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This study develops a decision method for evaluating the social
acceptability of industrial controls aon hazardaus materials.
Decisions are based on a ““multiple criteria approach’ that jointly
considers measures such as risk-benefit tradeoff, minimum
reducible health risk, maximum acceptable cost and implicit value
of human life. Health risks are calculated by combining separate
estimates of production and usage patterns, emissions to air and
water, effectiveness of controls, pollutant dispersion and human
susceptibility. Economic benefits consider employment, trade and
consumer impacts, as well as direct costs of controls. The analysis
focuses on asbestos as an example hazard. Relative values of
hazard reduction alternatives are examined for asbestos
manufacturing exhaust filters and for asbestos substitutes in
brake linings. Preliminary calculations indicate risk reductions
of these alternatives cannot justify their social costs.

Risk-benefit analysis for industrial and

social needs

KENDALL D. MOLL* and DENNIS P. TIHANSKY:

Stanford Research Institute; George Washington University

The term risk-benefit analysis has become a
commonplace expression as both the public and
governmental agencies become increasingly
concerned with environmental protection and
the quality of life. Attendent with this concept is
the notion that there is some sort of sheet used in
the decision-making process for regulating
environmental quality.

Informal comparisons of risks and benefits do
indeed occur in setting most regulations. The
underlying decision structure, however, does not
always incorporate three crucial considerations:
the necessity of making tradeoffs; the likelihood
that tradeoff impacts are noncommensurate
(that is not expressed in the same units, as dollar
benefits vs. loss of life); and uncertainty about
impacts of alternative decisions. Formal risk-
benefit analysis is useful here because it
systematically applies economic theory and
decision analysis to help the policymaker
understand the tradeoffs.

Risk-benefit analysis has different compari-
sons for different persons. Some ecologists, for

*Present address: Castle and Cookel Inc., San Franciseo, CA.

American Industnal Hygiene Associaticn JOURNAL (38) 4/77

example, value preservation of nature over costs
of control; they might think it meaningless to
compare ecological parameters with any
economic concept. On the other hand, many
industrialists place greater weight on the costs of
preserving nature. Uncertainties or perhapseven
ignorance of environmental consequences, can
significantly affect an individual’s value system.
Fear of unknown risks often instills greater
conservatism in action than is warranted by the
objective situation. For instance, a minute but
well publicized probability of death from
exposure to a hazardous material might make an
unknowing person think that he will be affected.
Aggregaied over all individuals, this risk could
thus be exaggerated over its actual level.

Publicity about risks and benefits could also
be a poor indicator of individual values. Surveys
are thus important in assessing variations of
public opinion, patterns of risk-taking among
members of the general population and
perceptions of risks and benefits.

A large spread of personal evaluations should
be expactad given data deficiencies on risks and
benefits. Information about ambient concentra-
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tions of hazardous materials and the degree of
human exposure is not generally available. More
fundamental is the lack of information on
inherent biological effects of these chemicals on
human health. Epidemiological studies have
been outstripped by the technology to produce
and distribute an ever growing number of
hazardous materials. For some new chemicals,
the regulatory agency relies on the manufacturer
and developer of derived products to furnish
health information. But without a character or
checklist of needs for conducting risk
assessments, the manufacturer cannot really be
expected to assume this additional respon-
sibility.

Insights on benefits of product use are typi-
cally as deficient as judgements on hazard levels.
Conditions for optimality in regulation depend
on the “welfare function” to be maximized. One
criterion frequently employed is maximum value
of total output, which in principle should include
such non-monetary aspects as safety, aesthetic
qualities and reductions in physic tension or
anxiety. Economists generally contend that
these benefits of controlling hazards can be
assessed collectively as the sum of the
“willingness-to-pay” of all individuals affected
by the action. Analytically, this requires the
formulation of a consumer demand curve for
feasible controls. Benefit assessment then
involves integration of the area under this curve.

Determination of the overall curve relating
benefits to emission control policies requires a
multi-step analysis, in which the economics
input occurs only after exposures and health
effects have been determined. Consequently, the
lack of benefit estimates for regulations can be
only partly blamed on economists. The lack of
meaningful exposure and dose-response
relationships falls in the domain of the life and
physical sciences. Without accurate knowledge
of these relationships, attachment of economic
values is a misleading and perhaps futile
exercise.

Most regulatory agencies as well as
researchers lack an appreciation of the
complexities underlying benefit estimation. Asa
result, they tend to establish controls which
minimize risks without explicitly considering
product benefits. “Zero-tolerance laws,” which
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INDUSTRIAL © ALTERNATIVE
POLLUTION / CONTROLS
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MULTIPLE
CRITERIA
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Figure 1-Risk/benezfit methodology: Analytical Steps.

prohibit any detectable amount of a hazardous
material, are inflexible and can quickly become
too costly. They may obligate large budgets; they
may remain in effect over an extended time span;
and they may adversely affect the lives of many
individuals.

Although risk-benefit analysis should make
decision-making more comprehensive, there are
a number of limitations to its current usefulness.
First, it represents an abstraction of reality and is
usually simplistic. It may not be translatable into
practice if it does not adequately account for all
impacts. Second, the magnitude of uncertainity
about both risks and benefits is typically much
gr=ater than the magnitude of their most likely
values. This difficulty emerges as the most severe
constraint of any formal analysis. Proxy
measures are often used to measure impacts, and
these proxies may be quite crude. Some authors,
for example, represent risk in terms of death
rates.! While vital, this measure fails to
incorporate non-fatal results that are likely to be
far more prevalent and in some cases more
damaging in total than the number of deaths.

Another limitation is that risks and benefits of
various actions do not usually come in single
pairs. Rather, each control level implies a
diversity of beneficial and costly impacts. The
analyst, with limited resources and time, must

Am. Ind. Hyg. Assoc. S {38) Aprit, 1977
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Figure 2 -Hazardous waste system.

select the most important impacts and exclude
those of hopefully less importance. As he learns
more, he may change the list of impacts. Still
another limitation concerns weights assigned to
risks. Individuals seem to waver in their
evaluation of generally low-probability events as
needs and perspectives fluctuate.

There have been few attempts to consider such
limitations in formal risk-benefit analyses.
Because highway data are readily available,
risk-benefit studies are most numerous for
vehicular accidents and choices of safety features
for automobiles, (e.g.).z'] One extensive
investigation of risk-benefit ratios for a number
of hazardous events, such as driving and being
struck by lightning selected *“fatalities per
person-hour of exposure™ as the measure of risk
and a benefit index defined as “value to the
individual” in the denominator of a risk-benefit
ratio.' The benefit in most cases was quantified
as the monetary investment that consumers arc
willing to support for a risky venture.

Another more formal, theoretical model
represents benefits of an item as the price a
consumer is willing to pay for it.* As hazards or
risks increase with item use, its value declines
correspondingly. However, there is an
additional “non-pecuniary” part of risk, he
claims, beyond which the consumer or general
public refuses to buy or use the item. This implies
the existence of a threshold level of risk
acceptance. Whether such a level actually exists
was not demonstrated.

In the remainder of this paper, we present a
new approach toward risk-benefit analysis. It
incorporates risk and benefit comparisons, as in

American industrial Hygiene Association JOURNAL (38) 4/77

the above referenced s idies. But it goes beyond
their scope by including uncertainty factors and
by showing how various decision-making
approaches can result in different priorities. The
conceptual model to be presented was applied
to a selection of feasible controls on hazardous
materials, namely, cadmium and asbestos usage
in the United States.’

The methodology follows very closely that
recommended in the recent National Academy
of Sciences report on Decision Making for
Regulating Chemicals in the Environment.® The
most significant aspect of this methodology is its
reliance on a “multiple criteria” approach. A
multiple criteria approach involves the
consideration of many factors bearing on the
decision in addition to those of “risk” and
“benefit,” such as “minimum reducible risk,”
“maximum socially acceptable risk,” “maximum
acceptable cost,” and “value of human life.”

As shown in Figure 1, the analysis starts witha
review of present standards and proceeds to
parallel examinations of the existing pollution
system and alternative controls that might be
applied to it. The parallel approach continues
with second stage investigations of economic
benefits on one branch and of population
exposures and resultant health hazards on the
other. Finally, the economic benefits and the
health risks are combined with other relevant
parameters in a graphical presentation of the
multiple criteria affecting the decision. This
presentation is applied under a variety of
possible decision rules to derive acceptable
standards and develop priority research needs
for future improvement of the decisions.
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Figure 3-U. S. Asbestos flow {meatric tons per year).

When we examine the top box, Present
Standards, in more detail, we discover the kind
of control system illustrated in Figure 2. This
figure shows how various types of standards
impinge on the hazardous waste system and on
the monitoring and control mechanisms that
accompany it. Standards must be compared
with the actual amount of hazardous waste
present at a given point in the hazardous waste
flow system. Forexample, production standards
must be compared with some measure of the
acteal production. The difference between the
standard and actual production is used as a
signal for the monitor and its control system to
implement corrective measures if necessary. The
same kind of feedback control must operate for
usage standards, emission standards, ambient
air or water standards, exposure standards and
ingestion standards. Note from the figure
however, that controls do not have to be applied
at the same point that the monitoring signal is
observed. Excessive exposures, for example,
could be corrected by more restrictive controls
over emissions concentrations. These multiple
feedback possibilities allow for very complex
control systems.

The multiple feedback loops do impose two
requirements on the monitoring and control

156

systems. Whatever standards are developed
must be measureable and they must be
consistent with other standards that they may be
applied at other points in the control process.
For example, the OSHA asbestos standard was
reduced from § visible fibers to 2 fibers per
railliliter on July 1, 1976. However, the visual

2thods currently used to count asbestos
concentrations account for less than 5 of total
fibers and no one knows whether the visual
identifiable fibers affect health more than the
smaller fibers.” Standards cannot be made very
precise until this conversion problem is solved.

When we decide that some measure of
pollution, say weight, is most meaningful, then
the second step is to analyze the industrial
pollution of various media (air, water, and land)
that occurs at different stages of the system, from
extraction to final disposal. These amounts are
shown in Figure 3. We have used a materials
balance approach to estimate the amounts of
asbestos going to each use and each disposal
meadia and reconcile their totals with our best
estimates of overall use and disposal. The
quantities (not all of which are shown in the
figure) therefore are additive both vertically and
horizonatally along the different flow paths.
This requires some very difficult datasearch and

Am. Ind. Hyg Assoc J (39) Aprd, 1977
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EMISSION MANUFACTURING AUTOMOBILE
SOURCE : FACILITIES BRAKES
CANTROL METHOD: FAZRIC FILTERS| SUBSTITUTE
MATERIAL
ORIGINAL EMISSIONS: 547 129

METRIC TONS METRIC TONS

CONTYROL
EFFECTIVENESS @ 967 1002

MATIONAL COST !

LowW $2,.5 MILLION $52 MILLION
MEAN $3 $65
HIGH $3.6 $81

Figure 4-Asbestos control costs and effectivensss.

reconciliation work, almost to the point of being
creative when the data is particularly sparse.
However, we feel it is necessary in order not to
miss large parts of the problem simply because
the data is difficult to obtain. It gives us a
plausible base from which to make an overall
systems analysis and, at the same time,
highlights areas where existing data may need to
be refined. It also provides a first-order priority
base for examining alternative controls.

In our analysis, we observe that although land
disposal accounts for the great bulk of asbestos
pollution, the largest source of air contamina-
tion is the 547 metric tons emitted from
fabrication operations. We therefore have
examined controls for asbestos fabricators. We
also have examined the possibility of eliminating
the second most significant airborne source:
cmissions from users of friction products (1.¢.,
brake linings). Economic costs and operational
effectiveness of control alternatives for thesetwo
pollution sources were examined in the nexttwo
steps, as shown in Figure 4. For asbestos
manufacturing processes, we ascertained that
fabric filters are the most effective method to
control emissions.” They can eliminate about
96¢; of stack emissions. We estimated the total
nationat cost for such a program would run
about S2 million per year, plus another Sl
million for monitoring and enforcement.

Substitution of other materials for asbestos
brake linings is speculative since no satisfactory

Arenicar Industrial Hygiene Association JOURNAL (33) 477
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material has yet been found. But if one assumes
that a material can be found for a 50% cost
increase, the total extra cost would run to about
$65 million per year.

These economic costs have to be balanced
against the control program’s reduction in
public exposure and consequent hazard, which
we also examined. Figure 5 shows the total areas
now exposed in the U.S. to various
concentration levels from industrial sources and
from brake lining emissions, according to our
simplified model of emission sources and air
dispersion. Note that industrial sources are more
concentrated over a smaller area than are brake-
shoe sources. Totalexposure to the populationis
about §0 mg,/m3 from each source.

The big hurdle in our analysis, as in most such
analyses, came in trying to develop a dose-
response function to evaluate the effects of these
exposures. To do this, we looked at death rate
estimates for the three most important causes of
death from asbestos: mesothelioma, other
cancers and non-cancer respiratory diseases.
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Figure 6 shows excess deaths versus
accumulated asbestos dosage for non-cancer
respiratory diseases.” As with most of our data,
we had some problems here in converting from
one set of measures and dosage assumptions to
another. For Figure 6, uncertainties in these
conversion factors were the major uncertainties
in determining the confidence limits that are
shown.

Figure 7 illustrates excess death rates of
people exposed to asbestos from all cancers
except mesothelioma.” The Mae West shape is
simply a matter of curve fitting and has no
known physiological basis.

Excess deaths from mesothelioma only are
shown in Figure 8. This diagram presents the
widest uncertainty of all because its two
references'”'' both attributed their original data
to a common source but differed by a factor of
five in their resultant calculations.

By summing these three causes of excess death
and combining their uncertainties as
independent random variables, we arrived at the
overall dose-response curves of Figure 9. We
show these for analytical purposes as straight
lines emanating from the zero intercept,

Am. Ind Hyg. Assoc. J {33) April. 1977
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although in fact we have no strong basis for
assuming that the mean value is astraight line or
that the uncertainties are fixed fractions of the
dosage.

Mesothelioma appears to be the most
significant contributor to the total excess death
rate. Asbestosis produces a significant number
of illnesses in addition Lo the excess deaths, but
morbidity effects were not included in our
analysis.

Hazards from ingestion of food and water
were likewise not considered, since most studics
of relative hazards indicate that the principal
mode of er” . of retained asbestos is via the
lungs.”'”

Finally, we did not consider the effect of
population mobility on the hazard. even though
peaple with high exposures are statistically very
unlikely to live next to an asbestos factory for
their entire lives.

But thess neglected effects are all relatively
insignificant compared to the order-of-
magnitude uncertainties and the other
difficulties of reaching a tradeoff between risks
and benefits. An overall method of evaluating
and presenting risk; benefit tradeoffs is
illustrated in Figure 10. Here, the two main
parameters are measured in the separate
dimension of the chart. The vertical scale shows
risk in terms of lives saved by a control
alternative relative to the existing “status quo”
situation and the horizontal shows negative
economic benefit {or cost) involved. Each
alternative, surrounded by an ellipse
representing the confidence limits, can beshown
in terms of this tradeoff of lives versus non-
health economic benefits. The dollar tradeoff
between health and economic effects is not
charted. but any particular valuation of human
life can be represented by a diagonal line
orteinating at the status quo position.
Alternatives lying above this tradeoff line would
be cost-effective in terms of that particular life
valuation. whereas alternatives below the line
would presumably not be.

Other constraints can also be shown on the
chart: these act to restrict the feasible domain
with which alternative solutions may be sought.
At the top a “minimum reducible risk™ line
represents a limit in the number of lives that
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might bz saved by any feasible alternative. The
minimum reducible risk might be considered asa
background level of contamination below which
further reductions are extremely difficult. Atthe
opposite side of the feasible domain, the
“rmuximum acceptable social risk™ represents a
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number of lives lost that will not be readily
accepted by society. The maximum risk might be
some vague social limit such as the prevailing
rate of disease, or it may represent a “here and
now™ risk limit as defined by existing standards
and regulations. Another constraint, not usually
mentioned together with risk limits but
nevertheless logically comparable, is that of
“maximum acceptable social cost.” This
represents the maximum expenditure that
society is willing to obligate at a particular time
to solve a particular pollution problem. Equity
considerations among the population are also
now generally accepted as valid constraints.
Equity considerations can be considered by
making comparable charts for the analysis of
each ethnic, income, geographic, generational,
or other identifiable interest group. Together,
the risk, benefit, and other constraints make up
the “multiple criteria” problem.

When we apply this methodology to the
asbestos control alternatives we obtain Figure
11, which has been derived specially for this
paper. The first feature one notices in this
logarithmic scaled chart is that lives saved by the
two alternatives are about the same: namely. 0.6
person per year each, give or take confidence
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limits of about a factor of two in each direction.
But implementation costs of the two alt.rnatives
differ by more than 20:1,

If one wishes to assign a value to saving lives,
the chart shows that the factory filter alternative
costs less than S10 million per life saved whereas
brake substitution costs about $100 million per
life. Neither alternative comes close to the
$300,000 valuation that workers in hazardous
occupations implicity give to their own fves'™®
(see the upper diagonal line).

For this reason, both alternatives appear
inefficient as measures for protecting the general
public, if economic tradeoffs are considered. As
always in such studies, however, we must qualify
our conclusions. First, we have not considered
potential effects of these measures on the health
of industrial workers, which very likely would be
more significant than those to the general public.
Inhalation hazards to brake shoe installers, for
example, would be completely eliminated by
substitution of some other material for asbestos
in brakes. Second, we have only examined two
alternatives. Calculations based on our exposure
model indicate that about 37 people per year
could potentially be saved by eliminating
asbestos from our ambient air (see top
horizontal line in Figure 11). This potential life
saving is 50 times as preat as we get from either of
the two alternatives considered, so additiona}
protection possibilities certainly are worth
investigating.

These and other factors that go beyond the
assumptions of a particular analysis almost need
to be considered by decision-makers in real life.
Therefore, no single chart can give a complete
answer. In addition to the formal trade-off
charts of the type shown in Figures 10 and 11, a
full presentation should include the listing of
many supplementary criteria by which decision
makers or other interested parties can derive
thegr own values, Such a list is shown in Figure
12.

Choices among the criteria presented can be
made on the basis of many decision procedures.
including those of expected value and ordinary
old fashioned biases such as optimism.
pessimism and probability. So many sclection
methods are available, in fact, that decision
makers in some ways will have greater freedom
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of action than they ever had before. The choice
among alternatives may remain ambiguous. But

at

least decision makers will have explicit,

quantitative means for weighing the practical

tradeoffs that in the long run are going to have to
be considered.
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A method is described for calculating confidence intervals for - ‘on
particle or tiber concentration, and for dust collector
penetration. The span of the interval depends upon the value of

fiber concentration or collector penetration

reported and upon the number of particles or fibres counted.

Uncertainty in particle counting and

sizing procedures

DAVID LEITH and MELVIN W. FIRST

Harvard School of Public Health, Department of Environmental

‘Health Sciences, Boston, Massachusetts 02115

lntrbduction

The concentration of particles in a gas can be
determined by passing a known gas volume
through a filter and counting particles on
representative filter portions. Particle concen-
trations are valuable to determine compliance
with legal standards, as for asbestos fibers in
workroom air, or to determine the particle size
collection efficicncy of a dust collection device
by making counts ot simultaneous upstream
and downstream samples. For both applica-
tions, it is important to estimate the count
reliability. Although enough particles must be
counted to establish the validity of the result
within acceptable limits, it is wasteful to insist
upon excessive counting to obtain needlessly
high reliability.

Particles for microscopic counting are
conveniently collected on membrane filters!?
or electron miscroscope grids!**, The “stratifi-
cation” particle counting method®7 illustrated
in Table 1 is often used to reduce counting
time. An initial traverse is made by examining

a representative number of fields under the
microscope. All particles seen are segregated
into convenient, continuous size categories.
Subsequent traverses note entries for only
those size ranges in which particles are present
in relatively small numbers. The average num-
ber of particles in each size range per traverse,
%, is then calculated as shown in Table I
Stratified counting is a way to emphasize those
particles whose concentrations arc most diffi-
cult to assess with statistical reliability because
of their relative rarity.

Nomenclature

A — inverse of the fraction of total filter
area examined per traverse

G — inverse of the total volume of gas

passed through a filter
m — number of an equal area, counting
outward from filter center
— total number of equal areas into
" which a filter is divided
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sor at the Harvard Uni-
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cal TABLE 1
Data Tabulation for Particie Sizing by Stratified Counting3
¢ TRAVERSE PARTICLE SIZE RANGE, MICROMETERS
< 0.45. 0.63- 089 130- 180 250 3.50- 5.00- 7.10- TOTAL PER
044 0.62 0B8 129 179 249 349 499 7.09 1000 TRAVERSE
1 57 87 54 36 24 6 12 0 3 300
2 12 6 3 o 21
3 3 o 3
a 2 1 3
5 2 1 3
6 ) 1 2 3
Total, N ) 57 87 54 36 24 18 18 11 7 333
Mean Count .
per Traverse, 57 87 54 36 24 9 9 1.8 1.2 300
x ' .
Std. Deviation ’
of Mean, ug 755 933 7.35 600 458 490 212 212 055 045
95% Confidence 72 105 68 48 30 34 13 13 29 21
Interval ) to to to to to to to to to
42 69 40 24 12 15 48 48 07 03
n — number of traverses performed in a filter directly downstream of the gas inlet.
siratified counting procedure Dennis and co-workers® found that such radial
N — total number of particles of a certain concentration gradients did not occur for
size counted through all traverses particles smaller than 20 micrometers diameter
Naown — N for filter downstream of a particle when filter holders were used which had a ten
coll:ctor degree included angle between gas inlet and
. . filter surface. However, filter holders of this
Nup — N for filter upstream of a particle ter surtace. However, filter ¢ s
. design are not always practical because of their
collector .
. large size.
P — number of particles per volume of o . .
To avoid bias when using a conventional
g8 holder with small inles, fields I
. ields a
Pioxn — P for gas downstream of a particle older with small inlet, lields are usuatly
! selected at random from a pie shaped piece of
collector . . -
P P . f a particl the circular filter paper. About twenty fields
up — l?r gas upstream of a particle must be examined? to complete one unbiased
collector ] estimate of the particle size distribution.
Pt — d}*?‘ collector penetration (1 —ef- Totally random field selection gives an un-
ficiency), Paown/Pup biased estimate of particle concentration when
Im — distance from center of filter to a sufficiently large number of fields is ex-
point where microscope is to be amined. However, the same result can be
focused for equal area m obtained with fewer fields by an ordered ap-
It — radius of filter proach. Because the pressure drop across a
X — number of particles in a certain size memblran_e filter is 'lsufful:]lerfl_tl to asslére untxlflorm
range present in one traverse gas velocity normal to the filter surface, the
< mean number of particles in a cer volume of gas flowing through each equal,
- - t")—n ls‘izg;zll;lv‘e\ﬁ):ﬁ:i e; tlr;\‘lje;;e[ concentric area on the filter will be the same,
s & ) p unless the central areas become plugged be-
4 — standard deviation of x cause of excessive particle deposition there.
ox — standard deviation of x The overall dust concentration for the gas
ot — standard deviation of Pt sampled will be the average of the concentra-

Microscopic field selection

When a filter holder has a small diameter in-
let relative to the filter diameter, the largest
particles may concentrate on that part of the
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tions found in the gas passing through each

of the cqual areas. To utilize an ordered
approach, the microscope should be focused
at the center of each equal area ring present
in the sector, and a single field examined.
After one field in each equal area has been
inspected, all data can be combined to make
an entry for one traverse, as shown in Table L.
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Additional traverses are made along different
radii of the filter sector.

This equal area traverse method for
locating counting fields is analogous to the
method used for positioning a pilot-static tube
when determining the average gas velocity in
a round duct. Average gas vclocity could be
determined by measuring the velocity at many
random points within the duct cross section
and averaging the results found. However, the
number of measurcments needed to reach the
same statistical reliability using this approach
is greater than for the equal area method, and
the random approach is not used. By analogy,
it is as logical to use an ordered approach for
locating counting fields on a membrane filter
as it is to use it for locating pitot-static meas-
uring points in a duct.

The distance, rw, from the center of a
filter of radius r; to the midpoint of each of
M equal areas can be found from

Im . 2m — 1

e JTM_ o

Here, m is the number assigned to an equal
area, starting from the filter center and count-
ing outwards. Alternatively, values can be
found in a relerence giving the relative distance
from the wall at which a pitot probe should be
placed in order to have an unbiased estimate

of average gas velocity in a circular duct.>1®

959, confidence intervals

After stratified counting procedures have been
employed and mean concentrations for particles
in each size range calculated, it is important to
determine confidence intervals for these values.
Systematic sources of error such as anisokinetic
sampling, inaccuracies of flow measuring de-
vices, improper microscope calibration and the
like can be minimized through careful experi-
mental technique.!! Assignment of particles to
improper size categorics is not a significant
problem when trained observers use a standard
Porton graticule for determining particle
diameter.’*

A source of non-systematic sampling error
that cannot be eliminated by control of experi-
mental procedures is associated with random
variations in the number, x, of particles in a
certain size range which are present in each
traverse of a stratified counting procedure

American ndustriai Hyglene Association Journa!

comprising in traverses. A Poisson distribution
describes the variation in these x values ',
The standard deviation of these valucs, o,
therefore equals the square root of the mean
number of particles in that size range per
traverse, X, i.e.

o=z @

The standard deviation of the mean, oX , is the
standard deviation, o, divided by the square
root of n, the number of traverses.

oz = i=J% ®

- 1 1

Sy = @
where N is the total sum of all particles in a
certain size range counted through all traverses.
Equation 4 is an application to stratified
counting of the expression given by Chapman
and Ruhf for the relative error associated with
repeated counts of particles in liquid suspen-
sion.!S Appropriate values for the standard de-
viation of the mean, o5 , are given for the data
shown in Table I. The number concentration
of particles in a certain size range, P, is
proportional to x, the mean number of
particles of this size per traverse, to the inverse,
A, of the fraction of total filter area examined
per traverse, and to the inverse, G, of the total
gas volume passed through the filter.

P=xAG 5

The standard deviation of a product can be
found from'®

(58)- (+)- ()
(%) (#) .

With careful technique, the standard error
associated with A and G can be made small
compared to that for x. The substitution of
Equation 4 into Equation 6 gives the relative
standard error associated with a measurement
of concentration, P.

_
5= n ®
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Figure 1 --Number of particles counted versus
relative error of particle concentration.
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Figure 2 -Number of particles of one size counted
on downstream filter versus number of particles of
that size counted on upstream filter, with relative
error of penetration as parameter.

A 95% confidence interval about P will ex-
tend plus and minus 1.96 times the standard
deviation for P.

P = 1.26 P I/N @)

Figure 1 is a plot of the relative standard error
of particle concer:tration, op/P, against the
number of particles counted, N.

Applications

When asbestos fibers are counted to determine
compliance with an applicable standard, it is
prudent to determine periodically the mean
fiber concentration and associated confidence
interval. The count should be continued only
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until the standard is no longer contained
within the confidence interval, as one can then
state with 959 certainty whether or not the
standard has been met. When the fiber con-
centration is close to the standard, it will be
necessary (o count a larger number of particles
to establish with 95% confidence whether or
not the standard is met, than when the con-
centration is clearly well above or below the
standard. ’

For example, after counting 50 asbestos
fibers on a membrane filter, one might find
that the mean concentration in the air passed
through the filter was 1.5 fibers/cc. Equation
8 and Figure 1 show that one can state with
95% confidence that the true fiber concentra-
tion was 1.5 £1.96 X 1.5 X (1/50)4, or
from 1.08 to 1.92 fibers/cc. The upper bound
of the confidence interval for this example is
below the 1976 OSHA standard of 2.0 fibers/
cc. Counting additional fibers would make the
95% confidence interval smaller, but would
be unnecessary if 95% confidence that the
stanuard is met is sufficient.

Equation 4 can also be used to determine
confidence intervals about an experimentally
determined value for dust collector penetration
or efficiency. Penetration for particles of a
certain size is the ratio of particle concentration
in the downstream gas to the analogous con-
centration in the upstream gas.

Paown
PF = P (L))

The standard deviation of this quotient is'®

P iown/ Pun 2 — TPe 2 — O'Pun 2 +
Pdnwn/ I)un Pt Pul)
oPgown 2
— 10
( Pllnwn ) ( )

The substitution of Equation 7 into Equation
10 yields

opt _ I 1
Pt \/ Now T N an

Therefore, a 95% confidence interval about
Pt will extend plus and minus 1.96 times the
standard deviation of Pt, as shown in Equation
12.

Pt = 1.96 Pt \/1/Nuwy + 1/Naown (12)
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Equation 11 indicates that the relative error
in penetration for particles of a certain size

is only a function of the total number of
particles of that size counted upstream, Ny,
and downstream, No,un, of the collector. This
relationship is plotted in Figure 2.

Equation 11 and Figure 2 show, for ex-

. ample, that to be 95% confident that pentra-

tion of particles in a certain size range is
between 40 and 60% (1.96 op = 10% with
mean penetration of 50%) it will be necessary
to count 200 particles in this size range on the
upstream filter and 200 particles in the same
size range on the downstream filter. Alter-
natively, 500 particles counted upstream and
125 downstream would give the same result.
However, the fewest total particles that must
be counted to achieve a given relative error

in penetration will always be found when the
number of particles counted on the upstream
and downstream filters is equal. This can be
proven by differentiating Equation 11 with
respect to Nuy, setting the derivative equal to
zero, and proceeding in the usual manner.
When the particle deposit is less dense on the
downstream filter, it becomes necessary to
make more traverses for that {ilter in order to
count about the same number of particles as
are counted on the upstream. Or, a larger ficld
size could be used for the less dense filter.
When the particles observed on a {ilter are
separated into many size categories to de-
termine collector particle size efficiency, it is
~.ecessary to observe a large total number of
particles to generate adequate confidence in
the penetration or efficiency results for each
size range considered.

When it is desirable to maintain a 95%
confidence interval of constant size, i.e. a
constant value of oy, for all size ranges,
Equation 12 shows that fewer particles need
be counted in each size range as penetration
decreases. The stratified counting technique
can be used with good effect to concentrate
the microscopist’s efforts on the size ranges
where penetration is high. Therefore, it is
worthwhile to identify these size ranges as soon
as possible by making a preliminary estimate
of penetration based on an initial traverse of
the upstream and downstream filters.

This method of calculating confidence
intervals applies whenever concentrations are

American Industrial Hygiene Association qumal

determined by counting. The techniques out-
lined above can be used for data from auto-
matic counting devices such as optical instru-
ments working on light scattering principles,
as well as for data from other automatic
counting devices.

Summary

An equal area traverse method is described for
selecting microscopic fields when counting
particles or fibers on a membrane filter. This
method is ‘analogous to that used to position a
pitot-static tube in a duct when determining
average gas velocity. The equal area traverse
approach is an aid in avoiding inadvertent
counting bias due to nonrandom field selection.

Although confidence intervals are im-
portant to establish the significance of particle
concentration or collector efficiency data, they
are seldom calculated or reported. When
particle size data are generated by a stratified
counting procedure, the method described can
be used to establish with 95% confidence
whether or not mean concentrations are below
or above a fixed value.

Confidence intervals about values of pene-
tration or efficiency can be calculated in a
similar manner. The stratified counting ap-
proach allows the microscopist’s efforts to be
concentrated onto those particle size ranges
where small confidence intervals for penetra-
tion are the most difficult to achieve. Charts
have been prepared that make it possible to
determine easily the number of particles or
fibers which must be counted to assure desired
confidence intervals. '
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Counting Asbestos Fibers by the Most
: Probable Number Method

PARKER C. REIST, Se.D.

Department of Environmental Sciences and Enginecring, University of North Carolina,
Chapel Iill, North Carolina 27514

A procedure for evaluating asbestos fiber counts is described which uses the most
prohable number method of bacteria counting, This technique is faster than conven-
tional counting methods, with approximately comparable accuracies, although it
suffers from a lack of rigor and requires the nbserver to estimate fiber concenfrafions
to within an order of magnitude before counting. For the routine assessment of a
Iarge number of asbestos samples this procedure would scem to be more desirable

than conventional counting because of the cconomy of time as well as being casier

on the observer.

Introduction

ECENT FINDINGS ON THE TOXI-

CITY of asbestos have led to increased
interest in sampling and analytical proced-
ures for dctermining the concentration of
asbestos fibers in air. The Occupational
Safety and Hcalth Administration has cstab-
lished an interim cight-hour time weighed
average airborne allowable concentration of
five asbestos fibers greater than 5 microns
length per cubic centimeter of air, and this
standard will be lowered to 2 fibers/cm3 on
July 1, 1976.

Evaluation of asbestos fiber concentra-
tions in air is carried out using samples col-
lected on membrane filters and viewed with
phase contrast illumination at 400X-450X.!2
This method is the standard ficld sampling
mcthod adopted by the Public Health
Service.

Fibers arc assumed to be distributed ran-
domly over the filter surface and at least
20 but no more than 100 ficlds are to be
viewed. At lcast 100 fibers arc counted
which gives a 95% confidence limit of ==
20% . Becausc of the relatively small amount
of samplce collected, more than 100 ficlds
would: have to be viewed if onc were to find
100 fibers on a 10 minute sample coliccted

379

at a rate of 2 liters per minute {rom air
containing 5 fibers (5 microns length) per
milliliter, and if the concentration were only
2 fibers per milliter, 435 ficlds would have
to be assesscd.? Of course, the number of
ficlds necessary could be decreased by in-
creasing the sampling time—in, the latter
casc a 90 minute sample would yield 100
fibers in 50 ficlds—but the flexibility of

- short-term samples is then lost.

Counting fibers is a tedious aand time-
consuming business fraught with a number
of subjective dccisions for the microscopist
to make. For example, in the case of two
fibers lying side by side he must decide
when a fiber is a fiber or when it is only a
large particle. (It is considered that any par-
ticle having an aspect ratio of three or
greater is a fiber).

If the sample is relatively light, a great
deal of information is lost which actually
can be used to determine fiber density. Be-
sides actually counting the number of fibers,
there is another quite distinct  statistical
mcthod which could be used for estimating
the number of fibers randomly distributed
over a surface, the so-called most probable
number mcthod. In this paper the method
will be applicd to asbestos fiber counting
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and the advantages and limitations of its use
will be discussed, -

Theory

The concept of the most probable number
method for csitmating randomly distributed
number densitics was first described by
McCrady* and more recently by Cochran®
and principally was applicd to the problem
of cstimating bacterial densitics. Chapman®é
applicd the method to dust counting but it
was not reccived with much cnthusiasm for
reasons which will be discussed later. Most
recently the technique has fallen into dis-
favor cven for cstimating bacterial concen-
trations in milk and water samples, mainly
because of the advent of morc direct
membrane filter techniques. For fiber count-
ing however, the method appears promising
because it climinates the need to resolve
individual fibers and with the low densities
normally found, gives the same counting
accuracy in a much shorter period of time
and with much less eyestrain.

Consider a filter of arca A which is broken

May, 1975

up into a ficlds. If there are m fibers dis- .

tributed randomly over the filter surface,
then the average number of fibers per ficld,
f,is
"
F=
The probability, P, than n fibers lic in a cer-
tain ficld can be cxpressed using the Poisson
rclationship :
fn

P =—ret — (@

provided that a is a large number. The
probability of a ficld being void of fibers is,
from above
P(o) = e~} - (3)
If the void ficlds are distributed randomly
across the filter and L fields arc sampled,
the probability that exactly { of these fields
will be void is
L!

PAO) = i@ =i

[(P(o)]' [1 = P(o)] & =
@

Equation 4 gives a distribution of probabili-
tics which is very small for small [ and rises

TABLE 1
95% Confidence Interval for a Given Average Number of Particles Per Field

95% Confidence [nterval Expressed
as a Percentage of the Truc Average

(left column, minus; right column, plus)

IRUERERY

Particles/ Field

True Average L=2§ = 50 L = 100 L = 200
0.1 100 — 229.1 75.8 — 138 56.7 — 84.9 43.3 — 511
0.2 76.6 — 156 58 — 79.7 413 — 51.7 298 — 35
0.3 69.6 — 111.3 499 — 58.8 34,1 — 43.1 259 — 28.1
0.4 548 — 90.3 421 — 598 31,5 — 36 23.1 — 25.5
0.5 563 — 79.4 41.1 — 52 27.8 — 36.2 21.8 — 226
0.6 52.7 — 76.2 374 — 408 27.9 — 33.6 187 — 223
0.7 47.5 — 552 35.6 — 474 239 — 322 18.8 — 21.7
0.8 456 — 738 33.6 — 34.8 25.1 — 31.5 18.1 — 21.2
0.9 44,3 — 175.6 328 — 389 223 — 314 17.6 — 194
| 432 — 515 322 — 397 21.9 — 31.7 174 — 19.5
i1 239 — 28.7 17.4 — 8.1
1.2  21.8 — 29.6 16.3 — 18.5
1.3 . 22 — 268 . 16.5 — 192
14 23.3 — 284 15.6 — 18.1,
1.5 22.6 — 299 i59 — 19
1.6 209 — 268 L, 163 — 179
1.7 21.4 — 287 16.8 — 19
1.8 22.1 — 25.6 16 — 20
1.9 20.2 — 33.1 152 — 214
2 23.5 — 303 15.7 — 20.2
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to some maximum value before becoming
small again. The most likely probability,
that having the largest value, occurs at

| = Le—! (5)
Turning this around, the most probable {iber
concentration is thus

f=t (=) ©)

The above development results in a sim-
ple procedure for asscssing fiber concentra-
tion. A number of ficlds are scanncd Lo
determine only whether fibers arc or are not
present in any given ficld. Then by taking
the natural Jog of the ratio of the number of
fields scanncd divided by the number of
fields containing no fibers (Equation 6) the
most probable number of fibers per ficld
can be estimated. :

As the number of fields scanned is in-
creascd, the accuracy of the estimate in-
creascs. Table I shows the 95% probability
range for scans of 20, 50, 100 and 200 ficlds
at various fiber densities, as calculated from
Equation 6. Thus, for example, assaying
100 ficlds will yield results within about
=+ 30% of the true value 95% of the time,
regardless of the total number of fibers seen,
provided, of coursc, that the average fiber
density is somewhere around two fibers per

~

Figure 1. Various orientations of fibers in the
microscope field.

k1]

ficld or less. Assaying 200 fields will in-
crease the accuracy of the 95% confidence
interval to something less than 20% of the
truc count.

For the case of L = 200, the accuracy ap-
pears to incrcase with an increasing average
number of particles per field. This_will
continuc until thc point is reached where
there is a good chance that cvery ficld con-
tains at lcast onc fiber. This occurs when
the average number of fibers per ficld is
slightly in cxcess of thrce. Thus for this
method it is necessary to cstimate ahcad of
time the fiber concentration to within onc
order of magnitude so that there will be
about 0.2 to 2 fibers per ficld, or, if therc
appcar to be plenty of fibers in evidence, to
then usc the direct count method. Of course,
the number of fibers per ficld can be casily
varied by changing the ficld size.

Definition of a Ficld Containing a Fiber

Thus far, for the purpose of dcvelopment
of the theory, fibers have been considered as
if they were particles, But they are not. A
fiber has length and as such may startin
one field, extend through another or several
others and finally terminate in yet another
field. Figurc 1 illustrates such a situation.
The fiber originates in the upper left hand
corner, continucs through the lower left
hand corner and then ends in the lower right
hand corner. The fiber in the upper right
corncr represents no problem.

There are several ways in which the {iber
that passcs through scveral ficlds can be
trcated. First, only the lower (or upper)
end of the fiber can be considered, and the
ficld that it lies in then is a ficld not devoid
of fibers. In the rarc casec where the fiber
is perfectly horizontal, somec convention,
such as choosing the left hand side of the
fiber would be appropriate, A ficld would
be considered blank if the lower end of a
fiber were not in it. Thus, in Figure 1, only

the ficlds on the upper right hand side and

lower right hand side would be considered,
to contain fibers. Since cach fiber is asso-
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ciated with one “lower™ end, the estimated
number ends would cqual the estimated num-
ber of fibers,

A sccond approach would be to call a
ficld void only if it contained no fiber ends
at all. In Figure 1 only the lower left hand
ficld would be considered to be void. The
most probable number of ends would then
be estimated and since cach fiber has two
ends, the most probable number of fibers
would be the estimated number of ends di-
vided by two. An obvious disadvantage of
this approach is that the upper limit of
density which could be used is half of what
otherwise would be used.

The most reasonable approach is to assess
only onc cnd of the fiber. If the fiber is a
bundlc with a rough end lying on the cdge
of a ficld so that there is some question as
to whether it is in or outside of the ficld,
then the same rules as those used in particle
counting could be applied to dctermine

(20 FIELDS COUNTED)
20 95% CONFIDENCE INTERWAL

a-MPN
A-DHECT COUNT

MOST PROBABLE NUMSER, FIBERS PER FIELD

? oe¢ 06 Ovl I‘O [} 4 K ] |'| 20
DIRECT COUNT,
FIBERS PER FIELD
Figure 2. Most probable number data as deter-
mined from Eqguation 6 versus direct count.

May, 1975
whether the fiber is in the field or not.

‘xperimental

In order to0 determine the cfficacy of the
proposed counting procedure a number of
asbestos samples were counted using a di-
rect counting method ind a record was kept
of the number of void ficlds obscrved. Most
probable number data as determined from

!-1 (20 FIELOS COUNTED) ) o o

MOST PROBABLE NUMBER, FIBERS PER FIELD

e~

T T
[ ¢ 2
DIRECT COUNT, FIBERS PER FIELD

-

Figure 3. Plot of most probable number versus
direct count for data from computer simulation for
20 fields.

i ] ~1 {100 FIELDS COUNTED)

MOST PROBABLE NUMBER, FIBERS PER FIELD

L i e e e

) 1 2 3
DIRECT COUNT,
FIBERS PER FIELD

Figure 4. Plot of most probable  number versus
direct count for duta from computer simulation
for 100 ficlds.
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Equation 6 arc plotted as a function of the
dircct count which was observed for the
samples and the results arc shown on Fig-
urc 2. Also shown on this figurc arc the
95% confidence limits for both the MPN
mcthod and direct counting.  Although there
is some spread in the data, the general repro-
ducibility is apparent. However, it appears
that the most probable number method con-
sistently gives results which arc lower than
thosc determined by direct count, This ob-
servation is consistent with a similar one
of Chapman’s who surmised that the differ-
ence could be duc to failure to sece a single
particlc in an otherwisc void field.

For morc extensive work a computer sim-
ulation was developed in which ficlds of
10,000 bits werce assigned particles randomly
corresponding to somc preset particle den-
sity. Then ficlds of various sizes were ran-
domly choscn- and the average number of
particles per ficld detcrmined using the two
methods. 1n addition, the absolute number
of particles per ficld was determined. From
this simulation it was possible to carry out
non-biased counts using both conventional
counting and thc most probable number
mecthod for samples of 20, 100 and 200

3 ~I {200 FIELDS COUNTED}

'

MOSY PROBABLE NUMBER, FISERS PER FIELD

° = Ty TS
OIRECY COUNT, FIBERS PER FIELD
Figure 5. Plot of most probable number versus
direct -count for data from computer simulation
for 200 ficlds.

.
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ficlds. These data arc shown in Figures 3,
4 and 5. Unlike the actual cxperimental data,
howcver, there appears to be no bias toward
the dircct count information, indicating that
the higher count averages noted on the actual
dircct counts results from a bias introduced
by the obscrver rather than by the technique.
Similar to Figure 2, crror limits for the 95%
confidence interval arc shown as dotted
lincs.

Advantages and Disadvantages

The advantages of the most probable
number method are threefold. Sampling
times arc shorter, lighter samples with less
chance of overlap can be used, and counting
times arc shorter. Using fairly light samplcs
for asbestos concentration asscssment means
that shorter sampling times arc nccded in
the ficld, often an advantage to the industrial
hygienist. For a given number of fibers ob-
served, the MPN mcthod implies greater ac-
curacy if this total number is relatively small.
Therc is less eyestrain for the microscopist
since he only has to determine whether there
is or is not somcthing there, and not re-
solve a specific number of fibers. If prob-
lems of fiber clumping have occurred they
will be more cvident because of the lighter
sample density. Finally, since ficlds arc be-

ing counted instead of particles, the counting -

should proceced at a faster pace. For exam-
ple, in discussing particle counting by the
most probable number method, Chapman
pointed out that one observer could deter-
mine particle concentrations about twice as
fast using the most probable number method
compared to standard counting mcthods.
whi‘lc another obscrver was three times as
fast using the MPN method. We have not
studicd counting times objectively, but sub-
jectively the people in this laboratory who
have compared the two methods for count-
ing asbestos fibers also feel that the most
probable number mcthod is much faster.
The principal disadvantage of the most
probablc number mcthod is that it is not

T i R e A A i e e et
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rigorous. An obscrver could, in theory, ac-
curatcly count the total number of fibers
deposited on a filter whereas using the most
probable number method, cven if the whole
filter were asscssed, the observer would in
the end still only have an estimate of the
number of fibers present. In addition, for a
given number of - particles per ficld, the
95% confidence intervals for the dircet
counting mcthod arc slightly narrower than
for the most probable number method, the
effect  becoming increasingly pronounced
when the average number of fibers per ficld
cxceeds two. The accuracy is sufficient,
however, for routine asbestos counting.

Summary

A procedure for cvaluating asbestos fiber
counts is described which uses the most
probable numbcer mcthod of bacteria count-
ing. This technique is faster than conven-
tional counting mcthods, with approximately
comparible accuracies, although it suffers
from a lack of rigor and requires the ob-

May, 1975

server to cstimate fibers to within an order
of magnitude before counting. However, for
the routine assessment of a large number
of asbestos samples this procedure would
scem to be more desirable because of the
cconomy of time as well as being casicr on
the obscrver,
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Handling Asbestos

Chrysotile Asbestos in Plastics

JOHN L. MYERS

Union Carbide Corporation*

Asbhestos has received a great deal of attention and publicity in recent years,
especially after it was designated a “target health hazard” by OSHA and a
“hazardous air poilutant” by the EPA. Many of the articles on asbestos by
the press have been emotionally oriented or distorted and, in some cases,
stories have been sensationalized, based on obvious misinterpretation of facts.
The use of half-truths or unsubstantiated statements has led to general con-
fusion and the unfair castigation of asbestos and products containing asbestos.
The purpose of this paper is to put the matter of asbestos use and asbestos
hazards into a logical and practical perspective. In this paper, the different
types of asbestos and their many uses are discussed, along with government
regulations controlling the use of asbestos. The health hazards associated with
asbestos, both occupationai and environmental, and some industrial ex-
perience with air sampling and dust control measures are also covered.

KEY WORDS: Asbestos; Plastics; Air pollution; Toxicology.

What is Asbestos?

Asbestos is a commercial or generic
term used to describe six naturally
occurring “asbestiform” minerals that
are fibrous, hydrated metal silicates.
The six varieties are divided into two
classes—serpentine and amphibole—
based on their crystal structure.
Chrysotile is the only member of the
serpentine class, while the amphiboles
include crocidolite, amosite, antho-
phyllite, tremolite, and actinolite.
Chrysotile is by far the most-used
variety and accounts for over 95% of
U.S. consumption, as noted in Table
1.

Crocidolite, also known as blue as-
bestos, is imported from South Africa.
Because of its high mechanical
strength and good resistance to acids
and alkalis, it is used to reinforce a
limited variety of plastics where its
pronounced color is not objectionable.
Amosite, also imported from South
Africa, is used primarily in thermal

Presented at the Golden Gate Society’s Man-
agement Seminar held in San Francisco, Calif.,
June 16, 1975.

* Metals Div., Niagara Falls, N.Y. 14302.

VoL. 47, No. 611, DEceEMBER 1975

insulation. Although there are some
deposits of anthophyllite in the U.S.,
most of it is imported from Finland.
It is used primarily as a filler for
polypropylene and in insulating ma-
terials. A comparison of the four
varieties of asbestos which are of com-
mercial importance is presented in
Table 2. It should be noted that there
are significant differences between
chrysotile and amphiboles with regard
to chemical composition and certain
physical properties.

Where is Asbestos
Used and Why?

Asbestos has served mankind for
more than 100 years in a broad vari-
ety of applications. The general areas
in which asbestos is used in the U.S.
are shown in Table 3. Based on infor-
mation from asbestos producers and
consumption surveys, it is estimated
that the plastics industry uses about
33% of the 800,000 tons consumed an-
nually, which makes it the largest
single user of asbestos fiber.

The largest uses of asbestos by the
plastics industry are in vinyl-asbestos

floor tile and in phenolic molding
compounds. It is also used in other
plastics such as polypropylene, poly-
ester, nylon, melamine, epoxy, sili-
cone, and vinyl. Asbestos provides a
valuable function in such products as
brake linings, clutch facings, electrical
components, automotive parts, furni-
ture, boats, sealants, coatings, adhe-
sives and mastics. The most important
functions of asbestos in plastics are re-
inforcement, dimensional stability,
heat resistance, flow control, and gen-
eral-purpose filling. Most of the func-
tions are supplied by short-fiber
chrysotile asbestos fiber, although
longer chrysotile fibers and other as-
bestos varieties are sometimes re-
quired for particular properties.

Why Use Chrysotile?

Among the several advantages of
chrysotile, which set it apart from
the amphibole minerals and account
for its widespread and increasing us-
age, are world-wide availability, me-
chanical strength, flexibility, positive
surface charge, low iron content, soft-
ness, and low refractive index. It is
conservatively estimated that chryso-
tile asbestos is used in over 3,000 ap-
plications and, in most of these appli-
cations, it is an essential ingredient
for which no replacement is readily
available.

The information in Table 1 shows
that the use. of chrysotile asbestos and
its share of the total market are stead-
ily increasing. This is due partly to
technical advances permitting the
broader use of chrysotile in plastics
and the general decline in the use of
asbestos in certain fireproofing and in-
sulating materials. In addition, there
is increasing evidence that crocidolite
and amosite are more hazardous to

'
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Table 3—Apparent U.S.

— H a
Table 1—Apparent U.S. Consumption of Asbestos, Tons Consumption of Asbestos

Year Total Chrysotile Amosite Crocidolite By General Use Areas
f t i
1967 720,583 686,044 (95) ® 12,558 (1.7) o7y  AreaofUse  Percent of Consumption
1968 817,363 775,711 (95) 20,467 (2.5) 13,965 (1.7) Construction 40
1969 784,321 749,708 (96) 14,618 (1.9) 10,558 (1.3) Floor tile 15
1970 728,131 695,770 (96) 14,261 (2.0) 8,936 (1.2) Felt paper 15
1971 758,571 729,272 (96) 14,580 (1.9) 6,953 (0.9) Friction and packin 14
1972 808,554 791,020 (98) 7,125 (0.9) 5,374 (0.7) " and packing
Insulation 3

{a) Information based on import and production data from U. S. Textiles 2
Burcau of Mines’ Minerals Yearbooks,

{b) Percent of total shown in parentheses. Other 11

human health than chrysotile. Since
1970, the use of crocidolite in Britain
has been restricted after a panel of
experts “concluded there was suffi-
cient evidence to suggest other types
of fibre should be substituted for
cracidolite wherever possible.”*

What is the Asbestos Hazard?

It is readily accepted that asbestos,
like many other foreign bodies, can
cause disabling lung damage (pul-
monary fibrosis), commonly referred
to as asbestosis. This disease and
bronchogenic carcinoma (lung can-
cer) are the two most common as-
bestos-related diseases. It is important
to note that, based on epidemiological
data, these diseases have occurred
primarily in workers with high, long-
term exposures to asbestos dust. It is
of further interest that one noted re-
searcher has reported that neither of
these diseases is peculiarly related to

or caused solely by the inhalation of
asbestos fiber.® Another important con-
sideration is the relation between
cigarette smoking and lung cancer, as
reported by Dr. E. C. Hammond and
Dr. 1. J. Selikoff. In this study, they
reported that: “It seems clear, then,
that Jung cancer is uncommon among
ashestos insulation workers who have
no history of cigarette smoking and
that if the risk is increased, such in-
crease is not great.”

A third disease, mesothelioma, has
more recently been associated with
persons exposed to asbestos. Meso-
thelioma is an extremely rare cancer
of the lining of the chest (pleura) or
the abdominal cavity (peritoneum).
In contrast to the lung diseases, there
is some evidence that mesothelioma
can occur after brief exposures to
relatively high fiber levels.

According to the 33-member Ad-
visory Committee on Asbestos Can-

Table 2—Comparative Data for Asbestos Minerals®

Formula Chrysotile

Crocidolite

Amosite Anthophyllite

3MgO02S5i0. 2H.O Na.O Fe:0: 1.5Mg0O 5.5FeQ" 7MgO 8SiO: H.O
85i0.'H.-O 8Si0,H.0

Composition, %,

cers of the Intermational Agency for
Research on Cancer (a division of the
World Heakh Organization): “There
is evidence of an association of meso-
thelial tumors with air pollution in
the neighborhood of crocidolite mines
and of factories using mixtures of as-
bestos fiber types. The evidence re-
lates to conditions of many years ago.
There is evidence of no excess risk
of mesotheliomas from asbestos air
pollution which has existed in the
neighborhood of chrysotile and amo-
site mines. There are reported differ-
ences on incidence of mesothelioma
between urban and rural areas, the
causes of which have not been estab-
lished. There is no evidence of a risk
to the general public at present.”

The same body quoted above has
also concluded that there is, at pres-
ent, no evidence of lung damage by
asbéstos to the general public; and
such evidence as there is does not in-
dicate any risk of cancer resulting
from asbestos fibers present in water,
beverages, food, or in the fluids used
for the administration of drugs.

While there seems to be general
agreement that the public is not in
any present danger from asbestos, it

$i0, 3744 4953 4953 5658 is also recognized that excessive, long-
MgO 3944 03 1-7 2834 term occupational exposure can cause
FeO 0—-6 1320 3444 312 serious health problems. Also, if man-
Fe.0, 05 1720 - - made emissions are not controlled,
ALO, 02 - 2-9 0—2 then environmental contamination
H.0 1215 2—5 25 1-6 could could approach harmful levels.
Cal 05 - - - During the past two years, significant
Na.,0 - 4-8 - - legislation has been enacted by the
€a04Na.0 - - 0-3 - Federal government to reduce and
Crystals Finc fibers Brittle fibers Prismatic Prismatic control occupational exposure to as-
Color Gray green Blue Gray/brown Gray bestos fibers and to minimize fiber
Texture Soft silky Harsh Harsh Harsh emissions to the environment. Addi-
Flexibility Very good Good Good Poor tional standards or regulations have
Hardness, mohs 254 4 5.5-6 5.5-6 been proposed or enacted by many
Fiber diameter, A 180-300 600-900 600-900 600-900 states and local governments.
Tensile, mpsi 800 600 200 <4
Surface charge Positive Negative Negative Negative .
Resistance tf acid Poor Cogd Gogd \’egy good Summary of OSHA Regulations
Resistance to alkali Good Good Fair Good

(a) Sources: Modern Plastics Fncyclopedia (1973), and Encyclopedia of Chem. Tech., Vol. 2.

The William-Steiger Occupational
Safety and Health Act of 1970 be-
came effective on April 28, 1971, with

JournAL oF PAINT TECHNOLOGY

FMSI 05860




prudent to permit additional con-
tamination of the public environment
with asbestos. Continued use at min-
imal risk to the public requires that
the major sources of man-made as-
bestos emission into the atmosphere
be defined and controlled.”””

What is Industry Doing?

The Asbestos Information Associa-
tion/North America reports that, dur-
ing the past 30 years, the asbestos in-
dustry has spent millions of dollars to
improve mining, milling, and manufac-
turing methods.® The establishment of
safer working conditions has been a
prime target and this work continues
unabated and in close association with
government agencies and independent
medical researchers.®

The ultimate goals of the asbestos
industry are: Reduction of work-area
dust to minimum levels; Protection
of workers from asbestos-related dis-
eases; Maintenance of environmental
emissicns at levels low enough to pre-
clude puhlic endangerment.

Air Sampling

In order to comply with OSHA
standards and to determine the need
for dust control measures, air monitor-
ing should be conducted in areas
where asbestos is regularly handled
or used. OSHA standards require that
“all determinations of airborne con-
centrat’ons of asbestos fibers shall be
made by the membrane filter method
at 400-450X (magnification) (4 milli-
meter objective) with phase contrast
illumination.”® The equipment for
collecting air samples costs less than
$400 and is readily available. A phase
contrast microscope can be obtained
for as little as $600, or an existing
microscope can be modified for
“counting” the asbestos fibers in com-
phiance with NIOSH criteria.**

Air samples have been collected
and analyzed on a regular basis by
the ashestos industry for vears. Ex-
cept for a few applications where dust
control is an engineering problem, in-
dustry is finding that dust levels are
already within acceptable standards
or that minimum changes are nec-
essary to achieve compliance. Al
though data on many asbestos/plastic
applications are not available, the
summary in Table 4 is typical of our
measurements of dust levels during
asbestos handling in various tvpes of
plants and operations. The dust levels
reported are ceiling concentrations,
and it should be noted that the allow-

Table 4—Typical Air Sampling
Results®
Ceiling

Type Plant Concentration,
Or Operation Asbestos Fibers/cc
Floor tile 1-3
Polyester 1-3
Phenolic compounding 2-5
Handling phenolic 3-14

Caulks and sealants 0-8

Gypsum compournds 2-9

(a) Source: Union Carbide Corp., from air
monitoring rcports.

able OSHA level is 10 fibers/cc. In
most cases, the TWA exposure level
would be well below OSHA stan-
dards. Most of the data were collected
before the installation of any special
dust-control measures. Monitoring of-
ten shows that obviously dusty con-
ditions are caused by materials other
than asbestos. This does not preclude
the need for controls, but it could
change their scope and facilitate com-
pliance with government regulations.
Because of “bad press,” asbestos is
frequently ordered out of use without
regard to whether or not a hazard
actually exists due to air contamina-
tion. If acceptable dust levels are
feasible, there is no need to replace
ashestos at the expense of product
quality or economic penalty. Gordon
Everett of EPA points out that in-
formation on the biological effects of
asbestos is very limited and that the
effects of many substitutes have not
been investigated at all. Before as-
bestos is replaced, it should be cer-
tain that a safer alternative is avail-
able.’*

Obviously there are more people
exposed to products containing asbes-
tos than there are to raw asbestos
fibers. As noted previously, more than
90% of the asbestas used in this coun-
try is in products in which the asbes-
tos is “locked in” or bound with ce-
ment, plastics, or other binders, so
that there is no release, or at least no
significant release, of fibers in work
areas or to the environment. Materials
or products with locked-in fibers
would include: floor tile, polyester
resins. phenolics, sealants, coatings,
brake linings, friction materials, rub-
ber, roofing compounds, and rein-
forced plastics. Since an abrading ac-
tion on some of these products could
release asbestos fibers, appropriate
monitoring and/or control measures
should be instituted if it is thought
that such action would release fibers.

Dust-Control Measures

Asbestos producers and users are
spending a considerable amount of
time and money on various dust-con-
trol measures. Conventional means to
achieve minimum dust levels include:
filtered ventilation systems on process
equipment, local ventilation for saws
and similar tools, conversion to a
“wetted” operation, leak-proof pack-
aging, vacuum clean-up, more care in
bag disposal and other asbestos waste
handling, and automatic bag openers.
Unusual innovations include: pel-
letized asbestos, special packaging,
and treated products.

Only short-fiber chrysotile is avail-
able as pellets, but this product serves
a fair portion of the asbestos market.
Pellets not only reduce dust during
conventional handling but they are
also available in bulk hopper cars and
can be transferred and used in totally
enclosed systems. Barring leaks in the
system, dust in work areas is virtually
eliminated. Used in bulk, asbestos
pellets also reduce shipping costs,
eliminate warehouse storage and
handling, facilitate automation, reduce
clean-up, and eliminate bag handling
and disposal. The pellets contain no
binder and are friable enough to be
dispersed in dry form or in aqueous
or resinous systems with conventional
high-shear grinding equipment.*®

Several types of special packaging
are currently available, and suppliers
consider customer requests for unus-
ual requirements. The floor tile indus-
try can obtain asbestos in plastic bags
which can be added directly to the
compounding operation. Asbestos in
bleached paper bags assembled with
water-soluble glue and printed with
water-dispersible ink can be added
directly to paper-making finishes or
acoustical tile formulations.

Although “wetted” asbestos is not
generally available, most suppliers
are working with customers to pro-
vide “dustless” products. When justi-
fied by market demand, asbestos can
be treated with water, mineral spirits,
glycol, or other materials compatible
with the application or system.

Conclusion

Asbestos is one of industry’s many
raw materials which involves a po-
tential hazard when not used with
reasonable respect and care. Although
all forms of asbestos are recognized
as hazardous to health when inhaled
excessively, there is growing evidence
that crocidolite and amosite are more
hazardous than chrysotile. Fortunate-
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the following Congressional purpose:
“To assure so far as possible every
working man and woman in the na-
tion safe and healthful working con-
ditions and to preserve our human
resources.” The Act established the
Occupational Safety and Health Ad-
ministration (OSHA) within the De-
partment of Labor, which has re-
sponsibility for administration and
enforcement. Research and related
functions are handled by the Depart-
ment of Health, Education and Wel-
fare (HEW) through the National
Institute of Occupational Safety and
Health (NIOSH). Five million em-
ployers and 60 million of the nation’s
80 million workers are covered by
OSHA. Specifically excluded from
coverage are government employees
and operations which are protected
under other federal health and safety
laws, In a news release issued January
4, 1972, OSHA announced a Target
Health Hazards Program aimed at
improving health factors associated
with working conditions. The follow-
ing five substances were designated
to be the focus of initial and con-
certed efforts by OSHA and NIOSH:
asbestos, cotton dust, silica, lead, and
carbon monoxide.

At the present time, new standards
have been established only for asbes-
tos, although, of the 8,000 toxic sub-
stances on the NIOSH list, only 500
are covered by standards and many
of those need updating. The new
Standard for Exposure to Asbestos
Dust was published in the Federal
Register, Vol. 37, No. 110, on June 7,
1972. The basic exposure standard is
an  8-hr time weighted average
(TWA) of five fibers, longer than 5
micrometers, per cubic centimeter of
air, The TWA limit is to be reduced
to two fibers per cubic centimeter on
July 1, 1976. A peak concentration
of 10 fibers per cubic centimeter is
not to be exceeded at any time. All
of the fiber concentrations are those
to which an employee may be ex-
posed without protective clothing and
equipment. The first basic require-
ment of the new standard is monitor-
ing to determine whether or not fiber
concentrations are in excess of the
exposure limits. Some asbestos sup-
pliers provide a monitoring service to
customers, and a similar service may
be obtained from state health depart-
ment officials, insurance carriers, or
private consultants. The law requires
that monitoring be repeated as nec-
essary to ensure that employees are
not exposed to levels in excess of the
exposure limits.
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Improper interpretation of the reg-
ulations has created many miscon-
ceptions about equipment and pro-
cedures needed to properly use
asbestos. If exposure limits are not
excecded, there are no further com-
pliance requirements except for med-
ical examinations. Medical examina-
tions are required for all employees
in any occupation exposed to airborne
concentrations of asbestos fibers. The
examinations are relatively simple and
should cost no more than $50 per
year, per employee.

Respirators and special clothing
are required in the construction trade
for the spray application of insulation
and fireproofing materials, and for the
removal of such materials. This spe-
cial protection is not required for any
other use of asbestos unless exposure
I'mits are exceeded. This is also true
for other items such as speocially
equipped tools, change rooms, clothes
laundering, and waste disposal. Res-
pirators are not a substitute for en-
gincering controls, but the law allows
their use while controls are being
implemented, in special situations
where controls are not feasible or
adequate, in emergencies, and for in-
frequent short-term. job assignments.
Caution labels are required on prod-
ucts containing asbestos except where
the fibers have been modified by a
bonding agent or other material to
prevent dusting during any normal
subsequent use or handling. Besides
raw asbestos fiber, products which
require package labeling could in-
clude: dry acoustical spray products
and joint cements, unsaturated roof-
ing felt and textiles, and some in-
sulating products made without ade-
quate binders. The labeling of a prod-
uct does not prohibit its use. It
should be noted here that in at least
90% of the products containing as-
bestos. the fibers are solidly locked
into the product thereby presenting
little danger of dust generation dur-
ing normal use and handling of the
product.®

EPA Standards

Whereas OSHA is responsible for
the protection of the worker, the En-
vironmental Protection Agency (EPA)
is charged with improving the en-
vironment to which the general public
is exposed. On March 31, 1971, as-
bestos, along with beryllium and
mercury, was identified as a “hazard-
ous air pollutant” by the Administra-
tor of the EPA. National Emission
Standards for asbestos were then pub-
lished by EPA in the Federal Regis-
ter, Vol. 38, No. 66, April 8, 1973.
Although no numerical emission stan-
dards were established, operating cri-
teria are prescribed to prevent or
limit asbestos emissions to the out-
side air from asbestos mills, roadways,
certain manufacturing operations,
building demolition, and the spray-on
application of materials used to in-
sulate or fireproof equipment and
machinery. The law further requires
that spray-on materials used to in-
sulate or fireproof buildings, struc-
tures, pipes, and conduits shall con-
tain less than 1% asbestos on a dry-
weight basis. This should significantly
reduce emissions to which the gen-
eral public may be exposed, especially
in large urban areas.

“, . . the Administrator (of EPA)
has determined that, in order to pro-
vide an ample margin of safety to
protect the public health from as-
bestos, it is necessary to control emis-
sions from major man-made sources
of ashestos emissions into the atmos-
phere, but that it is not necessary to
prohibit all emissions.

“In this determination, the Admin-
istrator has relied on the National
Academy of Sciences’ report on as-
bestas, which concludes: “Asbestos is
too important in our technology and
economy for its essential use to be
stopped. But, because of the kmown
serious effects of uncontrolled inha-
lation of ashestos minerals in indus-
try, and uncertainty as tn the shape
and character of the d ..e-response
curve in man, it would be highly im-

JOHN L. MYERS, Marketing Manager for the Calidria
Asbestos Group in Union Carbide's Metals Div., received
his B.S. Degree in Chemical Engineering from Purdue
University in 1951. Joining Union Carbide that same year,
he served in the Nuclear Division until 1966, when he be-
came a Research Engineer in the asbestos group. He was
promoted to his present position in 1970.
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ly, the plastics industry uses primarily
chrysotile asbestos and, in most prod-
ucts, the fibers are locked-in to pre-
vent airborme contamination. Al-
though asbestos dust levels are gen-
erally lower than expected, industry
continues to expend large amounts of
time and money to further improve
the quality of the workplace. Al-
though the general public is not cur-
rently in danger, occupational controls
are required to prevent future en-
vironmental contamination.

Chrysotile asbestos is an important
and necessary raw material, vital to
the nation’s safety and economy; and,
with proper control, it can be used
safely and in compliance with govern-
ment regulations. Medical, scientific,
government, and industrial personnel
must continue to work closely to-
gether to establish reasonable expo-
sure limits, provide safe work areas,
and eliminate any possibility of public
endangerment. [
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