related Data

Systemic Chemical Mol. Odor Threshold,
Category and Class Name Formula Odor Wi ppm (by vol.)*
Sulfur compounds
Sulfur oxides Sulfur dioxide SO, Pungent 64 047
Sulfides Hydrogen sulfide H,S Rotten eggs 34 0.0047-0.18
Carbon disulfide CS, Rotten 76 0.21-0.84
Mercaptans Methy! mercaptan CH,SH Decayed cabbage 48 2 x 1075-0.041
Ethyl mercaptan CH SH Decayed cabbege 62 3 x 1075-0.001
Propyl mercaptan C;H,SH Unpleasant 76 0.0016-0.024
Allyl mercaptan CH, =CHCH;SH Garlic 74 0.003-0.017
Benzyl mercaptan Ce¢HsCH,SH Unpleasant 124 0.0026-0.04
Thioethers Dimethyl sulfide (CHy),S Decayed cabbage 62 0.003
Diethyl sulfide (CHg) S Foul, garlic 90 0.0048
Dially! disulfide (CH,=CHCHS), Garlic 146 1.1 x 1074-0.012
Nitrogen compounds
Inorganic Ammonia NH, Pungent 17 0.47-54
Aliphatic amines Dimethylamine (CHy,NH Fishy 45 0.047
Trimethylamine (CH;) 3N Fishy-ammoniacal 59 0.00021
Aromatic nitro compounds* 2.4,6-Trinitro-t- C(CHq) (CHy) ;(NO,), Musk 297 6 x 107%.0.005
butylxylene (musk)
Heterocyclic amines Pyridine CHN Empyreumatic 9 0.003-0.23
Benzo|b]pyrrole (indole) CgHyN Fecal 1?7
3-Methylindole (skatole)  CoHgN Fecal 131 0.05
Cyanides Hydrogen cyanide HCN Bitter aimonds 27 0.9
Allylisocyanide CH;=CHCH,NC Sweet repulsive 67 0.18-1.6
(nauseating)
Allylisothiocyanate CH,;=CHCH,SNC Moustard oil 9 0.008-0.42

(nose and eye
irritant)
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Selenium compounds
Selenides

Hydrogen seienide
Ethylselenomercaptan
Diethyl selenide

Hydrocarbons, Alcohols, and Oxygenates

Aliphatic hydrocarbons

Phenol
Aldehydes

Organic acids

Halogen compounds
Inorganic
Aliphatic halogens

Aromatic halogens

Miscellaneous
Oxygen

2-Butene (butylene)

2-Methylpropene
(isobutylene)

Phenol

Methanal (formaidehyde)

Ethanal (acetaidehyde)

Propenal (acrolein)

4-Hydroxy-3-methoxy-
benzaldehyde (vanillin)

d-2-Keto-1,7,7-
trimethylnorcamphene
(camphor)

Butanoic acid (butyric acid)

2-Methylbutanoic acid
(isovaleric acid)
Butanediene (diacetyl)

Chilorine

Trichloroethylene

Triiodomethane (iodoform)

Benzyl chloride

Chlorohydroxybenzene
(chlorophenol)

Trioxygen (ozone)

HySe
CsHSeH
(C;Hg) Se

CH,CH=CHCH,
CH,=C(CH3),
C4H;OH

H,C0

CH,CHO
CH,=CHCHO
C4Hs0,

CioH, 60

CH,CH,CH,COOH

(CHy) CHCH,COOH
(CH,C0),

a,
CHOI=CCl,
CHI,
CeHCH,O1
C(ClOHC1

05

Putrid

Foul, fetid

Putrid
(nauseating)

Gas-house
Gas-house

Empyreumatic
Pungent
Pungent
Burning fat
Sweet-gromatic

Aromatic-earthy

Rancid,
perspiration
Body odor

Sweet butter

Pungent

Aromatic
Antiseptic
Aromatic lacrimator
Medicinal

Irritating

102

86

n
131

126.5
128.5

48

4 % 1074-0.0012
4 x 1074-0.0012
0.011

24
20

0.047

1.0

0.066-2.2
0.021-1.8

1.1 x 10742 x 1077

1.3

0.001-2.2
0.015
0.025
0.31

021
5$%x1073

0.04-0.31
0.0036-0.03

0.51

* Data from Fazzalari.33
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from less than a second to about 2 s. Turbulence (on the basis of a
calculated average velocity at the outlet from the combustion chamber)
can be as high as about 30 ft/s (9.1 m/s) at oxidation temperature.

Some odorous inorganic combustibles—such as hydrogen sulifide,
ammonia, and cyanides—can be destroyed by high-temperature oxidation,
but there is a limit on the concentration of inorganic combustibles in the
waste gas stream that can be satisfactorily controlled, because these
substances are converted by oxidation to their oxides, which can be
objectionable themselves at high concentrations.

Odor problems that ordinarily cannot be satisfactorily controlled by
high-temperature oxidation alone are those in which the waste gases
contain halogen compounds or compounds (such as phosphates) that form
objectionable oxides or acids. When odorous waste gases containing
halogens are oxidized, the reaction products include free halogens
(fluorine, chlorine, bromine, or iodine), halogen acids, phosgene, etc., all of
which are toxic or corrosive and must be removed by chemical scrubbing
before discharge to the atmosphere. In the case of phosphates, the treated
gases contain phosphorus oxides or acids, which are toxic and also have to
be removed.

APPLICABILITY

This method is applicable to a wide variety of industrial processes, such as:

adhesive-tape curing

asphalt blow stills and saturators

brake-lining ovens
chemical processing
soap-making
xanthate processes
Cellophane
rayon
sausage casings
coffee-roasters
coil-coating lines
cupola furnace stacks
fiberglass curing
foundries
food-processing
lithographic ovens
meat smokehouse

metal-coating ovens
paint-baking ovens
paint-removal facilities
petroleum-refining

phthalic anhydride processes
plastic-curing ovens

printing presses

pulp mills

rendering plants

resin reactors

roofing-paper machine hoods
textile dryers

varnish bumnoff

varnish kettles

vinyl-sponge curing
wire-enameling
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HAZARDS

Two potential hazards exist in the high-temperature oxidation of waste
gases of some odor-producing industrial processes. These hazards, which
could cause malfunction of the control equipment, should be fully
evaluated and minimized in the design of any system:

e The odorous organic contaminants may deposit and build up a layer
of solid combustible matter or condensed heavy oils in the inlet duct to the
control equipment. Either kind of layer could ignite spontaneously when
the ductwork heats up and approaches the ignition temperature of the
deposited organic matter. Provision should be made by suitable design
cither to avoid the formation of such a deposit by preventing condensation
or to make it easy to clean the inlet duct periodically.

o If the concentration of the contaminant in the waste gas is not
constant and can fluctuate into thie lammable range, there is a possibility
of ignition by the burner in the control equipment and fire-flashback to the
source of the emission. This can be prevented by the proper application
and selection of control equipment initially and the incorporation of
suitable flashback protection, such as a flame arrestor, as required.®

CATEGORIZATION OF ODOROUS WASTE GASES

The type of system chosen for controlling odorous waste gases will depend
to a great extent on the concentration of the contaminants. A convenient
and practical way of categorizing the waste gases by concentration of the
contaminants is as follows:

e Nonflammable at concentrations below the lower explosive (flamma-
ble) limit (LEL). The LEL is the lowest concentration of a contaminant in
air at which the mixture will ignite at room temperature and atmospheric
pressure when exposed to a spark or flame.

o Flammable, or potentially flammable, at concentrations greater than
the LEL. :

NONFLAMMABLE GASES

Several methods of high-temperature oxidation are applicable to control-
ling odorous waste gases in which contaminants are present in concentra-
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tions below the LEL: direct-flame oxidation, catalytic oxidation, and use as
the combustion air supply for any plant combustion equipment (such as
boilers and air heaters). The maximal concentration of odorous waste
gases processed in high-temperature oxidation equipment is usually
limited, by insurance underwriters, to 25% of the LEL, to eliminate fire
hazards. This limitation ensures that the vapor-air mixture being oxidized
will not ignite when exposed to a spark or flame. In some cases with
continuous monitoring equipment, concentrations as high as 40 or 50% of
the LEL are permitted. In most instances of odor nuisance, the concentra-
tion of the contaminating vapors is well below 25% of the LEL—and in
many cases, as low as a few parts per million by volume. All the methods
listed will completely destroy the odors in the waste gases at some
temperature, if the control equipment is properly designed, applied, and
operated.

Direct-Flame (Thermal) Oxidation

Direct-flame oxidation has been demonstrated to be one of the most
effective and reliable methods for controlling odorous emission. There are
many examples of applications of direct-flame oxidation—also referred to
as “after-burning,”>**%" “direct-flame fume incineration,”*’*'*™ “ther-
mal incineration,”'”* “thermal oxidation,”'** “direct-flame combustion,”*
“direct-flame afterburner,”*' “direct-gas-flame oxidation,”**** and “direct
incineration.”® “Direct-flame oxidation” appears to be the proper termi-
nology for what actually takes place in destruction of the odorants: the
odorants are oxidized in the presence of a flame.

In direct-flame oxidation, the odorous emission in concentrations well
below the LEL is completely oxidized to nonodorous gases, such as carbon
dioxide and water vapor, by exposure to temperatures of 900-1,500°F
(480-815°C) in the presence of a flame. The temperature required to do an
effective job depends on the specific pollutants involved and the design of
the combustion chamber. It has been shown that temperatures of 900-
1,500°F, velocities of 15-30 ft/s (4.6-9.1 m/s), and residence times
(including flame contact time) of 0.25-0.60 s give satisfactory
cleanup,”*"** depending on the application and the efficiency required.

Direct-flame oxidation has been used in a large variety of industrial
processes that are potentially odor-producing,®!o3*30:2461.738682.0 g4 chown
in the following list:
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Type of industry Process

Food and drugs Rendering, smokehouses, fish-pro-
cessing, coffee-roasting, citrus pulp,
dryers, animal-blood dryers, antibi-
otic fermentation

Chemical Phthalic anhydride plants, sulfur
plants, hydrogen sulfide plants,
latex- and silicon-rubber curing,
rubber-processing

Petroleum Asphalt-blowing, petroleum-pro-
cessing

Municipal Sewage treatment

Paint and varnish Varnish and resin cookers

Printing and paper Rotogravure presses, kraft-mill op-
erations

General manufacturing Wire-enameling ovens, paint, bak-

ing ovens, caster curing ovens,

aluminum-chip dryers, glass-fiber

curing ovens, can-finishing ovens
Metallurgic Foundry core, aluminum sweating

A recent development in thermal oxidation involves the use of a
regenerative thermal-energy recovery system and achieves oxidation by
heating waste gases to the desired temperature by means of a stoneware
heat-exchange medium in a packed bed of ceramic castings.” This new
method appears to offer the potential of destroying organic solvents with
very high thermal-energy recovery, but there are no data available on the
effectiveness of odor destruction.

Catalytic Oxidation

In catalytic oxidation, sometimes referred to as “flameless combustion,”
“catalytic after-burning,”*' “catalytic incineration,” or “catalytic combus-
tion,”* the presence of a catalyst allows high-temperature oxidation to take
place at a lower temperature and in the absence of a flame. However, a
burner is usually required to heat the odorous waste gases to the required
temperatures, and the gases are partially oxidized before they reach the
catalyst. In catalyst systems, the type of catalyst, the oxidation tempera-
ture, the velocity through the bed, and the amount of catalyst are
important variables that affect efficiency. Platinum and mixed noble-metal
catalysts have been used predominantly in catalytic oxidation equipment
for the control of industrial air pollutants. The catalyst does not
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participate in the reaction. Although the precise mechanism of heterogene-
ous catalytic oxidation is not well understood, there is general agreement
that it proceeds through three necessary steps (and in this order):
adsorption on the active surface, chemical reaction (oxidation on surface),
and desorption of the reaction products.

The oxidation temperature for a catalyst system is the average
temperature of the gases leaving the catalyst bed and ranges from about
600°F to 1,200°F (about 315°C to 650°C). There is a temperature rise across
the bed that depends on the amount of the contaminant that is oxidized.

Anything interfering with any of the steps will interfere with the
efficiency of the oxidation process. For example, if the waste gases contain
inorganic particulate matter that is deposited on the active surface of the
catalyst, this adversely affects the adsorption and desorption steps, thereby
reducing overall efficiency.

Extensive laboratory tests (Miller and Wilhoyte* and Miller and
Soward, cited in U.S. EPA®) indicate that catalyst systems are capable of
achieving efficiencies of over 90% at oxidation temperatures of about
700°F (about 370°C). In actual practice, however, such efficiencies are
difficult to achieve, and temperatures of 1,000-1,200°F (540-650°C)**"*
may be required.

The major problems with catalyst systems are the difficulty in obtaining
uniform flow and uniform temperature distribution and the susceptibility
of catalysts to deterioration due to poisoning, suppression, and fouling
(Table 6-2), or due to attrition. Another concern is that catalytic condition
is difficult to monitor, compared with the ease of monitoring temperature
only in a direct-flame oxidation system. Any high-temperature oxidation
system that operates inefficiently for any reason will yield intermediate

TABLE 6-2 Typical Poisons, Suppressants, and Fouling
Agents That Affect Catalysts of the Platinum-Group

Metals
Type of Agent Examples
Poison Heavy metals
Phosphates
Arsenic
Suppressant Halogens (both as elements and in compounds)
Sulfur compounds
Fouling agent Inorganic particles
Alumina and silica dust
Iron oxides

Silicones
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oxidation products, such as pungent aldehydes and acrylates and burnt
odors. With direct-flame oxidation, once the temperature for proper
oxidation has been determined in a field test, maintenance of that
temperature should ensure proper operation of the system. That is not true
for a catalyst system, because higher operating temperatures are required
as the catalyst deteriorates.

Catalytic oxidation has been applied with various degrees of success in
controlling objectionable odors from phthalic anhydride manufacture,
lithographic ovens, wire-enameling ovens, coffee-roasters, hydrogen sulfide
tail gases from sulfur production, vulcanization kettles, acrylate monomers
in wax-processing, and fabric-coating ovens. '¢!62327-3%4247.32.62.86

Comparison of Catalytic with Direct-Flame Oxidation

A conclusive evaluation, including a field study with sensory measure-
ments to determine the efficiency of odor destruction by a catalyst system
compared with a direct-flame oxidation system at various temperatures,
has not been found in the published literature. The main reason is that
reliable analytic and sensory methods for measuring the efficiency of field
installations have only recently been developed.

It was not until 1965 that a satisfactory analytic method of field-testing
the source emission of organic solvents in industrial effluent streams was
reported. The first report involved a modified total-combustion analyzer.'
The detailed method of field-testing for organic solvents, developed in Los
Angeles County, was first published in 1966,* with the adoption of Rule
66. This method was modified in 1968 on the basis of experience with
testing for compliance with Rule 66.” The Los Angeles method was
adopted by several companies. The results of many tests validating the
efficiency of direct-flame oxidation of organic solvents (90-99+ %) with
this method were reported in the years that followed.*** Similar tests on
the catalyst system have not been conducted on a large scale.

Comparative tests*’ showed solvent-hydrocarbon removal effiencies for a
direct-flame oxidizer of greater than 90% at temperatures of 1,270-
1,370°F (about 690-745°C); for a catalyst system, the maximal efficiency
appeared to be 89% at a temperature of 1,100°F (about 595°C). For a
platinum-metal catalyst, the actual performance of catalyst systems in
reducing many fumes and odors has been found to be inadequate for
meeting the Los Angeles standard of 90% efficiency (R. G. Lunche, cited
in U.S. EPA%). Only one catalyst system had a measured efficiency greater
than 90%. This unit is used in an ethylene oxide process and operates at an
unusually high temperature for a catalyst system.

Although a sensory method for measuring odors of industrial emission
was published” by AsT™ in 1957, the trial-and-error aspect of this method
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(a syringe dilution procedure) was a deterrent to its acceptance and general
use by industry. The use of this procedure reportedly’ helped to solve a
major odor problem with dimethylamine, a raw material used in the
manufacture of synthetic detergent.

In 1963, another group® reported on an improved modified AsT™
syringe static-dilution technique, which eliminated the trial-and-error
aspect. This improved method (Mills/ASTM) has been successfully used by
Los Angeles County in evaluating the effectiveness of control equipment in
odor-producing industries. With additional improvements, the revised
method (Benforado/Mills) has been used successfully by industry in
evaluating the odorous emission from plant processes and in determining
the effectiveness of control equipment in a variety of applications.’ Data in
Table 6-3 permit an evaluation of the effect of temperature on odor
destruction for several applications, on the basis of the Benforado/Mills
measurement methiod.* This kind of information is needed to demonstrate
the effectiveness of catalyst systems.

Furthermore, there is a definite need for additional comparative testing
of catalytic and direct-flame oxidation to demonstrate conclusively the
range of applicability of each of these systems for both odor elimination
and oxidation of organic contaminants at various temperatures. Any
economic comparison of the two methods must be based on the correct
operating temperature for equivalent efficiency. Newer methods of odor
measurement that use a dynamic olfactometer* are available for
comparative testing.

Use as Combustion Air Supply

It is possible to solve some odor problems by using odorous waste gases as
the air supply for a plant boiler, process, or heating furnace. The
concentrations of the contaminants must be well below the LEL’s, and the
volume of the air required for the boiler or furnace should be larger than
the volume of waste gases to be oxidized.

The advantages of this method are that large additional capital
expenditures are not required and that additional operating expenses for
auxiliary fuel may not be required to control the odor problem.

However, the equipment must be fired at all times when the odorous
waste gases are being vented, even when firing is not needed to produce
steam or heat energy for a process. The resulting overall increase in fuel
cost for operation of the boiler or other equipment when it would not
otherwise be required may offset any anticipated savings, compared with a
properly designed, smaller direct-flame oxidizer used only for odorous
waste gases.
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This method has been used successfully to eliminate odors from fish-
processing plants, to dispose of digester blow gases and relief gas from
kraft pulping by oxidizing them in the process lime kiln,"***"" and to
control emission from smokehouses, rendering cookers, and a variety of
odor-producing processes in refineries.*”*

FLAMMABLE GASES

When odorous gases are present at concentrations greater than the LEL—
which means that they will sustain combustion and burn when ignited in
the presence of air—direct combustion, as in a flare, is applicable.” Flare
systems offer a satisfactory way of disposing of odorous hydrocarbon
vapors from refinery petrochemical processes. Operating costs are usually
minimal, because the odorous waste gases themselves constitute the fuel.

The greatest hazard is the unanticipated presence of air in the system,*
which can cause explosions.

A major odor problem in a chemical process that used dimethylamine as
a raw material in the manufacture of synthetic detergent was solved with a
typical flare stack. In this system, the waste gases—consisting of hydrogen,
dimethylamine, ammonia, and nitrogen—varied widely in concentration,
so it was necessary to add natural gas to ensure combustion at all times
and thus prevent flameout.

ENERGY CONSERVATION

Because high-temperature oxidation involves the heating of odorous waste
gases to very high temperatures, the use of heat-recovery equipment to cut
down fuel costs should be evaluated.™* If the industrial process operates 24
h/day, 50 weeks/yr, and requires control equipment around the clock, the
application of heat recovery is usually easily justified for catalytic or
direct-flame oxidation.

Primary heat recovery involves a heat exchanger in which the hot
oxidized gases leaving the combustion chamber are used to preheat the
cooler odorous waste gases that are entering the combustion chamber.
Secondary heat recovery involves a heat exchanger in which the hot
oxidized gases leaving the combustion chamber or leaving the primary
heat exchanger are used to heat air for plant heating or for a process.

Heat-recovery equipment is normally used to reduce the fuel input to
the combustion chamber. A recuperative heat exchanger of the tube type
can be used to preheat the odorous waste gases before they enter the
combustion chamber where the odors will be destroyed, thereby reducing
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TABLE 6-3 Effect of Direct-Flame Oxidation Temperature on Odor
Destruction?

Summary of Odor Panel Tests
Wire Enameling Oven
Field Test—Portable Direct-Flame Fume Incinerator

Average Average Effect of
Odor Strength Odor Strength Incineration
Incineration Odor Units/SCF Odor Units/SCF on Odor
Temperature Inlet Qutlet Strength
1,400°F 2,600 70 97%
reduction—
acceptable
1,200°F 2,500 350 86%
reduction—
marginal
1,000°F 1,300 2,100 Increased—
unsatisfactory

Summary of Odor Panel Tests
Giass Fiber Curing Oven
Field Test— 14,000 scfm Direct-Flame Fume Incinerator

Average Average Effect of
Odor Strength Odor Strength Incineration
Incineration Odor Unit/SCF Odor Unit/SCF on Odor
Unit Temperature Inlet Qutlet Strength
1 1,009°F 550 625 Unsatisfactory
2 1.250°F 380 53 Reduced 10
acceptable
level
3 1,302°F 225 25 Reduced to
acceptabie
level

Summary of Odor Panel Tests
Curing Oven for Hardboard Saturated with Tempering Oil
Lab Test— Portable Direct-Flame Fume Incinerator

Average Average Effect of

Odor Strength Odor Strength Incineration
Incineration Odor Units/SCF Odor Units/SCF on Odor
Temperature Inlet Outiet Strength
1,500°F 1,000 40 96% reduction
1.400°F 1,400 15 97.6%

reduction
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TABLE 6-3 (Continued)

Summary of Odor Panel Tests
Abrasive Wheel Curing Process
Lab Test— Portable Direct-Flame Fume Incinerator

Average Average Effect of
QOdor Strength Odor Strength Incineration
Incineration QOdor Units/SCF Odor Units/SCF on Odor
Temperature Inlet Qutlet Strength
1,200°F 800 10 98% reduction
1,400°F 1,600 32 98% reduction
Summary of Odor Panel Tests

Auto Paint Bake Ovens
Field Test— Portable Direct-Flame Fume Incinerator

Average Average Effect of
Odor Strength Odor Strength Incineration
Incineration Odor Units/SCF Odor Units/SCF on Odor
Temperature Inlet Outlet Strength
Oven #1 1,450°F 170 10 94% reduction
1,350°F 260 14 95% reduction
Oven #2 1,450°F 680 18 97% reduction
1,350°F 650 10 98% reduction

@ Reprinted with permission from Benforado et al.8

the amount of fuel required to reach oxidation temperatures. Efficiencies of
this type of recuperative heat exchanger vary between 30 and 60%.
However, the fuel requirements for high-temperature oxidation can be
reduced by as much as 80% by use of a rotary heat exchanger, if
applicable, if design conditions permit.

It is sometimes possible to recycle a portion of the clean, odorless hot
gases directly into the process or plant heating equipment without using a
heat exchanger. There has been a general reluctance to do this, because of
the possibility of containinating the material being manufactured with
combustion products or with microscopic particles of insulation from the
inner lining of the combustion chamber. The use of a heat exchanger
eliminates this source of contamination.

In some applications, the incorporation of heat recovery helps in
justifying high-temperature oxidation as a practical solution to the
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industrial odor problem by reducing operating costs to an acceptable
value %"

COSTS

The costs of high-temperature oxidation equipment depend on a number
of factors:

o The sizes of the equipment required, based on the volume and rate of
gas flow to be processed.

¢ The nature and concentration of the pollutants in the odorous waste
gases, the temperature of the gases, and the oxidation temperature
required.

+ The type of fuel (such as natural gas or fuel oil) used for the burner.

¢ The extent of heat recovery for preheating the odorous waste gases
going to the oxidizer or for providing heat to other plant equipment.

¢ The hours of operation of the facility.

A recent study™ by the Radian Corporation presented capital costs and
annualized costs of direct-flame oxidizers and catalytic oxidizers for
various solvent concentrations in waste gases. This report includes data
originally presented in an EPA report.* hese costs are graphed in Figures 6-
1 through 6-6 and are applicable to the control of odorous waste gases
when qualified with the assumptions in Table 6-4. The basis used for
annualizing the costs is presented in Table 6-5. It should be noted that
these costs are for new installations or for existing installations that are
easily retrofitted. Such fittings of existing installations may cost 2 or 3
times the values shown.

Add-on control equipment of this type is energy-intensive and costly.
Even the application of heat-recovery equipment does not usually show a
payout on the investment, i.e, a company does not save money by
installing high-temperature oxidizers. Instead, it is an additional overhead
cost that must be added to the cost of the product being manufactured.
Heat-recovery equipment, if properly applied, enables a company to
reduce this additional overhead cost.

Additional concerns in the use of high-temperature oxidizers are the
availability and cost of natural gas or fuel oil. In some parts of the country,
natural gas is not available, and fuel oil is scarce.

Many industrial odor problems involve odorous waste gases with very
low organic-contaminant concentrations—up to a few hundred parts per
million. In those cases, controlling the odors with high-temperature
oxidation is extremely costly, because only negligible energy is recovered
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FIGURE 6-1 Capital costs of catalytic and thermal afterburners without primary heat
recovery. Reprinted from Radian Corporation.”

from the oxidation of the pollutant. This can be seen by referring to Figure
6-5 or Figure 6-6, where the annualized costs may be compared for
concentrations of 100 ppm and 25% of the LEL (about 2,500 ppm for an
organic solvent with an LEL of 1%). For example, from Figure 6-6, for a
20,000-sCFM* noncatalyst system with primary ané secondary heat
recovery, the annualized control cost for a high pollutant concentration,

*sCFM is the volume rate of gas flow in standard cubic feet per minute at 70°F and & pressure
of 1 atmosphere.
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FIGURE 6-2 Capital costs of catalytic and thermal afterbumers with heat recovery.
Reprinted from Radian Corporation.”™

25% of the LEL, is about $30,000/yr, compared with about $180,000/yr
for a low pollutant concentration of 100 ppm.

This means that controlling odor sources with high-temperature
oxidization can become prohibitively expensive. Companies are likely to
install this type of control equipment only when it is absolutely necessary.
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FIGURE 6-3 Capital costs of catalytic and thermal afterburners with primary and
secondary heat recovery. Reprinted from Radian Corporation.”

SUMMARY AND RECOMMENDATIONS

High-temperature oxidation is a reliable proven method of destroying
odorous waste gases. The incorporation of heat-recovery equipment to
reduce fuel requirements makes it possible to minimize the high cost of
this type of control.

There is 2 need to obtain sensory data on different categories of odor
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TABLE 6-4 Technical Assumptions Used in Developing Cost Estimates
for Catalytic and Thermal Afterburners®

1. Thermal afierburners designed for both oil and natural-gas operation; catalytic afterburn-
ers designed for natural-gas and propane operation.

Catalytic afterburners capable of 800°F (427°C) operation at low pollutant concentra-
tions, 1,200°F (649°C) at higher concentrations.

Equal weight percent hexane and benzene in air.

Afterburner operates 5,840 h/yr.

Catalyst lifetime is 3 yr.

. 1,500°F (816°C) operation in thermal afterbumer with a residence time of 0.5 s.
Primary heat-recovery efficiency of 35%, secondary heat-recovery efficiency of 55%.
Outdoor rooftop installation requires structural steel.

. Gas inlet temperature of 300°F (149°C).

. Materiails to be burmed and combustion products are noncorrosive.

g

SomNgwaw

—

% Data from U.S. National Air Pollution Control Administration8? and R. C. Lunche (cited in
U.S. Environmental Protection Agency86).

sources, to determine the minimal temperatures required for the destruc-
tion of odors with the various methods available and the various types of
equipment being manufactured.

High-temperature oxidation is energy-intensive, so the impact of the
expanded use of this type of equipment on national energy goals ought to
be examined.

CONTROL OF ODORS BY ATMOSPHERIC DISPERSION
AND LAND-USE PLANNING

Odor control by atmospheric dispersion is predicated on the assumption
that dilution of odorants to below a sensory target value—e.g., the
detection threshold—can be achieved and maintained by atmospheric
dispersion. This assumption relies heavily both on the validity of reported
odorant thresholds and on the accuracy of measurements of odorous
emission. As mentioned in previous chapters, a published odorant
threshold is more a function of the measurement method used than an
absolute indicator. The same observation may be made with respect to
measurement of odorant emission rates;'in this case, however, with careful
selection of method and adaptation to the source, accurate and reliable
measurement can be made, as described in Chapter 4.

Another assumption underlying the use of atmospheric dispersion for
odor control is that odorant transport in the atmosphere is entirely a
function of atmospheric turbulent diffusion processes. Dispersion models
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TABLE 6-5 Typical Components of Annualized Costs

of Catalytic Afterburners?
Gas-stream characteristics
Flow 15,000 scfm (7 m3/s)
Concentration 15% LEL
Inlet temperature 300°F (150°C)
Direct operating costs
Utilities $20,000%
Direct labor 3,000
Maintenance 7,800¢
Annualized catalyst replacement 19,800¢
Capital charges 41,000/
TOTAL $91,600

@ Reprinted with permission from Hirt Combustion Engineers.48

bFuel at $1.56/GJ ($1.65/106 Btu), electricity at $9.17/GJ
($0.033/kWh).

¢ Labor at $8.25/man-hour.
4 Maintenance as percentage of capital cost: 4%.
¢ Catalyst life of 3 yr.

f Capital charges include as percentages of capital cost: depreciation,
13%; and taxes, insurance, and administrative overhead, 4%.

can therefore be used with confidence in predicting downwind odor
resulting from various stack and emission configurations at distances up to
20 km. At greater distances, however, other atmospheric transport
methods, such as particulate adsorption or atmospheric reactions, may be
more significant than turbulent dispersion.

Atmospheric dilution of odorous emission can be achieved in two main
ways:”

o Collection of all process and plant emission and discharge through a
tall stack: Contaminants emitted into the atmosphere are diluted by
turbulence and diffusion. The dilution of a contaminant depends directly
on the wind speed: the mass emitted in unit time is spread over the
distance traveled in unit time by air blowing over the discharge point. In
addition to this thinning of material in the direction of the mean wind,
there is mixing along and across the mean wind horizontally and vertical
mixing because of the natural turbulence resulting from the wind.

o Relocation of the source at a greater distance from any receptor:
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Moving an odorous discharge farther from any receptor obviously results
in a reduced odorant concentration at the receptor. Such a drastic step is
currently limited to situations where the source may be relocated within
the confines of property to take advantage of favorable atmospheric
dispersion provided by local climate and topography. These situations
arise most often during siting studies. Careful assessment of industrial-
plant odor sources before the location of a plant is fixed can avoid odor
problems. One automotive assembly plant has spent well over $1 million to
solve a community odor problem that might have been prevented if the
plant had been constructed at a different site on the property. This concept
could be applied to determine property boundaries needed to prevent odor
problems or to develop effective land-use policies.

Several factors must be carefully considered before reliance is placed on
atmospheric dispersion for odor control. These include the characteristics
of the odorants and their sources and local meteorologic characteristics.
Point sources—such as ducts, ports, and vents—are suitable for dispersion.
Fugitive emission—such as that from open doors, windows, or leaking
flanges—should be prevented or captured and ducted to the stack. Terrain
must also be considered. If the odor source is in a valley in rugged,
complex terrain, odor control by dispersion is either impractical or
impossible; in such cases, discharging odorants through a tall stack only
transfers the location of complaints of malodors. Many factors contribute
to the transport and dilution of odors, including temperature and humidity
of vent gases and reaction with other materials in the atmosphere or
photooxidation. Where these reactions are rapid—e.g., an hour or less, as
in the oxidation of carbon disulfide, CS,, to carbon oxysulfide, COS"'—
atmospheric dispersion is usually not feasible for odor control. As Turk et
al™ pointed out, odors may be associated with particles. Odorants with
very low thresholds—e.g.,, 1 ppb or less—are therefore usually not
sufficiently controllable by straightforward dispersion. If the source is in a
place where inversion conditions would be frequent, tall-stack dispersion
for odor control may not be sufficient, so it is necessary to determine the
frequency of such conditions for each specific site. Finally, there are many
limitations on stack height: structural requirements, economic restrictions,
and limitations related to air traffic in the area and other local regulations;
these have been discussed in detail by Smith®* and Cheremisinoff.*

Most current odor regulations are of the type that ban the release of
objectionable odors but seldom define how objectionableness is to be
determined.* To solve an odor problem, it is usually necessary to achieve
essentially zero detectable odor in the community downwind from the
odorant sources. The following steps are designed to achieve this objective
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when discharge through a tall stack is selected as the means of controlling
odors:

o Measure the odor emission per source. Dilution ratio and standard
flow rate are measured at each potentially odorous emission source.

o Perform modeling calculations from the present or design source
configuration with a puff model, such as the TRc Odor Model,* which
includes plume rise, building wake entrainment, and mixing-volume
correction techniques designed to increase accuracy. The Briggs™ plume-
rise method is used in that model. The results obtained should be similar to
those shown in Tables 6-6 and 6-7.

o Conduct an odor survey in the community. This involves the mapping
of perceived odor qualities (or characteristic smell) and odor dilution
ratios and/or intensities under different meteorologic conditions, usually
on the basis of tests with expert odor judges.

o Correlate the model results with the survey results (i.e., calibrate the
model). This will relate the odor intensities, dilution ratios, and types
found in the community with those determined by modeling suspected
sources. If there is no correlation, this could mean that the odor source
configuration is more complex than anticipated or that a significant
contribution to the odor problem has been neglected or incorrectly
represented in the model. For example, building downwash effects could
convert a stack source into a ground-level source, as shown in Figure 6-7.”
The model should be adjusted accordingly.

¢ Determine required stack height. The adjusted model should be used
for the determination of the stack height required to reduce the odor
impact at receptors to less than the odor threshold or other allowable
number. (This usually requires iterative calculations with output as shown
in Figure 6-8.%)

Some costs of two types of stacks used for odor control are given in
Table 6-8. The practical limit for a guyed stack is approximately 150 ft (46
m), and this requires a large roof to provide adequate anchor sites for the
guy wires. If a greater stack height is required—i.e., a self-supported
stack—other means of odor control are usually more cost-effective.

ABSORPTION AND GAS-PHASE REACTIONS

Odor removal by scrubbing depends on the greater solubility of the
odorant in a selected solvent (usually water) than in the odor-carrying gas
(usually air). With intimate contact between gas and solvent, the odorant
is transferred to the liquid phase from the gas and it then becomes
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acceptable to release the cleaned gas to the atmosphere. The contaminated
solvent may be disposed of as waste or treated chemically to convert the
dissolved odorant to another, nonvolatile chemical species and recirculat-
ed. Odor reduction by scrubbing is a mass-transfer process that takes place
by a diffusional process known as absorption. It is an important unit
process in chemical engineering practice, and the theoretical and practical
operating principles are available in standard texts.”’ ™7

Transfers of gaseous odorants to a scrubbing liquid are limited by the
following physical factors:

o Selection of a Suitable Solvent: Although water is the preferred
scrubbing liquid (or solvent) because of its ready availability, low cost, and
ease of disposal, most unpleasant-smelling odorants are organic and have
only limited solubility in water. Alternative solvents for organic odorants
must be low in cost or easily repurified, nonvolatile, nonodorous,
nonflammable, and easily disposed of, to be considered satisfactory for
odor removal. Although a highly purified and deodorized mineral oil
would meet most of these criteria (and other solvents could no doubt be
hypothesized), water remains the only widely used scrubbing liquid. This
has seriously limited the application of scrubbing for deodorizing effluent
gases. Nevertheless, a number of stratagems have been used successfully to
overcome the poor solubility of organic malodorants in water, including
the use of gas-phase reactions that have the effect of improving the
aqueous solubility of the reaction products and the addition of reacting
chemicals to water to change the chemical form of the odorant and to
lessen the tendency of these less easily absorbable compounds to
revolatilize from the scrubbing liquid. These processes are discussed in
more detail later. In spite of the prevalence of organic malodorants, many
commonly encountered substances that produce odor complaints are
inorganic (hydrogen sulfide is an outstanding example), and for these an
aqueous scrubbing liquor is ideal.

o Low Concentration of Malodorants in the Gas Phase: The rate of
absorption is directly proportional to the concentration difference between
the malodorant in the gas phase and in the liquid phase, when expressed in
consistent units. Inasmuch as offensive concentrations of most commonly
encountered malodorants are in the parts-per-billion range, the concentra-
tion-difference driving force between gas and liquid phases will be
vanishingly small under the best of circumstances, i.e., when a fresh
solvent is used; but, as the solvent takes up the odorant, the concentration
difference between phases becomes even smaller. This may be contrasted
with the more usual application of absorption for the manufacture of
chemicals. There the absorbable compound is measured in percent by
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TABLE 6-6 Model Output from an Example Industrial Odor Study<

Odor model test; no control implemented. Distribution of odor levels at position 0.30, 0.00. Wind direction 270. Wind speed 1.00 m/s. Lateral stability
class 1. Vertical stability class S.

Cumulative
Class Upper Cumulative Percentage
Limit Frequency of Frequency of Frequency of
Class Odor Level Occurrence Occurrence Occurrence Comments
1 0.01 325 32§ 32.50
2 0.05 130 455 45.50 1-h ave.
3 0.10 105 560 56.00 (at 50%)
4 0.20 109 669 66.90
5 0.50 61 730 73.00
6 0.80 19 749 74.90
7 0.90 13 762 76.20
8 1.00 7 769 76.90 Nondetectable
9 2.00 46 815 81.50 Detectable
10 3.00 47 862 86.20
11 4.00 38 900 90.00
12 5.00 33 933 93.30
13 8.00 67 1000 100.00 Peak
14 10.00 0 1000 100.00
15 20.00 0 1000 100.00
16 50.00 0 1000 100.00
17 100.00 0 1000 100.00
18 200.00 0 1000 100.00
19 500.00 0 1000 100.00
20 1000.00 (4] 1000 100.00

® Data from Murray ef al 63
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TABLE 6-7 Model Output for Industrial Source with 30-Meter Stack
Installed®

Odor model test— 30-m stack in place. Distribution of odor levels at position 0.30, 0.00. Wind
direction 270. Wind speed 1.00 m/s. Lateral stability class 1. Vertical stability class 5.

Cumulative
Class Upper Frequency Cumulative Percentage
Limit of Frequency of Frequency of
Class Odor Level Occurrence Occurrence Occurrence
1 0.01 523 523 52.30
2 0.05 176 699 69.90
3 0.10 129 828 82.80
4 0.20 135 963 96.30
5 0.50 24 987 98.70
6 0.80 5 992 99.20
7 0.90 3 995 99.50
8 1.00 1 996 99.60
9 2.00 4 1,000 100.00
10 3.00 0 1,000 100.00
11 4.00 0 1,000 100.00
12 5.00 0 1,000 100.00
13 8.00 0 1,000 100.00
14 10.00 0 1,000 100.00
15 20.00 0 1,000 100.00
16 50.00 0 1,000 100.00
17 100.00 0 1,000 100.00
18 200.00 0 1,000 100.00
19 500.00 0 1,000 100.00
20 1,000.00 0 1,000 100.00

@ Data from Murray et al.65

volume rather than in parts per billion—a difference of seven orders of
magnitude in concentration. When the liquid phase becomes saturated
with the malodorant—i.e., when it is in equilibrium with the resulting
concentration of the malodorant gas phase and is unable to absorb any
more—the malodorant passes through the absorber unchanged. In spite of
the extraordinarily low concentration differences commonly encountered
in the deodorizing of gases by absorption, the rate of transfer can be
maximized by the liberal use of reacting chemicals in the scrubbing water
that serve to maintain the partial pressure of the absorbed odorants at
zero. In addition, chemical treatment of the scrubbing water makes it
possible to recirculate it through many cycles before it must be discarded
or repurified.


http://www.nap.edu/catalog.php?record_id=19818

208 ODORS FROM STATIONARY AND MOBILE SOURCES

FIGURE 6-7 Plume behavior during full entrainment, nonentrainment, and partial
entrainment. Reprinted with permission from Cheremisinoff.*

TABLE 6-8 Cost Estimates for Small-Diameter Tall

Stacks for Odor Control

Height

fi m Type Approximate Cost, $
50 15 Guyed on structure 6,400

100 30 Guyed on structure 12,800

200 61 Self-supported 250,000

300 91 Self-supported 380,000
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Gas- and liquid-phase reactions of odorous compounds have been
studied extensively. It has been found that non-volatile oxidizing chemi-
cals, such as potassium permanganate, and neutralizing chemicals, such as
sodium hydroxide, are effective only after the odor-producing substance
has been absorbed in the scrubbing liquid. It is often forgotten that the
presence of a reacting or neutralizing chemical in the scrubbing liquid can
have no influence on the rate of odorant transfer by physical absorption
alone. However, a gaseous reactant—such as chlorine, chlorine dioxide, or
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FIGURE 6-8 Odor isopleths for various plant stack heights. Top, area with odor diluton
ratios greater than 10 from the existing plant. Middle, improvement achievable with a stack
height of 20 m. Bottom, no odor dilution ratio above 10 with a 30-m stack height. Reprinted
with permission from Cha.”®
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ozone—can change the chemical nature of odorants in the gas phase and
make them less malodorous or prepare them for absorption by making
them more soluble. In addition, these substances are soluble and, after
absorption in the scrubbing liquid, act as powerful oxidizing agents for
dissolved odorants by liquid-phase reactions.

When permanganate is used as an oxidizing agent in solution, it
produces an insoluble manganese dioxide reaction product, which can clog
the scrubber and plug the droplet carryover stage that follows it. When
sodium hydroxide is used as a neutralizing agent for acid gases that have
foul odors, such as hydrogen sulfide, it also traps carbon dioxide from the
air or combustion gases that can combine with hardness chemicals in the
scrubbing water to form insoluble calcium carbonate and magnesium
carbonate scale on all the scrubber and mist-eliminator surfaces.

If ozone is introduced into the gas phase, it must be at 10 ppm, if not
more, to effect a reasonable degree of oxidation of odorous compounds
within an acceptable retention time (no more than a few seconds). A
number of attempts have been made to ameliorate the rotten-egg odor of
hydrogen sulfide emitted by sewage treatment plants by the addition of
ozone to the effluent gases before release to the atmosphere, but the gas-
phase reaction rate is so slow that this treatment is ineffective. In addition,
a considerable excess of ozone must be added to the odorous gas stream to
produce any effect at all, and most of the added ozone will be emitted to
the atmosphere unchanged. This would represent an excessive atmospheric
emission of ozone in most air-pollution control districts. Therefore, a
scrubber of some sort is required to remove excess ozone from the treated
gases before their release to the atmosphere. The use of chlorine dioxide
has many of the same limitations.

Chlorine, another powerful gaseous oxidizing substance that can be
added to malodorous effluent gases to induce useful gas-phase reactions,
has a number of advantages: it is less toxic than ozone; unreacted chlorine
is easily removed from the gas phase by caustic scrubbing, and the sodium
hypochlorite that is formed in the liquid phase reacts with absorbed
materials to cause a further chemical transformation of malodorous
compounds; chlorine is readily available as a compressed gas (unlike
ozone, which must be generated from clean, dry air or oxygen, as needed);
automatic equipment for dispensing it in controlled amounts has been used
umiversally for decades for the treatment of drinking water; and it is
relatively inexpensive and very reliable.

Regardless of which chemicals may be added to the gas phase for the
purpose of reacting with malodorants, experience has demonstrated the
futility of depending on gas-phase reactions alone, because these reactions
are always incomplete in practical applications (although they can
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TABLE 6-9 Scrubber Reagents for Absorbing
Frequently Encountered Odorants

Reagent Odorant Class
Calcium bisulfite Aldehydes
Hypochioric acid Amines
Potassium permanganate Aldehydes
Sodium bisulfite Aldehydes
Sodium hydroxide Mercaptans
Sulfamic acid Amines
Sulfuric acid Amines

sometimes be demonstrated in bench-scale laboratory apparatus) and a
large excess of the injected gas-phase reactant must be used. Ultimately,
this excess must be emitted to the atmosphere unchanged, and it will then
behave as a pollutant in its own right. This makes it necessary to exercise
extreme caution in the use of chemical additives (including reodorizing
and masking agents) in effluent gases, unless adequate means are provided
for their complete removal before emission to the atmosphere. For
example, when the malodorous effluent from a spent grain dryer was
treated with chlorine gas at 2 ppm in the gas phase, allowed to react for
several seconds, and then passed through a multistage scrubber contaiming
enough caustic to raise the pH to 11-12, there was a marked reduction in
odor intensity of the cleaned effluent.*’ Increasing the gas-phase chlorine
addition to 6 ppm produced an effluent that was almost odorless, with no
hint of a chlorine or hypochlorite odor. Overall reduction in odorant
concentration was 95% by gas chromatography; this indicated a high
degree of collector efficiency by chemical measurement, as well as by
sensory evaluation. An increase in chlorine injection to 9 ppm produced an
equally good overall removal efficiency by chromatographic measurement,
but the treated effluent now had a distinct hypochlorite odor that was not
considered acceptable. This series of tests illustrated the usefulness of gas-
phase reactions for altering the chemical nature of malodorants and the
absolute need to remove reactants and reaction products by some step,
such as absorption in a suitable solvent. Typical reagents for absorbing
some frequently encountered classes of odorants are listed in Table 6-9. No
reagent was found to be effective for all the odor classes considered.*

The effectiveness of odor removal by hypochlorite scrubbing solution
alone—i.e., without preliminary gas-phase reactions—is shown in Figure
6-9.* The apparatus used was a countercurrent tower packed with 1/4-in.
porcelain Raschig rings (hollow cylinders). The experiments were con-
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FIGURE 6-9 Dependence of malodorous-gas removal efficiency on
effective chlorine concentration at top of packed tower. Reprinted with
permission from Azuma er al.*

ducted at a superficial gas velocity of 0.25 m/s, a liquid-to-gas ratio of 2.5
kg/kg, and a gas retention time of 2 s. The molar ratio of sodium
hypochlorite consumed by the odorants was 1.5 for methyl mercaptan, 1.8
for ammonia, 1.0 for dimethyl sulfide, and 2.8 for dimethyl disulfide. The
odor quality and intensity of the effluent gases were not recorded.
Additional examples of scrubbing for the removal of malodorous sub-
stances from process off-gases are cited later, in the discussion of specific
industries. This control process is especially important for nonedible-fat
rendering, fish- and poultry-offal meal production, and other industrial
processes that emit substantial quantities of oils and fats that rapidly clog
and inactivate adsorption carbons.

Careful scrubber design is essential to provide for long gas retention
times, intimate contact between phases, and the absolutely necessary
retention of strongly reactive chemicals wholly within the scrubbing
apparatus. Often, the malodorous gases will be accompanied by solids that
will clog the unit if special provisions are not made to remove them before
entry into the contact sections of the absorber. This is a requirement of
special urgency in the handling of off-gases that contain putrescible solids,
lest they remain within the apparatus, putrify, and produce an additional
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source of intensely malodorous emission. Caustic scrubbing solutions that
saponify grease and hypochlorite-containing scrubbing solutions that halt
microbiologic decomposition can play a dual role when they are used in
the gas-deodorizing scrubbers for off-gases that contain oil droplets and
putrescible solid particles.

SCRUBBING EQUIPMENT

The gas scrubber most widely used by chemical engineers for chemical
manufacture is the countercurrent packed tower in which the scrubbing
liquid is introduced at the top and trickles down over and through the
packing that is designed to expose an extended liquid surface in thin films
to the rising gas. Packings include plastic, ceramic, metal, and graphite
shapes ranging from rings, spheres, and saddles to porous beds of fibers
(Figure 6-10).” The special advantage of countercurrent flow of liquid and
gas phases is that it maximizes the concentration driving force throughout
the apparatus, inasmuch as the fresh scrubbing liquid is in contact with the
cleaned gases leaving the tower and the spent liquid at the bottom of the
tower is in contact with the highest concentration of the entering gas.
When gas and liquid flow rates are chosen with full consideration of the
total amount of odorant that is to be transferred from gas to liquid,
saturation of the liquid with respect to the gas concentration in contact
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FIGURE 6-10 Countercurrent packed tower and packings. Reprinted from
Calvert er al.”
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FIGURE 6-11 Odor-scrubbing system. Reprinted with permission
from Dickerson er gl.>*

with it will not occur anywhere in the tower, and odorant transfer will
occur smoothly throughout the tower height. A typical countercurrent
odor-absorbing system is diagramed in Figure 6-11.” The system includes
means to add chemicals to the scrubbing water. However, when a
neutralizing or reacting chemical is added to the scrubbing liquid, so that
there is no longer a tendency for the absorbed odorant to revolatilize into
the gas phase, there is no special advantage in countercurrent scrubbers
over cocurrent or crossflow scrubbers. Crossflow scrubbers are lighter (for
roof installation), easier to service, and less expensive than packed towers.
They have dominated the field of air-pollution control scrubbers and are
widely used, with appropriate chemical additions to the scrubbing water,
for removal of odors from effluent gases.

Figure 6-12 shows a typical multistage crossflow scrubber that is used
for odor removal. Gas flow is horizontal. The liquid is sprayed on top of
the packing and flows down by gravity into a sump, from which it is
collected and resprayed. As shown in Figure 6-12, each stage may be
sprayed with a different chemical to effect complete odor removal and
retention of volatile treatment chemicals. For example, stage 1 might
contain a reducing chemical for removal of aldehydes, stage 2 an oxidizing
chemical for removal of amines, and stage 3 an alkali for removal of
mercaptans and chlorine volatilized from stage 2 (Table 6-9). Figure 6-13
shows components of a single absorption stage, including packing, sprays,
and mist eliminator.
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thermal destruction is likely to be much cheaper and easier than scrubbing
for a small malodorous-gas stream, whereas the reverse is likely to be the
case when gas streams substantially exceed an emission rate of 1,000 cfm
(cubic feet per minute). This is because the cost of fuel is directly
proportional to the volumetric gas rate that must be treated, whereas
substantial economies of scale are obtained as the scrubber size increases.
Although chemical costs increase in proportion to the amount of odorant
removed, the concentration of odorant will in most cases be measured in
parts per billion or parts per million, by volume, and the chemicals will
seldom represent a major fraction of total scrubber costs when the
scrubbing liquid is recirculated and only the odorant reacts with the
chemical. If the odorant concentration increased to the point where it
provided all the fuel required to sustain the thermal reaction with the aid
of heat regeneration and catalytic burners, the economics would reverse;
but such high concentrations are likely to represent air-pollution threats of
a more serious nature than odor and are likely to be controlled for other
reasons. Similar considerations apply in a comparison of scrubber costs
with those associated with adsorption. As the concentration of odorants
decreases and the gas volume to be deodorized increases, the cost
advantage of scrubbing over gas adsorption widens.

Average cost figures for all manner of large, complex air-cleaning
systems are hard to obtain, because these devices are custom-designed and
constructed to meet precise specifications of the purchaser and because
installation costs vary severalfold from plant to plant, depending on site
availability and how costs are distributed between air-cleaning system
construction and process or structural improvement. Furthermore, each of
these several costs changes rapidly in response to widespread changes in
prices and wage rates, so a cost survey can scarcely be completed before it
is obsolete. At the time of this report, a three-stage scrubber constructed of
glass-reinforced polyester resin for chemical resistance and equipped as
shown in Figure 6-12 costs approximately $23,000 FoB for 10,000-cfm
capacity ($2.3/cfm) and $66,000 fob for 50,000-cfm capacity (§1.3/cfm).
Purchase cost would be less than half these figures if the scrubber casing
were constructed of carbon steel, instead of glass-reinforced polyester.
Installation costs that include inlet and outlet piping, blower and motor,
pumps, electric and plumbing connections, etc., are likely to be 2-5 times
the purchase cost, with an average of about 2.5 times. Operating costs are
for chemicals, electric power, water, wastewater treatment, and mainte-
nance and repair of equipment. These are highly variable. If corrosion-
resistant materials of construction are selected, repair costs are negligible
for this type of equipment. Maintenance may involve a substantial number
of weekly man-hours whenever scale formation occurs, because the
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scrubbing liquid contains substantial hardness and is maintained at high
alkalinity, or when insoluble particles accumulate in the scrubber packing.

Spent scrubbing solutions may require neutralization before disposal, to
prevent rapid corrosion of waste pipes and waste-treatment plant
equipment. In some cases, bactericidal chemicals in the spent scrubbing
water have to be destroyed, to avoid disruption of microbiologic sewage-
treatment processes. Scrubbing solutions heavily contaminated with fats,
oils, and soluble and insoluble putrescible substances can usually be
treated satisfactorily by existing wastewater-treatment processes that are
an integral part of the process equipment of the industries involved, e.g.,
stickwater-treatment tanks in fishmeal and nonedible-fat rendering plants.
This is especially feasible when the quantity of scrubber wastewater can be
severely limited by chemical treatments that result in extensive liquid
recirculation before discharge.

With meticulous scrubber design, rigorous constraints on overdosage of
scrubbing-water chemicals, and careful restrictions on wastewater vol-
umes, unit costs for gas deodorization by scrubbing compare favorably
with those associated with adsorption and incineration whenever choices
may be made among effective treatment systems. In consideration of the
probable future trend of fuel prices, the cost advantage of scrubbing (in
cases where it is an effective means of gas deodorization) is likely to
increase substantially. Typical applications of scrubbing for control of
odorous emission from a number of industries are shown in Table 6-10.”

ADSORPTION*

GENERAL PRINCIPLES

Any gas or vapor will adhere to some degree to any solid surface. This
phenomenon is cailed “adsorption.” Practical adsorbents have extensive
areas of inner surface, by reason of extensive honeycombing. When
adsorbed matter condenses in the submicroscopic pores of an adsorbent,
the phenomenon is called “capillary condensation.” Adsorption is useful
in odor control, because it is a means of concentrating gaseous odorants
from an airstream, thus facilitating their disposal, their recovery, or their
conversion to innocuous or valuable products. When an odorous airstream
is passed through a fresh adsorbent bed, almost all the odorant molecules
that reach the surface are adsorbed, and desorption is very slow.
Furthermore, if the bed consists of closely packed granules, the distance

*Some of the material in this section is summarized from Turk.® Information on costs
has been obtained from a Radian Corporation report.™
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TABLE 6-10 Odor Control by Liquid Scrubbing for Selected Industrial Processes®

Industry Odorous Gases Process Sources Scrubbing Solutions

Petroleum-refining Hydrogen sulfide, mercaptans, Air and steam stripped of sour Ethanolamine, sodium
ammonia, amines waters, process vessels, product- hydroxide

treating, wastewater, tank vents
Natural gas Hydrogen sulfide, mercaptans Gas wells Ethanolamine, sodium
hydroxide, metal saits
Coke ovens Hydrogen sulfide Coking vent Ethanolamine, sodium
hydroxide

Viscose rayon Hydrogen sulfide Acid-treating Sodium hydroxide, metal saits

Kraft pulp mill Hydrogen sulfide, methyl Digesters, evaporators, recovery Sodium hydroxide, sodium
mercaptan, organic sulfides, furnaces, lime kiins hypochlorite, chlorine, water,
terpenes black liquor

Chlorine chemicals Chilorine, hydrochloric acid, Beach piants, metal-plating, Water, ammonium hydroxide
carbonyl chloride chemical operations

Meat-packing Amines, organic acids, organic Cooking, packaging, washing Water, chlorine
gases

Animal-rendering Amines, organic acids, ammonia, Cooking, grinding Water, chiorine dioxide
hydrogen sulfide, mercaptans

Fish meal reduction Amines, skatoles, acids Cooking, dryers Chlorine, sodium hydroxide

Soap-making Organic esters, ammonia, amines, Storage tanks Sulfuric acid, sodium hydroxide
hydrogen sulfide

Varnish-cooking Maleic anhydride, alkyd resins, Cooking Water acids, sodium hydroxide
amines

2 Data from Danielson.3!
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the molecules must travel to reach some point on the surface is small, and
the transfer rate is therefore high. In practice, the half-life of airborne
molecules streaming through a packed adsorbent bed is around 0.01 s, and
a 95% removal occurs in about 4 half-lives, or around 0.04 s.* Thus, the
very high efficiencies required to deodorize a highly odorous airstream
may be achieved with a bed of moderate depth at reasonable airflow rates.

The quantity of material that can be adsorbed by a given weight of
adsorbent depends on the following factors: the concentration of the
material in the space around the adsorbent, the total surface area of the
adsorbent, the total volume of pores in the adsorbent with diaineters small
enough to facilitate condensation of adsorbed gases, the temperature, the
presence of other gases in the environment that may compete for a place
on the adsorbent, the characteristics of the molecules to be adsorbed
(especially their weight, electric polarity, size, and shape), and the electric
polarity of the adsorbent surface. Maximal capacity for adsorption of a
given substance is favored by a high concentration of the substance in the
space adjoining the adsorbent, a large adsorbing surface, freedom from
competing substances, low temperature, and aggregation of the substance
in large molecules that fit and are strongly attracted to the receiving shapes
of the adsorbent.

Adsorbed odorants may be disposed of in any of the following ways: the
adsorbent with its adsorbate may be discarded; the adsorbate may be
desorbed and recovered, if it is valuable, or discarded (the adsorbent is
recovered in either case); or the adsorbate may be chemically converted to
a more easily disposable product, preferably with preservation and
recovery of the adsorbent.

ACTIVATED CARBON

Adsorbents are most significantly characterized by their chemical natures,
by their surface areas, and by the volume and diameter of their pores. The
most important chemical differences among adsorbents are related to
electric polarity.

Activated carbon, consisting largely of neutral atoms of a single
element, presents a surface with a relatively homogeneous distribution of
electric charge. As a result, it has less preference for highly polar
molecules, such as water, than for most organic substances; it is therefore
suitable for the decontamination of an airstream that contains odorous
organic matter.

Table 6-11 shows ranges of surface areas and pore volumes of several
adsorbents. Among these, activated carbon is generally highest in surface
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TABLE 6-11 Surface Areas and Pore Sizes of Adsorbents®

Activated Activated Silica Molecuiar
Carbon Alumina Gel Sieve
Surface area, m2/g 1100-1600 210-360 750 -
Surface area, m?/cm? 300-560 210-320 520 -
Pore volume, cm3/g 0.80-1.20 0.29-0.37 0.40 0.27-0.38
Pore volume, cm?/cmy 0.40-0.42 0.29-0.33 0.28 0.22-0.30
Mean pore diameter, A 15-20 18-20 22 39

“ Reprinted with permission from 'I‘u‘r’k.‘2 .
b Refers to micropore volume (< 25 A diameter); macropores (> 25 A) not included.

area and pore volume, and these are the properties that primarily
determine overall adsorptive capacity.

Activated carbon (also called “‘active carbon” or “activated charcoal™)
consists of particles of moderately to highly pure carbon that have a large
surface area per unit weight and unit volume of solid: For use in a fixed
bed for air or gas purification, the particles must be so sized that they
impose little resistance to flow for a given sorption efficiency; the range of
4-20 mesh (U.S. Sieve Series) encompasses the predominant portion of
carbon for such use. To minimize mechanical attrition during transporta-
tion and use, the activated carbon should be hard. Hardness is determined
in part by the nature of the raw material used for manufacture and in part
by the manufacturing process. Raw materials include coconut and other
nut shells, fruit pits, bituminous coal, hard woods, and petroleum residues.

As stated above, activated carbon is effective in adsorbing molecules of
organic substances, even from a humid gas stream, with less selectivity
than is exhibited by other, more polar sorbents. Water molecules, being
highly polar, exhibit stronger attraction for each other than the nonpolar
carbon surface; consequently, larger, less polar organic molecules are
selectively adsorbed.

The total adsorptive capacity of a sample of activated carbon may be
measured by its activity or retentivity for a standard vapor. The activity is
the maximal amount of a vapor that can be adsorbed by a given weight of
carbon under specified conditions of temperature, concentration of the
vapor in question, and concentration of other vapors (usually water). The
retentivity is the maximal amount of adsorbed vapor that can be retained
by the carbon after the vapor concentration in the ambient air or gas
stream passing through it has been reduced to zero. Because an adsorbent
may be required to retain its adsorbate even in pure air, the retentivity
represents the practical capacity of the carbon in service. Typical
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specifications for activated carbon to be used for air purification are given
in Table 6-12.

The pore sizes of activated carbons are important determinants of their
adsorptive properties. Pores less than about 25 A in diameter are generally
designated as micropores, larger ones as macropores. The distinction is
important, because the molecules of most odorants range in diameter from
about 4.0 to about 8.5 or 9.0 A. If the pores are not much larger than twice
the molecular diameter, opposite-wall effects play an important role in the
adsorption process by facilitating capillary condensation. Maximal adsorp-
tion capacity is determined by the liquid packing that can occur in such
small pores.

A plot of adsorption capacity against partial pressure of the adsorbate at
a given temperature is called the adsorption isotherm. Figure 6-14 shows
how adsorption capacity increases with increasing partial pressure, as well
as with increasing molecular weight in a series of compounds of related
chemical structure.

Figure 6-15, taken from a study of the saturation of activated carbon in
an apple-storage atmosphere at 85% relative humidity and 35°F (1.7°C),
shows how the initially adsorbed moisture is gradually displaced by the
adsorbed organic vapors.*

When odorant concentrations are low, thin-bed (about 2-cm) adsorbers
often provide a useful service life while offering the advantage of low
resistance to airflow. The carbon is retained between perforated metal in
flat, cylindric, or pleated shapes (Figures 6-16, 6-17, and 6-18). Commer-
cially available cylindric canisters are designed for air at about 25 cfm; the

TABLE 6-12 Typical Specifications for Activated

Carbon Used for Air Purification?

Activity for CCl,® At least 50%

Retentivity for CCl¢ At least 30%

Apparent density At least 0.4 g/ml

Hardness (ball abrasion)? At least 80%

Mesh distribution - 6-14 range (Tyler Sieve Series)

9 Reprinted with permission from Turk.$2

& Maximal saturation of carbon, at 20°C and 760 torr in an airstream
equilibrated with CCl, at 0°C.

¢ Maximal weight of adsorbed CCl, retained by carbon exposure to pure
air at 20°C and 760 torr.

4 Percent of 6-8 mesh carbon that remains on a 14-mesh screen after
shaking with 30 steel balls of 0.25-0.37 in. (0.635-0.940 cm) per SO g of
carbon, for 30 min in a vibrating or tapping machine.
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larger pleated cells handle 750-1,000 cfm, and cells comprising aggregates
of flat bed components handle 2,000 c¢fm.

Thick-bed adsorbers are used when large adsorbing capacity is needed
and when on-site regeneration is used. Bed depths are in the range of 1-6 ft
(0.3-1.8 m). Design airflow capacities are up to 40,000 cfm (67,960 m*/h).
The ratio of weight of carbon to design airflow capacity is typically about
0.5 Ib/cfm (0.27 kg/m’-h). Typical thick-bed adsorbers, such as are used
in solvent recovery systems, are shown in Figure 6-19. Other systems
include fluidized-, rotating-, and falling-bed adsorbers.

The period between regenerations of the adsorbent is limited by its
capacity and by the containinating load. Provisions must therefore be
made for determining when the adsorbent is saturated and for renewing or
reactivating it. The weight of an adsorbent is not a valid measure of its
saturation, because its moisture content, which depends on the relative

Pressure , bar
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n ‘c‘Hn
04l 4
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Liquid volume adsorbed/w!. carbon, cm>/gm
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b ¢ l
100 200 300 400 500 600 700 800
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FIGURE 6-14 Adsorption isotherms of hydrocarbon vapors at 100°F (38°C) on air-
purification activated carbon. Liquid volumes measured at boiling points of the hydrocar-
bons. Reprinted with permission from Turk."
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FIGURE 6-15 Saturation of coconut-shell activated carbon in commercial apple storage
(Entiat, Washington). X, adsorbed water. O, adsorbed organic vapors. Reprinted with
permission from Turk and Van Doren."

humidity of the gas streaming through it, is likely to be variable. If it is
mechanically feasible, a representative element or portion of the adsorbent
bed may be removed and chemically analyzed to determine the degree of
saturation of the entire bed.” In many cases, a schedule for renewal of
adsorbent is determined by actual deterioration of performance (odor
breakthrough); or it may be based on a schedule calculated from previous
performance history.

Thin-bed adsorbers, which are used for light odorant loads, are expected
to have service lives of several months, and are normally replaced when
they are exhausted. For thick-bed adsorbers and heavy contaminant loads,
it is generally economical to regenerate the adsorbent by on-site stripping
with superheated steam. The adsorbate is thereby also removed and may
be recovered if it is valuable. When the adsorbate is not worth recovering,
either because its intrinsic value is low or because the recovery procedure
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FIGURE 6-16 Aggregated flat-cell thin-bed adsorber. The small test element located on the
upstream side of the cell contains carbon that is to be analyzed after some period of service
for degree of saturation, to predict the remaining capacity of the cell. Courtesy of Connor
Engineering and Manufacturing, Inc., Danbury, Conn.

is too difficult or expensive, it may nonetheless pay to regenerate the
adsorbent at the site. The desorbed matter is then disposed of or destroyed.
The desorbate may then be removed from the effluent stream by
incineration or scrubbing. In effect, the adsorber serves as a vapor-
concentrating medium. For example, benzene at a concentration of 150
ppm can be effectively stripped from air by a carbon bed and returned to a
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regenerating airstream at concentrations up to about 3%, or 30,000 ppm.”’
This represents a 200-fold magnification, which greatly reduces the cost of
later treatment.

The oxidation of the adsorbate by air may also occur on the adsorbent
surface, preferably in the presence of a catalyst. It has been shown*’* that
various oxide and noble-metal catalysts are effective for such applications,
that hydrocarbons and oxygenates can be completely oxidized before thie
carbon bed itself starts to oxidize, and that repeated cycles of adsorption
and catalytic oxidation can be carried out without impairing the function
of the carbon.

There are several possible adsorption modes for odor control other than
physical adsorption by activated carbon. These alternatives are all more
selective in their action and are therefore suitable only for special cases.
They are summarized in Table 6-13.

Manifold plot

FIGURE 6-17 Cylindrical thin-bed canister adsorb-
er. Courtesy of Connor Engineering and Manufactur-
ing, Inc., Danbury, Conn.
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FIGURE 6-18 Pleated-cell thin-bed adsorber. Courtesy of
Barnebey-Cheney Co., Columbus, Ohio.

COSTS

The costs of adsorption systems vary with the difficulty of fitting existing
equipment, the nature of contaminants in the waste gas, the concentrations
of organics in the gas, the temperature at which gases enter the adsorber,
the adsorbent, thie regeneration technique, the value of recovered solvent,
the type of adsorber, and the gas volume flow rate. Tables 6-14 and 6-15
summarize the assumptions on which the following cost estimates are
based.

Adsorption capital costs include costs of the basic equipment, costs of
auxiliary equipment, costs of equipment installation, and interest charges
on investment during construction. The capital costs for a dual fixed-bed
adsorber with recovery of desorbed vapors are shown in Figure 6-20. Costs
for moving- and fluidized-bed adsorbers are slightly lower than those for
fixed-bed adsorbers. The cost advantages arise from a reduction in the size
requirement for moving- and fluidized-bed adsorbers. For this cost
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analysis, the pollutant vapors are considered to be easily adsorbed and
desorbed from activated carbon. In addition, the adsorbed organics are
considered to be capable of being stripped by steam and to be insoluble in
water. If the organic vapors were soluble in water, additional equipment
would be required to separate the steam from the desorbed vapors. The
organics could be separated from the steam by distillation followed by
water treatment, or the steam-vapor mixture could be incinerated. The
first alternative increases capital requirements. If the vapor is not
combustible, hot air can be used as the regenerant. Hot-air regeneration
has no significant effect on capital costs. Costs for a regenerative
adsorption system with incineration of the desorbed vapors are shown in
Figure 6-21. In general, capital costs for an adsorption-incineration system
are lower than those for adsorption recovery systems, except in the
treatment of high-flow-rate gas streams.

The capital costs reported in Figures 6-20 and 6-21 are representative of

FIGURE 6-19 Thick-bed adsorbers used in a solvent recovery system. Courtesy of Union
Carbide Corp., New York.
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TABLE6-13 Adsorbent Impregnations®

ODORS FROM STATIONARY AND MOBILE SOURCES

Adsorbent Impregnant Pollutant Action
Activated Bromine Ethylene; other Conversion o
carbon alkenes dibromide, which
remains on carbon
Lead acetate H,S Conversion to PbS
Phosphoric acid NH;; amines Neutralization
Sodium silicate HF Conversion to
fluorosilicates
lodine Mercury Conversion to Hgl,
Sulfur Mercury Conversion to HgS
Sodium sulfite Formaldehyde Conversion to
addition product
Sodium carbonate Acidic vapors Neutralization
or bicarbonate
Oxides of Cu, Cr, Oxidizable gases, Catalysis of air
V, etc.; nobie including reduced oxidation
metals (Pd, Pt) sulfur compounds,
such as H,S, COS,
and mercaptans
Activated Potassium perman- Easily oxidizabie Oxidation
alumina ganate gases, especially
formaidehyde
Sodium carbonate Acidic gases Neutralization
or bicarbonate

2 Reprinted with permission from Turk.82

TABLE 6-14 Technical Assumptions Used in

Developing Cost Estimates for Regenerative Carbon
Adsorption Systems with Recovery of Desorbed Vapors®

. Inlet gas at 77°C (171°F)

00 N U A WN

No water-soluble compounds in the airstream
No particles in the entering airstream

Steam regeneration and solvent recovery by condenser/decanter
. Adsorber operating 5,840 h/yr

. Organic vapors of 50 wi% benzene, 50 wi% hexane in air
. Activated carbon with useful life of 5 yr
. Dual fixed-bed adsorber operating at 40°C (104°F)

2 Derived from Radian Corporation.”6
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TABLE6-15 Technical Assumptions Used in
Developing Cost Estimates for Regenerative Carbon
Adsorption Systems with Incineration of Desorbed
Vapors?

Organic vapors of 50 wi% benzene, 50 wt% hexane in air
. Activated carbon with useful life of 5 yr

. Dual fixed-bed adsorber operating at 40°C (104°F)

. Inlet gas at 190°C (374°F)

No particles in the entering airstream

Steam regeneration and incineration of desorbed vapors

. Adsorber operating 5,840 h/yr

- Y A O

@ Derived from Radian Corporation.’6

“typical” cases in which existing installations are fitted with adsorption
equipment. Costs for new installations are 50-70% of the costs shown in
the figures. Difficult fitting of existing installations may cost 2-2.5 times
the reported values.

As expected, the higher the gas flow rate and the higher the
concentration of organic vapors, the greater the required capital invest-
ment.

Annualized costs include labor and maintenance costs, utility and
material costs, capital-related charges, and credits for chemical (solvent)
recovery. The annualized adsorption costs presented in Figure 6-22
include recovery credits at fuel value ($1.65/10° Btu) and at market value
(benzene at $0.90/gal, hexane at $0.50/gal). Other economic assumptions
are summarized in the footnotes in Table 6-16. When recovered organics
are credited at their market value, the adsorption operation shows a
substantial profit. Reuse of the recovered organics, however, is not always
economically desirable when more than one solvent is recovered. Product
separation may be too costly to warrant the organic compounds’ reuse in
the process.

If it is not economically desirable to recover the organic vapors, the
desorbed vapors can be incinerated. Annualized costs for an adsorption-
incineration system are presented in Figure 6-23. Annualized costs for the
adsorption-incineration system are comparable with those for the adsorp-
tion-recovery system only when no credit is allowed for recovery of
organics. Allowances for chemical recovery at fuel or market values give a
significant advantage to the recovery system.

Annualized-cost components for two carbon adsorption systems are
reported in Table 6-16. About 75% of the utility costs for the organic
recovery system is related to cooling-water and steam requirements. Steam
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FIGURE 6-20 Capital costs for adsorption with dual fixed-bed adsorber with recovery of desorbed vapors. Reprinted

from Radian Corporation.”
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FIGURE 6-21 Capital costs for adsorption with incineration. Reprinted from
Radian Corporation.™

requirements are significantly larger for organics that are difficult to
desorb from the adsorbent. Cooling-water requirements depend on the
temperature of the incoming gas stream and on the condensation
temperature of the organic vapors. Power costs for moving- and fluidized-
bed adsorbers are smaller than those for fixed-bed adsorbers. Total utility
costs amount to about one-third of all cost elements (direct costs and
capital charges) in a carbon adsorption-recovery system. Utility costs
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TABLE 6-16 Components of Annualized Costs (Savings) for Adsorption
and Adsorption-Incineration Systems®

Configuration 1. Dual fixed-bed adsorber 1. Dual fixed-bed adsorber
operating at 100°F (38°C) operating at 100°F (38°C)
2. Solvent recovery with 2. Thermal incineration with
condenser and decanter primary heat recovery
Gas-stream characteristics
Flow 20,000 scfm 20,000 scfm
Concentration 25% LEL 25% LEL
Process-gas temperature 170°F (77°C) 375°F (191°C)
Direct operating costs
Utilities $48,700° $70,200°
Direct iabor 3,000¢ 3,000¢
Maintenance 15,4004 18,4004
Carbon replacement 11,500° 11,500°
Capital charges 80,850/ 96_,500’
Recovery (credits) (333,400)f -
Total net annualized (173,950)* 199,600
costs (credits)

“ Derived from Radian Corporation.’6

b Cooling water at $0.045/1,000 gal, steam at $2/1,000 1b, electricity at $0.033/kWh.
¢ Labor at $8.25/h.

4 Maintenance as 4% of the capital cost.

¢ Carbon at $0.72/1b, with 20% of carbon replenished each year.

/ Capital charges included as percent of capital cost: depreciation, 12%; taxes, insurance, and
overhead, 4%; interest, 5%.

# Benzene credited at $0.90/gal, hexane at $0.50 gal.
* Net costs calculated as capital charges + direct operating costs — recovery credits.

amount to about one-third of the costs for an adsorption-incineration
system.

Adsorbent-replacement costs account for only 7% of all cost items in
the carbon adsorption systems of Table 6-16. Other adsorbents may have
significantly higher costs than carbon, but the total impact of adsorbent-
replacement cost is minor.

Capital charges amount to over half the total operating and capital-
related costs. As stated above, adsorption capital costs are representative
of “typical” cases in which existing installations are fitted with adsorption
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FIGURE 6-23 Annualized costs for adsorption-incineration system. Reprinted from
Radian Corporation.™

equipment. Capital costs (and charges) for new installations are 50-70%
of the costs reported here. Difficult fitting may cost 2-2.5 times the values
reported.

The total net annualized costs are most significantly affected by values
credited for recovered organics. When the recovered chemicals cannot be
reused in the process, they may be credited with a significant fuel value (as
shown in Figure 6-22). The main advantage accruing to adsorption-
recovery systems is the credit associated with recovered chemicals.
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SUMMARY

In general, activated carbon adsorption is the method of choice for
deodorizing at ambient temperature an odorous airstream whose vapor
concentrations are low (in the parts-per-million range or lower). At higher
temperatures and concentrations, other methods become progressively
more attractive, and the choice of activated carbon usually must be
justified by some additional benefit, such as recovery of a valuable solvent.
When a less efficient but cheaper method can remove the bulk of
contaminant organic matter from an airstream, an activated-carbon
adsorbent may be used as a final stage to advance the cleanup to a
condition of complete deodorization. Various selective adsorption systems
are suitable for special cases.

RECOMMENDATIONS FOR FUTURE RESEARCH

The further improvement of activated carbons for physical adsorption and
the search for alternatives to activated carbon probably offer only limited
opportunity for progress. It is possible to manufacture activated carbon
with a considerably higher adsorptive capacity than that now commercial-
ly available, but such carbon is softer and less able to survive the normal
stresses of handling. Substitutes for activated carbon would have to be
nonpolar solids that, like carbon, could function in moist airstreams.
Although this objective can be realized with various synthetic polymers,
all such materials available now are much more expensive than carbon. In
any event, regardless of cost, there seems to be little prospect of improving
the physical capacity of an adsorbent bed, operating under practical
conditions, by more than a factor of perhaps 1.5 or 2 over the capacity of
existing carbon systems.

One approach that offers greater promise—at least it operates under a
considerably higher theoretical ceiling—is a further improvement in
methods of catalytic reactivation of saturated carbon, along the lines
suggested by Nwanko and Turk.® If such systems could be developed to a
state of reliable operation on a commercial scale, the range of conditions in
which activated-carbon systems are economically attractive could be
considerably expanded.

ODOR MODIFICATION BY ADDITIVES

When a mixture of odorants is smelled, the odor qualities of the
components may be perceived separately or blend into one quality so that
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the individual components cannot be recognized. The odor intensity of the
mixture is generally less than the sum of the odor intensities of the
components. Likewise, the odor of any component of such a mixture is
usually less intense than the odor of that component in its pure state.

Interaction effects on odor intensity have been studied for some two-
component mixtures.” For example, the perceived intensity of vapor-phase
mixtures of various concentrations of pyridine and a second component—
such as linalyl acetate, linalool, or lavandin oil—is less than the sum of the
perceived intensities of the two components smelled alone. The addition of
the second component to a relatively weak stimulus of pyridine causes an
increase in overall odor intensity, but the addition of the same amount of
the second component to a relatively intense stimulus of pyridine causes a
reduction in overall odor intensity. Mixtures of I-propanol and
n-amylbutyrate have been reported to interact similarly.® These data
suggest the existence of complex interactions in the perceived intensity of
odorous mixtures.

A vector-summation model of odor interaction has been suggested as a
means of predicting the odor intensity of mixtures of malodorants, such as
dimethyl disulfide, dimethyl monosulfide, hydrogen sulfide, methyl mer-
captan, and pyridine.'"" For components equal in perceived intensity when
smelled alone, a direct proportionality has been reported between odor
intensity of the mixtures and the arithmetic sum of the odor intensities of
the components.

The interpretation of the application of these phenomena to practical
odor-control objectives presents difficulties, and the common industrial
terminology does not make matters easier. “‘Counteraction” has been used
to connote reduction of intensity, although it is not always clear whether it
is the odor of the blend or of the malodorant alone that is reduced.
“Cancellation” means reduction to zero intensity—a phenomenon that has
never been convincingly documented. “Masking” refers to a change in
odor quality that makes the malodorant unrecognizable; the connotation
of concealment has made the term unpopular. “Odor modification” is a
more noncommittal expression. Finally, “reodorization” is sometimes
used, but is generally applied to the treatment of products (for example,
making used cars smell like new), rather than to airstreams.

In spite of this variety of terminology, the odor-control practices to
which the words refer are operationally indistinguishable. The materials
used are selected from industrially available high-intensity odorants, often
from byproduct sources. They may be applied in undiluted form or as
aqueous emulsions. They may be incorporated into the process or product
that constitutes the source of malodors, sprayed into a stack or over a
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stack exit, or vaporized over a large outdoor area. Pumps, metering
devices, spray nozzles, compressors, evaporators, and assorted ducts and
piping constitute the types of equipment usually needed.

The general method has the important practical advantages of low
initial equipment costs, negligible space requirements, and greater freedom
from the necessity of confining the atmosphere into a closed space for
treatment. Examples of unconfined odor sources that are sometimes
treated by these methods are exposed sites for disposal of undigested
sewage sludge, drainage ditches contaminated by odorous spills, trickling
filters in sewage-treatment plants, and holding ponds for industrial liquid
wastes.

Clearly, it is very difficult to estimate the effectiveness of this category of
odor-control methods.” Not the least of the problems is the choice of
criteria for evaluation. Furthermore, industrial and commercial odor-
control installations are not designed for controlled experiments. Instead,
they are generally combined with other beneficial actions, such as
improvements in sanitation and general housekeeping, to maximize the
opportunities for odor reduction. As a result, information concerning the
performance of such systems consists entirely of descriptions of actual
operations, anecdotal reports, and undocumented claims, %5577

Lauren and Young™ estimated capital investment for vaporizing an odor
modifier around the perimeter of a malodor source at $1.00 per linear foot
of the perimeter, and operating costs at $0.07-0.25/h per 100 linear feet.
Anonymous reports from a rendering plant that used such a system cited
operating costs, in 1973, of $0.40/h per 100 linear feet.

CONCLUSIONS

Odor modifiers are not air cleaners. Instead, they constitute an additional
discharge of vapors into the atmosphere.

Odor modifiers change the perceived character or intensity of odors.
They should never be allowed to interfere with the perception of the odors
of toxic gases or of gases used as warning agents (such as the odorants in
natural gas).

There is no documented evidence that odor modifiers eliminate
community malodors in practical situations. Therefore, it cannot be
assumed that a “modified” odor, even if originally acceptable in a
community, will continue to be acceptable with the passage of time. It may
be necessary to change the odor character of the modifier, or to abandon it
in favor of an air-cleaning alternative.
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RECOMMENDATIONS

Because the compositions of odor modifiers are proprietary, investigations
that use such materials cannot meet the criteria of independently verifiable
research. Therefore, we make no recommendations for further study.
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Control of

Agricultural
Odors

This chapter discusses the application of odor-control teclinology to
various agricultural enterprises. These examples were chosen because they
are representative of the agricultural applications of this teclinology, and
their inclusion does not imply any ranking as sources of odor pollution.

LIVESTOCK AND POULTRY PRODUCTION

Livestock and poultry production is a major agricultural activity in the
United States. It takes place in all 50 states and includes dairy farms;
swine-, beef-, chicken-, turkey-, and sheep-feeding operations; and egg
production. The vast majority of these enterprises are sufficiently small
and dispersed that there has been little effort expended or needed to
control their odors.

Financial pressures and teclinologic development since 1950 have
prompted the concentration of livestock and poultry production into an
ever-decreasing number of larger operations that can benefit from
mechanization and labor specialization. This concentration generates large
quantities of manure in relatively small areas and requires skilled
management to avoid degradation of water and air quality. The scope,
magnitude, and distribution of the major livestock and poultry production
enterprises in the United States are indicated in Tables 7-1 through 7-5.

Livestock and poultry production generates about 2 billion tons (about
1.8 X 10’ metric tons, or t) of manure a year. Manure production for the
various species is summarized in Table 7-6. The collection, storage,

243
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TABLE 7-1 Regional Distribution of Farm Animals in the United States®

Distribution, %
Chickens,
All Dairy Inciuding
Region Hogs Cattle Cattle Broilers Broilers

North Atlantic® 2 5 17 14 6
East North Central® 30 13 26 13 2
West North Central? 48 32 23 15 2
South Atiantic® 8 7 8 19 42
South Central 10 24 15 21 44
Western? 2 19 11 18 4
TOTAL 100 100 100 100 100

? Data from U.S. Department of Agriculture.46

& Maine, Vermont, New Hampshire, New York, Massachusetts, Rhode Island, Connecticut,
and Pennsyivania.

¢ Wisconsin, Illinois, Indiana, Michigan, and Ohio.
4 North Dakota, South Dakota, Nebraska, Kansas, Minnesota, lowa, and Missouri.

€ West Virginia, Maryland, Delaware, New Jersey, Virginia, North Carolina, South Carolina,
Georgia, and Florida.

S Oklahoma, Texas, Arkansas, Louisiana, Kentucky, Tennessee, Mississippi, and Alabama.

# Washington, Oregon, California, Nevada, Idaho, Montana, Wyoming, Utah, Colorado,
Arizona, and New Mexico.

TABLE 7-2 Beef-Cattle Feedlots in the United States,

1977¢
Size No. Head
(Head Capacity) No. Feedlots Marketed, millions
<100 101,070 30
100-499 28,600 5.7
500-999 10,300 6.1
1,000-9,999 2,100 85
210,000 430 150
TOTAL 142,500 383

¢ Data from Development Planning and Research Associates.!!
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TABLE 7-3 Dairy Farms in the United States, 19774

Size Milk Sold,
(No. Head) No. Farms 1091b
<30 115,800 18.9
30-49 60,800 235
50-99 55,700 39.1
100-199 10,300 15.6
200-699 3,000 11.2
=700 410 34
TOTAL 246,010 1117

@ Data from Development Planning and Research Associates.!!

TABLE 7-4 Hog-Feeding Operations in the United

States, 1977¢
Size Hogs Marketed,
(Head Capacity) No. Operations millions
<200 252,000 17.6
200-999 111,700 57.2
1,000-2,499 4,700 12.2
22,500 1,600 9.2
TOTAL 370,000 96.2

% Data from Development Planning and Research Associates.!!

TABLE 7-5 Poultry and Egg Production in the United

States, 1977

Item Quantity

Eggs 5.35 x 109 dozen
Layers 272 x 106
Broiler production, live weight 1285 x 109 Ib
Turkey production, live weight 255 x1091b

2 Data from U.S. Department of Agriculture.4?
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TABLE 7-6 Manure Production and Characteristics per 454 kg (1,000 1b) of Live Weighte ¢

Dairy Beef Swine Poultry
Yearling Feeder
182-318 kg >318kg
Item Units Cow Heifer (400-700 idb) (>7001b) Feeder Breeder Sheep Layer Broiler Horse
Raw Waste kg/day 312 386 408 272 295 177 181 240 322 204
RW) ib/dey 820 85.0 90.0 60.0 65.0 50.0 400 530 70 450
Feces/Urine 22 1.2 1.8 24 1.2 10 40
Ratio
Density kg/m? 1.005.0 1.00$.0 1.010.0 1.010.0 1.010.0 1.010.0 1,050.0 1.0500
Iv/cu 62.7 62.7 63.0 63.0 63.0 63.0 65.5 65.5
Total Solids kg/day a7 42 $.2 31 217 1.9 45 6.1 17 43
(TS) 1b/day 104 9.2 s 69 6.0 43 0.0 134 171 94
% of RW 127 108 128 16 9.2 36 250 252 252 205
Volatile kg/day 38 27 22 14 38 43 54 34
Sotids IVday 86 59 48 32 8s 94 120 15
%of TS 82.5 85.0 800 75.0 850 700 700 800
BODs¢ %ol TS 16.5 230 330 300 9.0 270
cop? %ol TS 88.1 95.0 95.0 90.0 1180 9.0
TKN® %ofTS 39 34 38 49 75 45 54 6.8 29
¥ %ol TS 07 39 16 28 0.66 21 1.5 0.49
Kf % of TS 26 36 49 32 23 21 1.8

2 Reprinted with permission from American Society of Agricultural Engineers.! ®- 465)

5 Numerical values for kg/day/1,000 kg live weight are the same as those for 1b/day/1,000 1b live weight.
¢ Five-day biochemical oxygen demand.

4 Chemical oxygen demand.

* Total Kjeidahl nitrogen.

/ Phosphorus as P.

# Potassium as K.
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transport, treatment, and disposal of manure account for major odor
problems. Most manure is currently applied to cropland for economic
recovery of plant nutrients. However, alternative uses, including refeeding
and energy production, are of increasing importance. Less than 2% of
manure produced in the United States is refed or used for energy
production.

Odor control is a significant problem for livestock producers throughout
the country. The problem consists most often of neighbors’ complaints
with occasional legal actions seeking monetary damages or court-imposed
injunctions. To operate compatibly within the community, the livestock
producer must be aware of some basic odor controls and practice the
techniques appropriate to his location.

Livestock-production enterprises have led to odor complaints from
nearby residents, commercial operations, and recreational interests. More
recently, odor concern has been supplemented by allegations that
ammonia and other water-soluble pollutants discharged into the air from
livestock operations are being transported and later absorbed by nearby
surface waters. Increased ammonia in the atmosphere near livestock-
feeding operations has been documented by Hutchinson and Viets™ and by
Luebs, Laag, and Davis.”

Conflicts between livestock producers and the public concerning odor
complaints have been documented.” State and local rules and regulations
are now being designed to reduce the malodors generated by livestock
production, and additional restrictions are being implemented on the
location, design, and operation of commercial livestock- and poultry-
production enterprises.*

Livestock-production odor problems involve a complex release mecha-
nism, transport system, and receptor reaction. Research®” has identified
more than 40 compounds in the air near manure storage or treatment
devices (Table 7-7). Many of these compounds are known to be odorous in
trace concentrations and hazardous to human health at higher concentra-
tions.

Most quantitative measurements of odorant concentrations suggest,
however, that perceived odors from livestock production are results of
mixtures of odorous compounds, inasmuch as all the measured com-
pounds are present in concentrations below their thresholds.*

Release rates of specific odorants from the livestock industry have not
been documented to the same extent as those from other sources. There
are two reasons for that: the emission is diffuse and from a variety of
physical situations, and there is no established, predominant odorant to
serve as an indicator of odor release. Ammonia has been measured most
frequently in relation to animal odors. Table 7-8 summarizes ammonia
evolution rates that have been measured under a variety of livestock-
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TABLE 7-7 Compounds Identified in the Air from the Anaerobic
Decomposition of Livestock and Poultry Manure?®

Alcohols Acids Amines Fixed Gases
Methanol Butyric Methylamine Carbon dioxide
Ethanol Acetic Ethylamine Methane
2-Propanol Propionic Trimethylamine Ammonia
n-Propanol Isobutyric Triethylamine Hydrogen sulfide
n-Butanol Isovaleric

Isobutanol

Isopentanol

Carbonyls Esters Sulfides Mercaptans
Acetaldehyde Methyl formate Dimethy! sulfide Methyl mercaptan
Propionaldehyde Methyl acetate Diethyl sulfide Nitrogen
Isobutyraldehyde Isopropy! acetate

Hexanal Isobutyl acetate Disulfides Heterocycles
Acetone Isopropyl propionate Indole
3-Pentanone Propyl acetate Skatole
Formaldehyde n-Butyl acetate

Heptaldehyde

Valeraldehyde

Octaldehyde

Decaldehyde

9 Data from Miner.3¢

production situations. They are characterized by extensive variability, but
reflect the conditions under which the phenomenon occurs.
Emission for the cattle industry in 1972 was estimated® to include

20,500 t of total suspended particles and 3,480 t of ammonia. Total amine
and sulfur compound emission was calculated to be 139 and 522 t,
respectively.

MEASUREMENT OF ODORS FROM LIVESTOCK PRODUCTION

Various schemes have been proposed for the measurement of odors. The
concentrations of individual odorous compounds have been used by some
investigators as an indication of odor transport and odor pollution.
Ammonia and hydrogen sulfide have been widely used for this application,
because of their ease of measurement and known odorous characteristics.
In the concentrations measured, however, they would not be detectable by
the human nose if they were not accompanied by other odorous
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TABLE 7-8 Ammonia Volatilization from Various Surfaces Associated
with Livestock Production

Situation Rate, kg/ha-day Reference

Sheep pasture, late summer 0.26 10

Beef feedlot, Nebraska 0.41 14

Pasture, Nebraska 0.044 14

Beef feedlot, Idaho summer, dry 3.48 (average) 33
0.31-12.2 (range) 33

Manure, free pasture 0.01-0.02 32

Pasture after recent application of liquid manure 0.05-0.2 32

Manure-covered aisle in dairy bam 0.5-1.0 32

Anaerobic lagoon for swine manure, lowa 17-98 24

compounds. Studies of Hill and Barth® substantiated the synergistic nature
of the combinations of compounds typical of manure odors.

The measurement of odor intensity based on the number of dilutions
required to reduce the concentration to a barely detectable point has been
the most generally accepted method for evaluating odor concentrations.
The Scentometer, as distributed by Barnebey-Cheney and described by
Rowe,” has been used by researchers® and, more recently, regulatory
agencies,* to evaluate odor-control techniques and odor transport. Similar
measurements have been made in the laboratory with more sophisticated
devices*and in a mobile unit described by Lindvall er al.*

The frequency of odor detection, either measured or estimated, has been
widely used as a means for evaluating odor problems. This approach
attempts to determine the percentage of time that an odor can be detected
at the site where the receiver is. For example, if a home is near a cattle
feedlot, it might well be important to be able to estimate the percentage of
time that that odor would be detectable at that site. By consulting
published data on wind direction, velocity, temperature, and relative
humidity, one can calculate an estimated odor detection or frequency. This
calculation is helpful in assessing the severity of an odor problem.™

ODOR SOURCES

To avoid odor complaints and to minimize the escape of potential water
pollutants to the air, livestock producers are faced with the need to control
the evolution of odorous compounds. These gases may arise from various
sources, which may be categorized as feed materials, fresh manure, and
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stored or decomposing manure. The greatest research efforts have been
directed toward the control of volatile compounds released by the storage
and treatment of manures. Feed odors are most commonly associated with
the feeding of waste materials or fermented products that have objection-
able odors. Among the materials most commonly related to feed odors are
potato and other food-processing wastes and fermented feeds.

The odor of fresh manure is generally described as less objectionable
than that of anaerobically decomposing manure. Fresh manure evolves
large quantities of ammonia, but this ammonia is generally not accompa-
nied by other decomposition products, which contribute the most
objectionable characteristics. The odorous compounds evolved from
manure-covered surfaces or treatment facilities are a function of the
biologic reactions taking place in the material, the nature of the material as
excreted, and the configuration of the storage or treatment surface.

Roofed confinement facilities—common for poultry, swine, and to a
lesser extent dairy and beef production—have high odor-production
potential, owing to the high animal density involved, the large inventory of
manure frequently in storage, and the limited rate of air exchange. Of
particular importance are manure-covered floor and animal surfaces,
manure storage tanks beneath slotted floors, and anaerobic lagoons often
used for manure storage and treatment.

Feedlots, nonroofed intensive confinement facilities most commonly
used for beef-cattle production, pose special odor-control difficulties.
Feedlots involve extensive manure-covered areas subject to all the climatic
extremes of the locale. When surfaces are excessively dry, there is a
potential for dust problems. These problems have been most severe in the
arid cattle-producing areas of Arizona, California, and Texas.* When
feedlot surfaces are wet, particularly in warm weather, they support
widespread anaerobic decomposition with an associated large surface area
for the evolution of odorous gases. Feedlot odor problems are most
frequent in warm humid areas or in feedlots constructed in areas of
inadequate drainage or poor drying conditions.

ODOR-CONTROL PRINCIPLES

Techniques for the control of odor release are based on a limited number
of rather specific control principles. Some volatile compounds present in
the feed, manure, or manure slurry can be converted to a less volatile or
less odorous form by pH control or by biologic conversion. An example is
the addition of lime as a base to control the release of hydrogen sulfide.®
The dissociation of hydrogen sulfide is a strong function of pH; if the pH is
raised above 9.5, the escape of hydrogen sulfide is insignificant. Sulfides are
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oxidized to sulfates under aerobic waste treatment, as is practiced in
oxidation ditches and aerated lagoons. Paraformaldehyde has been added
to manure as a means of converting ammonia to nonvolatile hexamethyl-
enetetramine.*

Another approach to the control of odor is to inhibit the anaerobic
decomposition of manure. This is most frequently accomplished by
keeping feedlots dry enough to allow oxygen permeation of the surface. In
systems that use bedding, the bedding serves a similar role. Prompt
removal of manure from indoor pens or outside lots may also be a
management technique for odor reduction. In liquid systems, odorant-
producing decomposition is most often inhibited by maintaining the slurry
in an aerobic condition. An example of this practice is the use of oxidation
ditches and aerated lagoons. Bacterial decomposition of manure is also
inhibited by low temperatures, but, except in site selection, little use has
been made of this fact.

Physical confinement of the odorants offers a third potential for odor
control. Covers on manure storage tanks and anaerobic manure-treatment
devices are effective in controlling the escape of odorants. When the air
exchange over manure slurries is reduced, the volatilization of odorous
gases is reduced. Gases escaping from enclosed tanks may be further
managed by incineration, liquid scrubbing, or soil-column absorption.
Although no entirely satisfactory cover material has been developed,
covering of anaerobic lagoons and venting of the released gases to a burner
or a soil absorption field offer potential for odor control.

ODOR-CONTROL CHEMICALS

The addition of odor-control chemicals to manure storage tanks or animal
feeding areas has attracted widespread interest. Materials having potential
for odor control, when used in this manner, are those which can prevent
the release of odorous compounds, inhibit their formation, or mask their
odor.

Oxidizing agents have potential as odor-control chemicals. Faith"
proposed the use of potassium permanganate on cattle feedlots in Arizona
at a rate of 22 kg/ha (20 Ib/acre). Ford and Ulich” conducted a series of
tests and concluded that potassium permanganate at 28 g/kg (56 Ib/ton)
of manure totally suppressed the release of odorous gases. It was also
judged effective by their panel in reducing malodors at lower application
rates. They reported that potassium permanganate was effective in
reducing the odor of well-managed feedlot surfaces when applied at 22
kg/ha (20 1b/acre) as a 1% water solution. Potassium nitrate, paraformal-
dehyde, hydrogen peroxide, and Ozene (a commercial formulation of o-
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dichlorobenzene) were also evaluated by Ford and Ulich,"” but judged less
effective than potassium permanganate. Hill and Barth*' later evaluated the
use of ozone for the control of ammonia and methylamine odors from
animal and poultry manure. They reported less success than had been
anticipated on the basis of the response of other odor sources to ozone.

Enzymes and other digestive aids have been proposed for the control of
livestock-production odors. These products have been difficult to evaluate
under controlled conditions, because of the unwillingness of manufacturers
to disclose their compositions. Ford and Ulich'" subjected “Formula 2"
and a digestive deodorant to their testing program. Their odor panel
concluded that neither was effective in reducing the strength or
offensiveness of manure odors. This conclusion was similar to the earlier
results of Burnett and Dondero.’

Masking agents have been applied to manure as a means to improve its
acceptability. Burnett and Dondero® evaluated several commercially
available agents and found them neither satisfactory nor economically
feasible for long-term use. Nine commercially available products were
individually applied to one or more cattle feedlot pens at an eastern Idaho
site to determine their effectiveness in reducing odor release from this
source.”” Only sodium bentonite, Odor Control Plus, and two natural
zeolites were found to reduce the rate of ammonia release consistently
when the treated areas were compared with untreated control areas. Odor-
intensity measurements confirmed the effectiveness of sodium bentonite.
The pen treated with Odor Control Plus had a measurably less intense
odor 5 days after treatment, but not 10 days after treatment. Only one of
two odor observers was able to distinguish the zeolite-treated pens from
the control. The cost of the effective materials ranged from $300 to $600
per acre for treatment during the odor-production season.

Feed additives for the modification of manure odors remain of interest
to researchers. Although it is known that ration ingredients influence the
odor of fresh feces and urine, no usable feed additives have gained
widespread application. Matsuhima®” used sagebrush as an additive in
cattle rations and reported an odor reduction. R. J. Kellems (Oregon State
University, unpublished data) fed sagebrush, up to 2% of the ration, to
beef animals and was unable to detect any influence on the odor of
decomposing manure. He did, however, report a significant carryover of
mint-oil odor from ration to urine. Sagebrush, dry lactobacillus acidophi-
lus, lyophilized yeast culture, and activated charcoal, all at 5%, were fed
to swine by Ingram er al.,” with no significant change in fecal odor,
according to an odor panel.
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DESIGN AND MANAGEMENT PRACTICES TO CONTROL ODORS

Application of odor-control techniques requires specific attention to the
operation under discussion. Perhaps the most critical and effective
opportunities for reducing odor complaints occur in the initial site
selection. Although it is difficult to establish definitive perimeters beyond
which odor complaints will not be problems, a livestock producer must
seriously consider odor control in the selection of a site. A site may be
ideally suited for livestock production with respect to transportation, feed
supply, and zoning regulations, but be inappropriate because of existing or
proposed development in the area.

Although wind direction is important in evaluating a site with regard to
odors, most locations have winds from several directions during the year.
The simple location “downwind” of development is not sufficient to ensure
acceptability. By referring to published data, one can estimate the
percentage of time that the wind will blow from the odor source to the
point in question and thereby make a more rational decision concerning
the site suitability. Where distance is used as the only criterion, it must be
expected that odors can be transported further than a mile downwind
under appropriate climatic conditions.

The second opportunity for reducing odor problems occurs during the
design and construction of a facility. By application of odor-control
principles, one can minimize the probability of odor production. Designing
outdoor lots that are well drained, watering systems that do not flow onto
the lot surface, and runoff control facilities that are remote from areas of
odor sensitivity will achieve some odor reduction. In confinement facilities,
the methods of manure removal from the pens, manure transport, and the
handling approach are most important for odor control. Also, the animals
must be kept clean and dry. Among approaches used for accomplishing
this are slotted floors, flushing gutters, and frequent pen-scraping. Covered
manure storage tanks control odor release from stored manure. Where
treatment is required and odor control is important, aerobic systems, such
as oxidation ditches and floating surface aerators, although more expen-
sive, can be effectively used to maintain low odor intensities.

The operation and management of a livestock-production facility also
offer considerable opportunity for exercising odor control. Maintaining the
operating system in functional order is probably the most important.
Overflowing manure storage tanks, broken scrapers, leaking waterers, and
ruptured retention ponds and dikes are ainong the most common causes of
odor complaints.

Anaerobic lagoons for swine-waste treatment are of special concern in
odor control. Properly designed and managed lagoons are not free of
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odors, but are much less likely to cause serious odor problems than
overloaded or shock-loaded lagoons. Where multiple-celled lagoons are
used, it is important that the cell or cells receiving fresh manure not be
loaded in excess of the recommendations for a particular area. Anaerobic-
lagoon odors are most common in the late spring and early summer, when
the water temperature increases and manure accumulated during the
winter undergoes rapid decomposition. Where odor control is critical, it
has been found helpful to remove as much of the lagoon contents as
possible and to refill to the normal operating level with clean water.
Another helpful recommendation to reduce lagoon odors is to lower the
loading rate, because overloading is a significant contributor to increased
odor intensity. Loading rates are decreased by building larger lagoons or
reducing the number of animals served. A final alternative is to add a
surface aerator. Where practical, it is desirable to locate lagoons as far as
possible from residences, roads, and other odor-sensitive areas. Recom-
mendations range from 300 ft to 0.5 mile (about 0.8 km), or more.
Shielding lagoons from view is also helpful.

Manure-disposal techniques and timing are also very important for odor
control. When manure is to be applied to cropland, selection of a field
downwind of residences on the day in question is important. Morning
application of manure is more desirable than late afternoon application,
which limits potential drying time. Neighbors are generally most sensitive
to odor problems in early evening, when they are using outdoor
recreational facilities.

When manure disposal is necessary and odor control is critical,
immediate covering of the manure with soil can effectively reduce odor.
Where the soil is suitable and neighbors are particularly close, direct
manure injection beneath the soil surface is a valuable technique.

INDUSTRIAL RESPONSE

In response to public pressure, local regulatory agencies, and widely
publicized legal actions, livestock and poultry producers have initiated a
variety of odor-control measures. Problem systems have generally been
those in sensitive area