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desirable.
The information presented shows that it is not possible to ensure compliance with
an absolute ceiling threshold limit for benzene. Summary of Air
The ANSI standard can be slightly modified to provide practicable working criteria
of 10 pprn timeweighted average and not more than 2% probability of exceeding As concentray
25 ppm. It would. however, be simpler for the hygienist to work to a daily exposure places typically
dose limit of 5000 ppn-minutes, which is proposed here. necessary to colle
This criterion is tested against some typical log-normal distributions and is sub- ing zone if resu:

mitted to toxicologists for consideration. inhaled by ama

As concentrat
edly in ume, it i

ofmeasurements
Introduction test exposure to a controlled concenti, ol time to repre
. tion;! typical application in a field studs ronditions.
ZENE HAS BEEN described as ra- : ; .
E(;\ioégmgetic It would seem that this USINd personal air samplers has been o Representative
T ; o scribed.* lected by mean
description is appropriate to the incidence . . . 4 e !
of chronic disease which nianifests itself by ~_TNiS paper considers tlie problem fuir vriginal - person;
blood changes comparable to those pro- M€ practicing hygienist in the intcrprs imrinsically safe
duced by ionizing radiation and, as recently ~1on of air sampling results using cunte:
reported, by chromosomal damage. While ~Cfiteria. 1t does not present new tosicuk- -
both benzene and radiation can cause acute ical information, and toxicity aspects o .

introduced only insofar as they inflwn

poisoning, the effects are not similar— : Lo
air sampling criteria.

perhaps due in part to the differing routes
of access to the body.

While the effects of overexposure to ben-
zene are commonly assessed by hematology,
the possible risk arising from occupational ~ At the present time the industrial &
exposure can be determined by one or more  gienist is presented with a bewilder
of three techniques. These are determina. assortment of standards for asseming « _
tion of the concentration of benzene in the posure. Some of the various natu. '

Air Sampling

air the man breathes, measurement of con- standards recently reported® show -
centration of benzene in tlie breath he varying from 6 to 100 ppm. Doof
exhales after exposure may have occurred,  In the United States all the full.: < :

and analysis of his urine for the principal standards are currently valid: '
metabolite—conjugated phenol. The first

is a measure of his exposure, the second a Threshold Limit (1970)° 25 ppm il ey -
measure of the amount absorbed, the third ANSI Standard (1969)* 50 ppm peal ' ‘; " \
ameasure of the amount of benzene metab- 25 ppm ool ' ‘s A
olized in the body. 10 ppm AR
Improvements have been made in these weighted B U
techniques and have been evaluated by a erige bians 1. Intrinsic
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ltygicnic Guide (1970)® 25 pprn ceiling
100 ppm short-
exposure tol-

erance

While it is entirely proper that threshold
mits "'should be interpreted and applied
waly by a person trained in this disci-
pline,”¢ some guidance from toxicologists
on the significance of these values appears
ilevirable,

Summary of Air Sampling Technique

As concentrations of substance in work-
places typically vary widely in space, it is
nueeessary to collect tlie air from tlie breath-
mg zone if results are to represent the air
suhaled by a man moving about at work.

As concentrations typically vary mark:
edly in time, it is necessary to take a series
«f measurements over a long enough period
of ume to represent average and extreme
vonditions,

Representative samples have been col-
lected by means df a modification of the
ariginal personal air sampler’ which is
iiitrinsically safe (Figure 1). This draws
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¥ieme |, Intrinsically safe removal air sampler.

air at a constant rate of 1liter/min through
cartridges containing silica gel attached to
a harness on the shoulder.

Cartridges are changed every 10 or 15
minutes, and the benzene subsequently is
eluted with ethanol in the laboratory. The
quantity of benzene is determined by gas
chromatography, and the concentration in
the air calculated for each sample period.

The Distribution of Air Sample Results

It has already been shown' that a series
of observations of air concentrations of a
radioactive aerosol arising in workplaces
can be described reasonably accurately by
a log-normal distribution, though this does
not represent the sequence of samples with
respect to time. This is also observed-in
outdoor pollution studies® and could be
expected for vapor concentrations which
men breath while at work.

Tlie average concentration to which a
man is exposed is best described by the
arithmetic mean of all the samples col-
lected, weighted for the duration of the
samples unless this is held constant through-
out the period.

The variability of the concentration,
which may be at least as important a fac-
tor, is best described by the geometric stan-
dard deviation (GSD)which is applied to
the median (geometric mean) to determine
tlie probability of a given concentration's
being exceeded.

Field Results

Personal air samples. each of 15-minute
duration, have been collected during a
variety of operations where men are ex-
posed to benzene vapor. Each series of sam-
ples has covered a whole working shift or
a complete operation, with total times vary-
ing from 2 to 8 hours. Each set of results
has been placed in rank order and plotted
on logarithmic probability paper according
to the system of Larsen.!® Some typical re-
sults arc shown in Figures 2 and 3 with the
computed distribution curves superimposed.

In Figure 2, which refers to exposure to
pure benzene, curve 1 shows tlie marked
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Ficure 2. Distribution of air sample results for
four men exposed to benzene in various operations.

variability (GSD 3.7) found when a man
moves around point sources of emission in
the open air approaching each very closely.
Curves 2 and 3 show slightly lower values
of GSD (3.4 and 2.9) for similar operations
undertaken in more windy conditions. In
contrast, curve 4 shows the small variability
(GSD 16) wlien a man works in a confined
space.

Figure 3 shows exposure when a hydro-
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Ficure 3. Distribution of air sample results for
three men exposed to benzene in hydrocarbon mix-

lures.
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carbon mixture containing benzene is emir.
ted from a single source in a partially en-
closed area. For two men working aroun:!
the opening (curves 1 and 2) the GSD's i
29 and 8.8. For one man working i .
confined space below the source of emisian
the CSD is 45 (curve 3).

Hypothetical Distributions

To enable comparisons t0 be made wit!.
the criteria published in the United -Stare.,
three hypothetical distributions have heen
plotted in Figure 4. All three have a time
weighted average value (arithmetic mcan
of 10 ppm and have geometric st
deviations of 15, 3.0, and 45 t0 represes
least. typical, and most variable concents .
tions likely to be met in practice. T'lic linn-
line proposed by Jones and Brief,™" wi
is also shown, is discussed later.

Interprofation of Results Using Current
Criteria

Provided that sufficient numbers of .
ples are taken under conditions reprew.
ing long-term exposure, no difficulty show
arise in interpretation using the
weighted average value of 10 ppm !
should be noted that in a log-norul ¢
tribution the arithmetic mean is not i
tical with the geometric mean {(median,

The interpretation of results using !

term criteria is less straightforward
cifically, the fact that results can te |
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Ficure 4. Typical and extreme valuee of o+
for series of air samples having an arithuet..
(time-weighted average) of 10 ppm.
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«iibed by lognormal distributions makes
Limpossible to apply an absolute ceiling
.lug, as there is a finite probability of any
.mcentration’s being exceeded (up to that
aresponding to the saturated vapor pres-
e, Which is about 100,000 ppm at 20°C).

‘The evaluation of short-term exposure
mst therefore be made on the concept of
aceptable  risk—that is, restricting the
srohability of a given concentration's being
wxeeded to an acceptable value.

such a limit can be developed by slight
aiendment of the ANSI criteria for the ac-
«eptable maximum for peaks. It would ap-
pear reasonable to propose that a concen-
nation Of 25 pprn averaged over 10 minutes
may be exceeded only once during an 8-
heur working period. As there are 48
Ianinute periods during such a working
Jday, this can be restated with adequate ac-
wracy in the form that the probability of
esceeding 25 ppm over any 10-minute pe-
ried should not be greater than 29%,.

Such a criterion makes it immediately
persible to assess short-term exposure from
a log-normal plot or calculation of the air
<ample results. If the hypothetical distri-
bations having a time-weighted average
of 10 ppm sliown in Figure 4 are assessed
w this standard, it can be seen that in an
aica where the air contamination is rela-
tvely uniform (GSD 15) the probability
of the ceiling value's being exceeded is less
than 19, In more typical conditions of
wutdoor Work the probability is about 10%,
and therefore the control of short-term
peaks is more important than control of
ihe time-weighted average concentration.

From Figure 4 it can also be seen that
for concentrations having a time-weighted
wverage oF 10 ppm and a GSD of 3.0, the
probability that the AIHA short-term tol-
vrance of 100 ppm would be exceeded is
.59, (one sample in four shifts); for the
extreme case of a GSD of 4.3, the proba-
bility is 197, (that is, one sample in two
<hifts). 1t is not possible to coinment on the
hiological significance of such values.

In a recent paper, Jones and Brief"" have
proposed a rational procedure for com-
paring air sanipling results with the ANSI

criteria using the 10-ppm time-weighted
limit and the 50-ppm maximum for a
single 10-minute value. They make use of
Larsen’s method for plotting log-normal
curves and have taken account of the ef-
fect of sampling time on geometric stan-
dard deviation which has been ignored
here.

The limit line they derive for 15-minute
sampling periods is also shown in Figure
4; it indicates that by this criterion the
time-weighted average limit is more sig-
nificant than the ceiling value only for
distributions having GSD's below 2.3. For
typical distributions the short-term limits
for exposure are more restrictive.

From this analysis based on typical per-
sonal air sampling results it is apparent
that the need to limit peak exposures ‘is
likely to be more restrictive than the need
to limit the long-term average. It is dif-
ficult to assess the biological significance of
controlling a chronic hazard in this way.

The Significance of Short-Term Peak
Concentrations

The principal reason for limiting peak
concentrations would appear to be to pre-
vent the irritation of the upper respiratory
tract and eyes, and to control the risk of
acute effects of intoxication. In the Hy
gienic Guide it is stated that a concentra-
tion of 3000 ppm is irritant, but the author
believes that 5000 ppin can be tolerated on
a purely subjective basis.

The concentration that produces nar-
cotic symptoms 15 fess clearly defined. It is
certainly dependent on the duration eof
exposure and is probably best expressed as
an exposuredose —that is, the multiple of
the concentration to which exposure occurs
and the duration of the exposure. Review
of published literature suggests that the
danger limit for intoxication from short-
term exposure is of the order of 100,000
ppm-minutes. It therefore appears desirable
that for any exposure exceeding about 2
minutes and less than 8 hours the permis-
sible concentration should be inversely pro-
portional to the duration of exposure.

.  —
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There remains the question of whether
exposure to occasional short-term peak
concentrations can cause chronic benzolism.
This is suggested in the contribution made
by Gerarde in Patty's Industrial Hygiene
and Toxicology? which is not précCisely
quoted in the Hygienic Guide. Review of
the literature does not reveal any specific
evidence that chronic disease has been
produced by short-term peak exposures in
the absence of a significant time-weighted
exposure. Where brief exposures to high
concentrations have occurred, these are
likely to have been repetitive and accom-
panied by more prolonged exposure to low
levels.

Although a sudden death has been re-
ported following an unknown short expo-
sure!$ (and the post mortem results suggest
that a longer period of exposure must have
occurred), the principal acute effect to be
controlled is commonly taken to be narco-
sis. Recovery following a severe exposure
may be complicated by later sequelae,t
though Elkins!® suggests that the risks of
severe aftereffects following a single severe
exposure are less than with most of the
organic halogen compounds.

If it can be assumed that the chronic
blood dyscrasias can be related to the
amount of benzene taken up and retained
in the bone marrow, it would appear un-
likely that short-term exposure alone can
make a significant contribution.

From breath sampling results following
experimental and occupational exposure
(to be reported), there appears to be a body
compartment in which benzene is very
slowly absorbed and excreted. There is
rezson to believe that this is fatty tissue and
that it probably includes the bone marrow
in which the blood cells develop. The ex-
cretion half-life has been found to be of
the order of 24 hours, and it is likely that
uptake is similarl%/ slow. In dog experiments
Schrenk et al.'® showed long-term retention
of benzene during and following long ex-

posure,
While benzene uptake by the blood is

very rapid, and fairly rapid absorption oc-
curs in muscular and well-perfused tissues,
the uptake by bone marrow is probably very

December, 17}

slow and dependent on time-weighted ax

erage exposure.

A Single Criterion to Control Chronic and
AcufegHazards ‘

To meet varying environmental coud
tions it at first appears necessary to quate
range of appropriate acceptable conceuts.
tions for various exposure periods.

However, a single criterion for exparuse
dose can be derived from the present time
weighted average limit, which would wsirve
adequate control of both clironic and acut
hazards. Thus, an exposure-dose af 5w
ppm-minutes corresponds closely to the o
ppm time-weighted average limit for un *
hour exposure, and for short exposure yu 1
ods is well below the concentration known
to produce narcotic effects.

For single daily exposures of ¢hix wiler
for periods as short as 1minute the tHnitin.
parameter may be irritation, but, in vies
of the difficulty of safely controlling so s
a time limitation, exposure of men withe:.:
respiratory protection could not H i von
sidered good practice.

If benzene is indeed radiomimctic, the -
consideration might be given to controllir.
exposure over much longer periods. It i t..
he noted that radiation standusds haw
changed from a ceiling value concept o
pressed in roentgens per minute in ks 1,
exposures averaged over three months, -
year, a generation, and even a lifetime.

It is pertinent to ask whether tlic fum
mental standards for benzene expon
should be set on similar long-time petics
even if short-term criteria t0 contrel v,
risk of acute poisoning are alse required t-
is certainly economically desirable 1.
some relaxation of present criteria In a
lowed for intermittent operations invels
benzene.

The Application of the Proposcd
Criterion to Field Sampling

The use of the single exposure-dow
terion permits routine monitoring of in.
vidual men at risk by means of single v
ples collected over the WOrk shiit. ¥
given sampling rate the exposurcdow .

American Industria

directly related to t
collected by the «
5000 ppm-minute 1
ceceded, then the ris
disease is unlikely

If short-term sa
probability ot a sin
exceeding 500 ppmn
ppm-minutes) can
SRS g
ts N0 more than 0.05
average is not to .
corresponds to a sir
months; for more
«ciitrations the prot
less than once per vy

A further advant:
of criterion is that. a
10 a fixed amount of
sampler of given fow
sible to construct si
vide warning if exct

From a series of s
vxposures for period
it appears that an e
WO ppm-minutes «
produce  concentrat
phenol in urine in -
my/liter. This is bel
2 mg/liter propo-
ms!7™19 for the cont
hut sufficient to sho
«xposure can probabl
ored by end-of-shif
phenol.

Although end-of sh
vide a very sensitive i
spantitative exposure
sossedd from samples

that 8. immediatel
shift. An exposure d.
wies could be expect
#2 ppm in breath at

The Significance of S«

thiolugical Aspects

Roach#¢ has sugges
nme might be set at
«al half-life and, assu
hution of results, ha

—— - = ———— — -



December, 10

It on time-weighted

to Control Chronic and

3 environmental tomd

tars Necessary to uiote .
te acceptable concent,
‘posure periods.
e criterion for exposur
U from the preseni time
imit, which would i
both chronic and ae
exposure-dose of 3.00m
ponds closely to the 10
average limic for an
forshort exposure pens
he Concentration kuawn
effects.
exposures OF this orde
as 1 minute the limitine:
irritation, but, in view
ety controlling o shuw
xposure oF men withow
on couid not be a con.
ce.
leed radiomimetic, then
¢ be given to controliing
1 longer periods. It is 1o
liation standards j.,,..
iling value concept ey.
s per minute in 1928 10
over three months, one
and even a lifetime.
ask whether the fund:r
for benzene exposurc
milar long-time periods
criteria to control the
ing are also required. I
mically desirable thal
present criteria be aj.
Tnt operations involving

[ the Proposed
Sampling

JIngle exposure.dose cri-
ine monitoring of indi.
by means of single sam-
the work shift. For a

e the exposure-dose is

Imevican Industrial Hygiene Association Journal 815

aectly related to the quantity of benzene
llected by the sampling device. If the
i ppm-minute limit has not been ex-
«ceded, then the risk of chronic and acute
dicase is unlikely in these .conditions.

If short-term samples are taken, the
arobability of a single 10-minute sample's
vceeding 500 ppm {exposure<lose =— 5000
ppminutes) can be approximately de-
wrnined from Figure 4. Even in the case
of an extremely variable concentration this
wno more than 0.05%, if tlie time-weighted
werage is not to exceed 10 ppm. This
wsresponds to a single sample every two
months; for more typically varying con.
«ntrations the probability corresponds to
less than once per year.

A further advantage of using this type
of criterion is that, as the limit corresponds
w a fixed amount of benzene trapped in a
ampler ofgiven flow rate, it should be pos-
sble to construct simple monitors to pro-
vide warning if excessive exposure occurs.

From a series of studies of occupational
exposures for periods from 1% to 3 hours.
it appears that an exposure dose limit of
09 ppm-minutes could be expected to
procuce  concentrations  of  conjugated
phenol in urine in the range of 20 to 60
mg/liter. This is below the value of 70 to
200 mg/liter proposed by various auth.
ans!™1® for the controi of chronic hazard
hug sufficient to show that risk of acute
exposure can probably be adequately moni.
wred by end-ofsshift urine sampling for
phenol.

Although end-of shift breath samples pro-
vide a very sensitive indication of exposure,
quantitative exposure can really only be as-
wssed from samples taken 18 hours later
—that is, immediately before the following
shift. An exposure dose of 5000 ppm-min-
wes could be expected to produce about
0.2 ppm in breath at that time.

The Significance of Sampling Time

Riological Aspects

Roach?® has suggested that the sampling
hie might be set at one-tenth the biologi-
cal half-life and, assuming a nonnal distri-
bution of results, has shown that, if tlie

”

mean concentration is maintained at a level
1 standard deviation below the threshold
limit, tlie risk of the threshold hody burden
being exceeded at any time would be less
than one in a million. This is perhaps an
overconservative approach. From Salz
mann’s work®" it can be deduced that fluc-
tuations in the quantity of the vapor
retained in the body are adequately rep-
resented if sampling time is one to two
times the biological half-life.

The bioclegical half-life for benzene in
the brain is not well established, and it does
not appear possible to set an appropriate
sampling period to control the hazard of
acute poisoning. 1f, however, the suggestion
to establish a maximum exposure of 5000
ppm-minutes is accepted, then a sampling
system could readily be developed to give
warning when such an exposure may occur.

Observations of benzene elimination (to
be reported) show a half-life for excretion
of phenol sulfate in urine of about 7 hours,
which may be related to the concentration
of benzene in the liver. If this is a signif-
icant biological parameter, then sampling
periods as long as a whole shift will reveal
fluctuations adequately.

The significance of long-period retention
of benzene in fatty tissue to air sampling
procedure has already been discussed.

Statistical Aspecis

Samples of air are taken to estimate the
concentrations of substances '‘sampled” by
workers; it is too commonly assumed that
they are identical. Personal sampling re-
duces errors due to variation o€concentra-
tion with distance; statistical methods are
needed to determine the likely magnitude
d errors due to fluctuations in time.

While a single sample over a shift can
provide a measure of a man's exposure
during that shift, it provides no indication
of likely fluctuation. If conditions do not
change significantly between shilts, then
an estimate of the possible error in assessing
exposure can be made by observing fluctua-
tions during a shift. This is commeonly done
by a simple rule based on the range of the
results observed which assumes their nor-
mal distribution, but it is better made by

O I — Y Sorveranyo
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calculation of standard error as described
by Gale” and applied to radioactive par-
ticle sampling.

Unless preliminary results show that tlie
level of exposure is likely to be very far
away from the criterion, at leust 25 samples
will Le required to obtain adequate sta-
tistical accuracy. If routine monitoring i
found to be necessary, it is important that
proper statistical control of the program
be maintained.

Conclusions

The practical difficulties found in the
application of a ceiling limitation to the
threshold limit for a clironic poison leads
to the proposal tliat threshold limit values
for acute and chronic exposure be sep-
arately assessed. By introducing the con-
cept of a permitted day’s exposure based
on a time-weighted average threshold limit
of 10 ppm, it appears that both acute and
chronic hazards can be controlled by
single limit of 3000 ppm-minutes.

Air samplers to provide warning of acute
overexposure could readily be constructed,
and long-period personal air samplers will
provide adequate information on which to
assess the chronic hazard.

As the introduction of this single cri-
terion would greatly simplify monitoring
exposure, it is hoped that toxicologists will
consider its acceptability.
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