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rianganese, aluminum, iron, titanium, nickel, zinc,
silicon, sulfur, sodium, calcium, bromine, chlorine,
potassium, and copper. Samples were collected on
Millipore membrane filters which were dissolved in
acetone in preparation for analysis. Calibration
curves were developed using external standards
and taking inte account the variation in spectral
response as the dust layer thickness varies. Back-
ground (blank) corrections were included.
Standard samples for quantitative emission spec-
wrography were perpared by mixing spectro-
scopically pure oxides of the elements with
Ringsdorff graphite and gallium oxide a3 an
intemal standard. An atiquot of the centrifuged
particulate was also mixed with the graphite-
gallium oxide standard. Comparison of the two
methods indicated X-ray fluorescence was s valid
technique for direct analysis of dusts.**¢

Nondispersive X-ray fluorescence analysis has
been applied to lead and bromine aerosols
collected in downtown Berkeley, California. The
technique employed was nondestructive to the
filter paper collection medium and required only 2
min/analysis. The equipment was eadly rendered
portable and could be carvied in the field. The
ratio of bromine/lead appeared to be significantly
different from location to Jocation.**4

3. Neurron Activation

Although rather elaborate equipment for
activating and nuclear decay counting is required,
the extreme sensitivity and reliability of this direct
approach justifies consideration. By means of
g@amma ray” spectrometry and computer tech-
niques, sodium, manganese, chlorine, vanadium,
aluminum, bromine, copper, and indium can be
determined simultaneously. Polytetrafluoro-
ethylene (PTFE) filters were particularly well
suited for sample collection (lowest chlorine con-
tent).** An even greater number of elements that
can be detected by this technique were described
recently by Gray and his co-workers.**f

2. Cascade Collectors — Respirable Fraction
Probably the best presentation of “respirable”
dust sampling and the physiological basis for the
selection of appropriate filtration devices was
presented by Morton Lippmann®? for the interim
“Guide for Respirable Mass Sampling” prepared
by the ATHA Aerosol Technology Committee’?
and later included in the ACGIH's Air Sampling
Instruments jfor Evaluation of Atmospheric Con-

taminants.! Excerpts which follow are presented
by permission of the copyright holder.

a. Sampling for Respiratory Hazard Evalugtion

Air sampling techniques have been umd to obtain
information for a variety of purposs. The discussion to
follow concerns the specific purpose of mmpling for the
evalustion of the toxicological insult arizing from the
inhalation of airborne particles. Alr sampling techniques
used to obtain mformstion for other purpossm, e3.,
performance testing of ventilstion systems and air
cleaners, contamination monitoring in so-called “white™
orf “clean™ room openstions, and for basic scentific
studies of atmospheric reactions, composition, and
capecity for pollutant dispersion may differ, and are
beyond the scope of this discussion.

If the objective is to obtain information on the nature
and magnitude of the potential health hazerd resulting
from the inhalation of airbomne particies, the techniques
must be capabie of providing dsta on the contaminant
concentration within the size range which reaches the
critical organ for toxic action. In other words, the choice
of methods must be based on a recognition of the
size-selecting chamcteristics of the human respiratory
tract, in addition to the usua) parameters affecting the
selection of methods, ¢.g., the physical bmitations of the
collection process, and the sensitivity and specificity of
the analytical procedures.

There . hsa Dot an incressing recognition of
importanes of the wiective mampling of rvapicabin duet s
charscteristics of thw hessn respivatory tract were lnegalyy
fgnored, The only standard method which provided a
means for discriminating sgainst non-respirable particles
was the impinger sampling-light field counting technique
for pneumoconiosis producing dusts. The Greenburg-
Smith impinger, developed In 1922-25 through the
cooperative efforts of the U.S. Bureau of Mines, U.S.
Public Health Service, and the American Society of
Haating and Ventilsting Engineers,’ and the midget
impinger, developed in 1928 by the Burean of Mines,?
efficiently collect particles larger than about % micron in
a liquid medium. The samples are analyzed by counting
the particles which settle to the bottom of s wet counting
cell and sre visible when viewed through a3 10X objective
lens. Particles larger tham 10w obmerved during the a;
are rejogted by many indusrial Nygienise s
rempinbi&™ In the alternative approach of gravimetric
analysis of the total airborne particulate sample, there is
no practical way to discriminate against the oversized
particles.

b. Regional Deposition, Clearance, and Dose

The hazard from airborne particles varies with their
physical, chemical and/or biological properties. These
properties will determine the fate of the particles and
their interactions with the host after they are deposited,
A baic conzsideration is that this fate in any given
individual varies greatly with the site of deposition within
the rexpiratory tract.

There are a number of major subdivisions within the

141

uce

LT bt SN
L et n v p—— e

-

035041

T ——




and documentation for the “Interim Guile on

‘Respirsble’ Mau Sampling™*? of the AIHA Aerosal
Technology Committee,

{ Measurement of Mass Concentrations within Size
Graded Aerosol Fractions

Since the dom from inhaled toxicaats is dependont on
the regional depoaition, which is depmadent om particle
size, the best dom estimates for 3 matarial whoss Soxicity
i proportional to absorbed mam can be derived from a
knowledge of the mass concentrations within various size
ranges. Such information can be obtained in several ways:
(1) by sepanating the asrosol into sze fractions corre-
sponding to anticipsted regional deposition during the
process of collection; (2) by making a size distributioa
analysis of the sirborne serosol, e, with a conifuge,
cascade impactor, light scattering serosol spectrometer,
ete.; and (3) by making a size distribution analysis of a
collected sample.

The most refiable information can be obtained using
methods in which the aerosol is fractionod on the basis of
aerodymamic dismeters in much the same manner as it is
fractionated within the respimatory tract. Thus, differ-
ences in particke shape and density are automatically
compengsated for.

Light scattering instruments which sort the pulses
resulting from the scattered light from individual particles
an provide information on the distribution of airborne
particle diameters. In converting this mformation to a
size-mass distribution, an average particle density must be
amumed. Furthermore, the accumcy of the diameter
distribution is dependent on the particls shape, index of
refraction and surface roughness. For example, Whitby
and Vomeh report that for India Ink particles, which
absorb light and have a rough surfsce, the indicated size
was 1/2 to 1/5 of the true size for the throe different
imstrument designs tested.

Further opportunities for error arise when the size
distribution analyss is performed on collected samples. It
is almost impomible to examine the ssmpie in the original
state of disperzion. Thus, particles which were unitary in
the a2ir may be amilyzed as aggregates and vice verm.

% Deposition — 10 20 %N
Diam. ) - 22 32 39
(for spheres of unit density)

US. Atomic Eastgy Cossmission (AEC) — A second
standard, cstablished In January 1961 st 2 mesting
sporsared by the AEC Office of Health and Safety,*?
defined “Respinsble Dust™ a3 that portion of the inhaled
dust which psnettates to the non-clliated portioms of the
lung This applicstion of the concepts of respirable dust
and concomitaxt mlective sampling was intended only for

Furthermore, purticles analyzed by microscopy will be
graded by a linear dimension or by projected area
dinmeter, and these are normally larger than the true
average diameter.

J Standards and Oriteriz for Respirable Dust
Samples

Mritish Medical Research Council (BMRC) — In 1952,
the British Medical Restarch Council adopted a definition
of “respirable dust™ applicable to pneumoconiosis pro-
ducing dusts. It defined respirable dust as thet reaching
the alveoli. The BMRC selected the horizontal elutristor
as 3 practical size selector, defined respirable dust as that
passing an idenl horizonts] chutrintor, and selected the
dutristor cut-off to provide the best match to exper:-
mental lung deposition data. The mme standard was
adopted by the Johannesburgh Internationsd Conference
on Preumoconiosis in 1959,

In order to implement these recommendations, it was
specified that:

1. For purposes of estimating airborne dust im its
relation #0 pneumoconiosis, samples for com-
positional analysis, or for assessment of concens
tration by a bulk messurement sach as that of
mas of surface area, should represent only the
‘respirable’ fraction of the cloud.

2. The ‘reapirable’ mample should be separated
from the cloud while the particles are airborne
and in their original state of dispersion.

. 3. The ‘respinable fraction’ is to be defined in
terms of the free falling speed of the particles,
by the equation C/C,, * 1-{/f,, where C and C,
are the concentrations of particles of falling
speed f in the ‘respirable’ fraction and in the
whole cloud, respectively, and f, is a constant
oqual to twice the falling speod in air of a
sphere of unit density Su in diameter.

A mmpling device which meets them requirements
would have » mmpling efficiency vi size curve suggested
by Daviee®* It is illustrated in Figure 11.5 and defined as
follows:

50 & 70 8 90 100
50 55 59 63 69 1.1

“insoluble” particles which exhibit prolonged retention in
the lung. It was not intended to include dusts which have
aa appreciable solubility in body fluids amd thos which

are primarily chemical intoxicants,' Within these restric-

tions, “respirable dust” was defined as follows (Figure
IL7):

Marticle Size vs. Respirability

Size* (u) 10
% Respirable - 0

25 s0 78

5 s 23 2
100

*Sizes referred to are oquivalent to an serodynamic
diameter having the properties of a unit density sphere.
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FIGURE 11.7. Aerodynamic particle size at unit density
— tespirable mass deposition curve. (From Lippmann, M.,
Air Sampling Instriments for Evaluation of Atmospheric
Contaminants, 4th ed., ACGIH, Cincinnat, 0., 1972.
With permission.)

American Comference of Governmental Industrial
Hygienists (ACGIH) — The application of respirable dust

“1, for respirable dust in mg/M*:

10 mg/M?

sampling concepts to other toxic dusts and the relations
between respirable dust concentrations and acceptod
standards such as the ACGIH Threshold Limit Vakes
(TLV's) are more complicsted. Unliks the MIC,’s for
radicisotopes, which are besed on calculation, most TLV's
are based on animal and human expomire experiencs.

Thus, evem if the dats om which thes standards were -

based could be related to the particls sis of the dust

volved, which unforturmtely i unlikely, thers would -

probably be a different corection factox for eich TLV,
rather than & uniform factor such 21 0.15,

Despite the enormity of the task of establishing -
alternative or revised TLV's based on “respinable™ dust -

concentrations, ACGIH has mads a start. At the annual
meeting in 5t. Louis, Missouri on May 13, 1968, ACGH
announced’” in their “Notice of Inteaded Changes™

alternate mass concentration TLVs for quarts,
cristobalite and trydymite (three forms of crystalline fres

silica) to supplement the TLV's based on particle coust
concentrationst. For quartz, the alternative mass values
proposed are

% Respirable Quartz + 2

Note: Both concentration and % Quartz for the application of this limit are to be
determined from the fraction passing 8 size-selector with the following character-

15tics:

Aerodynamic Digmeter (u) 2.0
{unit density sphere)

% Passing Selector 90

2.3 s 5.0 10

75 50 25 0

2. for ‘total dust’ respirable and nonrespirable:*

30 mg/M?
% Quartz + 3

For both cristobalite and tridymite: Use one-half the value calculated from the

count or mass formulae for quartz.”

It can be seem that the sizeselector characteristic
specified in the ACGIH standard is almost identical to
that of the AEC, differing only at 2u, where it allows for
90% passing the first stage collector instead of 100%. The
difference appears to be a recognition of characteristics of
real particke scparators. For practical purposes, the two
standards may be considered equivalent.

The proposed mass concentration limits were obtained
by a comparisom of simultaneous impinger and size-
selective samples collected in the Vermont granite
sheds.®® Since the original impinger sampling and micro-
scopic particle counting standards were based on
epidemiological investigations which had been performed
3 to 4 decades earlier in some of the same granite cutting -
sheds, it was postible to make a valid comparison of
“respirable” mams and particle count.

The U.S. Department of Labor has adopted the

ACGIH sizoslector caiteria for respiable dust and - -

extended its applicstion to coal dust and inert or nuismnoe

dust. In their revised Safety and Health Standards foe .. -7
Federal Supply Contracts published In the Federsl © -
Register,'® the ACGIH quartz, tridymita, and cristobalits ... .

were sdopted slong with the following respirsble dlﬂl:’
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Discussion of standards for respieability ~ Basically,
there are two sampler acceptance curves described in the
preceding  discussion, and they have similar, but not
identical characteristics. This is illustrated in Figure IS,
The shapes of the curves differ because they are based on
differsnt types of collectors, The BMRC curve was chosen
to give the best Mt between the calculated characteristics
of an ideal horizontal clutriator and jung deposition data,
while the AEC curve was patterned more divectly after
the Brown, ot al*® upper respiratory tract deposition
data and is simulsted by the sepsration characteristics of
cyclone type collectors. In most field situations, where
the geometric standard deviation (og) of the particle size
distribution is grester than two, mmpies collected with
instruments meeting cither criterion will be comparable.
For example, Mercer calculated the predicted pulmonary
(alveolar) depogition sccording to the ICRP Task Group
deposition model*? for a tidal volume of 1450 cm® and
acrosole-with 1.5 < oy < 4. He found that a mmplay
meeting the BMRC acceptance curve would have about
10% more penetration than a Ampiler meeting the AEC
curve.**

The goal of obtaiming sir concentration data related to
health hazard csm be approached ia sveral waysr For
“insoluble™ dusts, two-stage mmpless consisting of a
pre-collector, with a cut-off characteristic like that of the
upper respiratory teact, and an efficient scond stage can
provide the desired information with minimal mmpling
and analytical effort. For other toxic materials, or for
serosols where the contamimant of interest is a mimor
mass constituent, it may be necesmry to obtain the
overall size-mags distribution in order to determine the
mas concentration in different size ranges appropriate to
the sites of toxic action.

Since the “respirable™ dust standards outlined in the
preceding section were intended for “insoluble™ dusts,
most of the samplers developed to satisfy their criteria
have been relatively simple two-stage devices, In recemt
years, multi-stage samplers designed to simulate depos
tion within more restricted subdivisions of the respirstory
tract have been developed. These and other multi-stage
samplers will be discussed in the sections to follow.

k. Two-Stage “Respirable” Dust Samplers

A two-stage respimble dust sampler consists of a first
stage whose collection efficiency falls from wvery high to
very low as the asrodynamic particle size decreases from
10 to 2», and 2 second stags with high collection
efficiency for all particle sizes Horizontal elutriators and
cyclones have bomm most widsly used as first stage
collectors, whils fiters have been wsed 23 the second stage
in most two-stage surnplers.

Cyclones...can b operated iz amy oriemtation
without significast changs ia their collection chatacteris-
tic.** The oaly precaution necessary i to avoid turning
them upside down Juxing o after sampling, which could
cause duxt from the cyclone to fall onto the filtar or out
through the inlet. This independence of orientation,
combined with their smaBer physical size at comparsble
flowrates, are (xie] among the reasons that most of the
recent two-stage personal sampler designs have been built
around minizture cyclones as the pre-collectors. These

smmplers, combined with filter collectors as the second
stage and newly developed miniature battery powered air
pumps are small and light enough to be wom throughout
s work shift.

Most of the ministure battery powersd pumps are
diaphragm or piston type air movers and therefore
produce a pulsating flow. This would appear to render
them omuitable for pulling air through pre-collectons
whoss collection characteristics are flowrats dependent.
The BCIRA cyclone of Higgins and DeweB** is equipped
with a pubation damper in order to overcome this
probiem. Howevet, the problem may not be s severe as it
sppears at first glunce, at least for thos applications when
the purametey of interest is the “respirable™ mam
measared on the second stage. Knight andd Licht** hawe
demomstrated that variations in asitflow are corrected to
some extent by changes in cyclone collection efficiency.
For non-fibrows test aerosols, including mica and silics,
there was ementially no change in the mam collected on
the fliter for flowrates between 1.3 and 2.65 Ipm. As the
fliowrate increases, thw aerosol mass entering the cyclone
increases proportiomally, but so apparently does the
collection efficiency. In an dutristor, the effect would be
mw«-ummmumnuwwmm
an incresss in ponetration to the filter.

hﬁnyofthcyclompn—oon-cwnmimhly
calibrated wiing polydisperss test ssrosobs of irreguiarly
shaped partiches. The cwrves of collection efficiency w.
sisy, published by Lippmann and Harris** and Hystt, &
al,'’ werw determined from the comparhon of the
particle size distribution analyses of up and downstrezm
tamples made by optical microscopic measwrements. More
recent calibrations weing spherical test ssrosols or mreguisy
particles with messured terminal settling velocitics hawe
indicated that the diameters were overestimmted in the
otiginal calibrations,

For example, the 10 mm nylon cyclone described by
Lippmamn and Harris®* 23 having collection characterie
tics closely matching the AEC acceptance curve at 2.8
ipm, has been recalibrated by Sutton,*® and Knuth,**
Tomb and Raymond”™ and Ettinger and Royer."?
Sutton, using polydisperse Iscquer spheres whose terminal
settling wvelocity distributions he measured with »
Timbrell’* spectrometer before entering and afior pene-
trating the cyclone, reported that the ¢cycions matched
the AEC curve at 2.0 Ipm. Knuth wed monodisperm
polystyrene latex and ferric oxide spheres whose terminal
settling velocities were measured with an elutristor
tube,”? and reported that to meet the AEC criteria the
flowrate should be 1.4 lpm. Tomb and Raymond”® used
2 test serosal of polydisperse coal dust and apalyzed up
and downstream samples for particle sise distribution
with the Coulter Counter. They report that the penstra-
tion curw obtmined at 2.0 liters most cdosely approxt-
mated the AEC criteria. Ettinger and Royer’? used a
monodisperse serctol of 2 4:1 methylerw blue:uranine
mixture. They found that the collection characteristics
matched the AEC criteria at 1.7 ipm. They also showed
that the application of s shape factor comrection to the
Tomd and Raymond data” made thet data consistent
with their own. Knight and Lichti*' compared the
Mﬂflﬁﬂ! of a variety of test acroscls through elutrd-
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