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ABSTRACT

Pﬁbbl Kar en CIeed Devel op ﬂEﬂ% of alhkha { Detﬁrgjnipﬁ
di reectelsgI raP 5 Nbl-s’ar kéracél Rei%: 2 |§1u |§ er| (Under the

The recent designation of crystalline respirable silica
as a carcinogen has created a need for sinple |aboratory
met hods to determne the mass fraction of respirable
particles in bulk silica-containing materials. Results could
i nfluence whether |abeling would or would not be required. A
liquid sedinentation technique was used to obtain cumulative
size distributions for a variety of silica-containing dusts.
These results were plotted as cumulative size distributions
for the test dusts. The percentage of particles having an
equi val ent aerodynam c dianmeter [ess than 3.5 mcroneters
was taken to represent the respirable mass fraction of the
original bulk material. Validation studies of the
sedi nentation method were carried out by conparing the
results to actual respirable nmass fraction neasurenents. A
uni formdust cloud of the test material was generated within
an acrylic chanmber. Respirable sanples and total dust
samples (i.e. dust collected on a PVC filter without a
precol | ector) were collected. The ratio of the respirable
dust to total dust was used to represent the respirable mass
fraction of the airborne material. Side-by-side conparisons
of the sedinentation and cyclone respirable fraction
nmeasurenments were in close agreement with a maximum
deviation of +5% This study concludes that sedimentation
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met hods can be used for determning the respirable fraction
of certain silica-containing dusts. The sedimentation

met hod provides a rapid, inexpensive, and easy method for
obtaining accurate and reproduci bl e estimates of the
respirable fraction of bulk dust sanples.
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I NTRODUCTI ON

| nhal ation and pul nonary deposition of crystalline
silica has long been inplicated as the cause of silicosis, a
fribrotic disease of the lungs. Recent experinental and
human data conclude that there is now sufficient evidence
for the carcinogenicity of crystalline silicain rats, and
limted evidence for the carcinogenicity of crystalline
silica to humans when the silica is inhaled as a respirable
dust. These findings were published by the International
Agency for Research On Cancer (I ARC) in the Volume 42
Monograph on the Evaluation of the Carcinogenic Risk of
Chemcals to Humans by Silica and Some Silicates. The | ARC
findings were incorporated by Cccupational and Safety Health
Associ ation (OSHA) and added to the National Toxicol ogy
Programis (NTP) Sixth Annual Report on Carcinogens.

The designation of crystalline respirable silica as a
carcinogen results in federal |abeling requirenments for
products which may generate airborne silica during handling.
Materials containing silica are abundant and are frequently
used in industrial, occupational and nonoccupational
settings. The main source of crystalline, or free silica,

s quartz, although it is also found in cristobalite,
tridymte, diatomte, and a few other silicate and
nonsilicate materials. Silica flour, or silicainits
powdered form is a mjor conponent of paints, wood fillers,
scouring soaps, and porcelain. Silica sand is necessary for
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the production of glass and silica brick, in nortar, and as
an abrasive. Industries relying on these processes include
glass manufacturing facilities, granite cutting operations,
foundries, and operations which involve mning and tunneling
inquartz rock (2). Products comonly found in the hone
which may contain silica include talc, cosmetics, and
pesticides. O late, nuch attention has been focused on
nonoccupational exposures by artists and craftsmen to
silica-containing paints, clays, ceramcs, and stones.

The federal labeling legislation creates a need for
sinple laboratory nethods to determne the mass fraction of

respirable particles in the bulk silica-containing material.
These neasurenents could then be used to determ ne whether a

material does or does not represent an occupational hazard
to exposed enpl oyees, and consequently, whether |abeling
woul d or would not be required. The goal of this research
was to devel op such a procedure for routine |aboratory
usage. The method selected for evaluation was |iquid

sedi nentation using the Andreasen sedimentation pipette.
Val i dation studies of the sedinentation technique were
carried out by conparing the sedimentation results to
respirable fraction neasurenents taken using 10-nmm nylon

cycl ones.
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BACKGROUND

H storically, the mcroscope has been relied upon for
measuring particle size, with particle size being defined in
terms of the particle diameter for spherical particles and
as Martin's diameter, Feret's diameter, or the projected
area di ameter for nonspherical ones. Over time, the
m croscope has given way to nore sophisticated autonated
techni ques that are not only quicker and nore accurate, but
are al so capable of particle analysis at or bel ow the range
of resolution of the optical m croscope.

During the past 20 years, increased usage of aerosols
in industry and nedicine and hei ghtened concern over
aerosols in air pollution, industrial hygiene, and in
manuf acturing clean rooms has intensified the search for
net hods that focus on how a particle behaves when airborne
inafield of force rather than how a particle appears under
the mcroscope. Thus, the new definition of particle size
known as the aerodynam ¢ equival ent diameter (AED) was
establ ished. The AED is formally defined as: The dianeter of
a hypothetical sphere of unit density having the same
termnal settling velocity as the particle in question
regardl ess of its geometric size, shape, and true density
(1). The AED is of particular inportance for eval uating
toxicologic effects because certain particle sizes deposit
preferentially in different parts of the respiratory tract.
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Lung model ing has shown that particles with aerodynamc
dianeters (Da) of less than 4 mcrons are those nost |ikely
to be deposited in the tissues of the lungs. Therefore, to
accurately determne the fraction of particles that have the
greatest potential for lung deposition, i.e. the respirable
mass fraction, a method is required that neasures the mass
of particles having an aerodynam c diameter of four mcrons

or | ess.

For the purposes of this study, a variety of sanpling
met hods for determning particle size distributions of fine
powders were considered. However, nost of these techniques
were ruled out because they require expensive apparat us,
high levels of skill, considerable expenditures of tine, or
because the principles upon which their operation are based
are not fully understood. The nethod ultimtely selected
for adaptation to estinmate the respirable fraction fromthe
bul k dust was that of |iquid sedimentation using the
Andreasen sedi nmentation pipette.

A.H M Andreasen is recognized as the individual who
pioneered the sedimentation pipette technique in the 1930's
for the purpose of resolving particle size distributions of
fine mterials. To carry out these anal yses, Andreasen
desi gned the well known "Andreasen Sedimentation Pipette".
The Andreasen sedi mentation pipette continues to experience

w despread use today due to its sinplicity in operation and
| nexpensi ve apparatus. The fundamentals of the pipette's
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operation are well validated and the method is generally
accepted as accurate within +0.5%- +3%(3,4,5,6,8,9,11, 15).

The criteria for choosing this nethod are extensive and

therefore nerit discussion. They are |isted as follows:

1) The nethod is applicable to particles in the subsieve
size range-i.e. those with a dianmeter not greater than

50 m crons.

2) The nethod yields particle size results cast in terns
which are easily converted to aerodynam c dianeter

3) The nethod requires a mnimum degree of skill, time, and

expense W thout sacrificing acceptable degrees of

accur acy.

4) The method is adaptable to a wide range of powders.

5) The met hod gi ves reproduci ble results.

6) The nethod provides sufficient results to plot a

cunul ati ve size distribution.

7) The method provides a distinguishable outpoint between

respirabl e and nonrespirable particles.

8) The sanpling procedure does not chemcally or physically
modi fy the dust particles so further anal yses can be

carried out if desired.
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PREVI QUS WORK

Many studies have been carried out for the purpose of
eval uating the performance of the Andreasen sedinentation
pipette. Irani and Callis' report provides an excellent
di scussion of the nore promnent of these investigations,
and al so confirms the accuracy of the method by conparison
with other accepted methods of sanpling (9). Irani carried
out an interconparison between the Andreasen pipette nethod,
m croscopy, and two sedinentation bal ances on two sanples of
hard wheat flour, one fine-grained and the other coarse
(28). The m croscopic anal ysis was achieved by electronic
counting and sizing. The sedimentation bal ances were the
aut omatized Gall enkanp bal ance and the commercial Recording
Sedibal. Irani's results showed that the pipette,

m croscopi ¢, and sedinentation bal ance data were in close
agreenent for the coarse flour sanple but that the pipette
data predicted a finer size distribution than the mcroscope
and sedinentation balances for the fine flour sanple. Iran
presuned that this deviation was a result of the disturbance
generated within the suspension as the sanples were

wi t hdr awn.

Rabatin and Gal e al so conpared the sedimentation

bal ance and Andreasen pipette with results showng only a
slight deviation between the two nethods (29).

W chser and Shel | enberger interconpared the Andreasen
pipette method with sieve analysis, and air flotation using
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the Roller Air Analyzer on a sanple of wheat flour (15).
They found good agreenent between the three nethods bel ow
the 50 mcrons, and poor agreenent above this size.
Significant errors occurred with the pipette analysis when
the specific gravity of the nmedi um approached that of the
sanple. The results of their study demonstrate that the
Andreasen pipette is applicable to particles bel ow 50
mcrons, the sieving method to those above 37 mcrons, and

air flotation to those bel ow 80 m crons.

Batel conducted an anal ysis of the Andreasen
sedi mentation method and concluded that the pipette is
capabl e of size analysis in the range of 1 to 60 mcrons but

only under conditions of conplete particulate dispersion
within the nedium (30).

Schweyer performed an extensive eval uation and
I nterconparison of the Andreasen pipette, the hydroneter
the Wagner turbidineter, and the Roller Air Analyzer nethods
for particle size analysis (5). Schweyer's results cited
the pipette method as the method of choice for determning
the particle size distribution of subsieve material by
sedi ment ation techni ques. Schweyer also found that the
performance of the pipette was dependent on adequate

di spersion.

Rendal | and Sittert performed a conparison of the
Andreasen Pipette Method and the Coulter Counter (Coulter
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El ectronics), a device which counts and sizes dust particles
suspended in an electrolyte solution (19). Their data showed
that the two nmethods predicted simlar size distributions
for a sample of classified quartz dust, with the Coul ter
Counter predicting slightly higher proportions of the finer
particles. They attributed this trend to the Coulter
Counters's definition of particle diameter as being smaller
than the Stokes' dianmeter as defined by the sedinentation

anal ysi s.

Al t hough Andreasen's method is well docunented in the
literature for making quantitative particle size
determnations for fine powders, the literature does not
Indicate that the method has been used for respirable

fraction neasurenments (3,4,5,6,8,9, 11, 15).
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PRQIECT OVERVI EW

The purpose of this research was to devel op a met hod
for determning the mass fraction of respirable particles in
a bulk silica-containing material. The method chosen for
eval uation was sedimentation in a liquid nmedium To
val idate the sedinentation results, cyclone respirable
measurenments were performed on the same dusts, and side-by-
side comparisons of the results were made. When avail abl e,
particle size distribution data provided by the manufacturer
was al so used as a nmeans of assessing the accuracy of the
sedi nentation results. On occasion, the manufacturer
provi ded size distribution data but failed to disclose the
sanpling nmethod. In these cases, conparison between the
sedimentation results and the manufacturers' particle size
data was carried out although with sone dilution of the

strength of the conparison.

Thirteen test dusts were anal yzed using both the
sedi nentation and cyclone nethod. Dusts characterized by
various densities, porosity, particle shapes and sizes were
sel ected for analysis so that the range of application for
t he sedi nentation nethod coul d be assessed. These dusts
included flint, clay, 4 diatomaceous sanples, 6 pesticides,
and a mcroni zed anorphous silica sanple. An additional
Arizona road dust sanple and talc sanple were anal yzed using
only the sedinentation method and not the cyclone. For the
purposes of this report, the diatomaceous sanmples will be
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referred to as diatonmaceous conpound #1, diatonmaceous
conpound #2, and so forth, as will the pesticides be

referred to in the sane manner, for exanple, pesticide
compound #1, pesticide conpound #2, etc.

The sedinentation nethod yielded results which
predicted the fraction or percentage of particles falling
within a specified size range. This percentage of particles

was plotted against particle size to predict a particle size
distribution for each dust. The sedinentation method

measured particle size in ternms of Stokes' equival ent
diameter. Therefore, determnation of the fraction of
particles that were in fact respirable required two

addi tional steps 1) conversion of the results from Stokes
equi val ent diameter to aerodynam ¢ dianeter by application

of the equati on:

D -D/ p7 (1)

where D' is the particle aerodynamc diameter (Um
Dis the particle dianeter %||m)

Py is the particle density (ffnem

and 2) defining a outpoint based on aerodynanic di ameter
whi ch distinguished the respirable fraction of the dust
particles fromthe nonrespirable fraction.

The cycl one nethod yiel ded results which defined the
dust in terns of two distinct conponents, the respirable and
the nonrespirable fraction. The ratio of the respirable dust
sanple to the total dust sample represented the respirable
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fraction of the bulk material when airborne. The cycl one
met hod directly measured the dust particle sizes in terns of

aer odynam c di aneter.

Fol | ow ng the anal yses of the various dusts, the
ability of the sedinentation nethod to accurately predict
the respirable fraction of the bulk test dust was assessed
depending on the degree of correlation with the cyclone

results and the manufacturers' specifications when

avai | abl e.

| nformation provided for each test dust includes
sedi nentation particle size distributions, cyclone
respirable fraction neasurenent data, and physi cal
characterizations such as density, particle shape, and
moi sture content. Sanpling procedures and equi pment for both
the sedinentation and cyclone anal yses are outlined in
Appendi x A. Appendi x C contains photographs of the
experimental designs and apparatus for both the

sedi nentation and cycl one anal yses.
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METHODOLOGY - SEDI MENTATI ON METHOD

Sedi nent ati on Appar at us

Cumul ati ve size distributions of the bulk test materi al

were determ ned by sedinmentation techniques. An Andreason
Sedi nentation Pipette, Fisher Catalog No. 14-232,

manuf actured by Q d ass Conpany was the apparatus enpl oyed
for particle sizing. The Andreasen sedinentation pipette is
general ly used for determ ning sub-sieve grain sizes in the
0.5 to 40 or 50 micron range using water as the
sedinentation medium It is frequently relied upon for
particle size distribution nmeasurenents due to the
sinplicity in operating the pipette and the relatively |ow
cost of the equi pnent. The Andreason pipette consists of a
550 miIliliter (mM) glass cylinder graduated fromO to 20
centineters (cm and a 10 m pipette. A polypropyl ene
chuck-type adapter seals the top of the cylinder wth the
exception of a small opening through which the pipette's

| ower sanpling tube passes vertically. The adapter allows
for precise positioning of the |ower sanmpling tube at the
desired depth within the glass cylinder. The upper end of
the pipette's sanpling tube above the adapter is connected
to a 10 mM glass bulb by means of a three-way stopcock.
Figure 1 shows a diagramof the Andreasen sedi mentation

pi pette.
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10 ccm

20 cm

10

Figure 1. Andreasen Sedi nentation Pipette
(From Andr easen, Reference 32)

Rati onal e of the Sedi nentati on Approach

The pipette operates according to theory explai ned by
St okes' Law. Stokes' Law describes particle notion in a
viscous nedium \Wen a particle settles under conditions of
| am nar flow Stokes' Law defines its resistance to notion,
Fr, as:

—r = 3Bir Jl v d ((2)

-vfhere \x is the viscosity of the medi um (gm cm sec)
Vis the settling velocity (enlsee)
dis the particle diameter (cm

Letting g be the acceleration due to gravity (cmsec'”)
and mthe mass of a particle (gm, then

15


NEATPAGEINFO:id=9C2C2FAB-E095-4E5A-902A-1F45012DD7AC


16

For spherical particles of mass m

m=1vy (PB-Pn (4)

where Ep IS particle density gﬁicnf
0 IS Hid density ( g

Equating the gravitational force with the resisting

force and solving for the settling velocity (v), the
equati on becones

m = <i*(P>-Pa)g (5)

[d\l

Equation (5) represents the settling velocity of a
particle of diameter (d) and density (Pp) which is settling

in a mediumof density (p*).

The relationship between particle dianeter and the
distance a particle falls by gravity is determned by the

equati on:
d«rriauH”M1"*

( Pp- Pnj 8t (6)

where t is the time the pamlcle MNS hsec)||
His [stance the particle has ja n int
.8, & &smm% mt% W|swawan Mpﬁem
|f the pipette flask initially contains a |iquid

mediumw th a uniformdistribution of particles, then al
particles having a diameter equal or greater than d wll
settle out of the suspension at height Hafter timet. For
exanple, for d, H and T values of 50 mcrons, 20
centimeters, and 80 seconds respectively, all particles
greater than 50 mcrons in diameter will have settled out of
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t he suspension at a height of 20 centinmeters after 80
seconds. Sanples drawn out at height Hin successive
intervals of time will show smaller and small er nunbers of
| arger particles as the larger particles settle out at a
faster rate than the smaller particles. Figure 2

iIllustrates the sedinentation procedure at subsequent tinme

i nterval s.

This relationship can be used to determ ne the
cunul ative size distribution by mass of certain naterials.
Sanmpl es can be collected at various times t at height H
using the sedimentation pipette. Each sanple is evaporated
to dryness and the particle nmass of each sanple is
determ ned. The weight of each sanple is expressed as a
percentage of the first sanple drawn to give the percentage
of the test dust having particle sizes smaller than the
| argest particle contained within that sanmple. A cumulative
size distribution by mass is then obtained by plotting the
cumul ative percentage of particles by nmass having dianeters
| ess than a given particle size against the Stokes'

equi val ent di ameter provided by equation (6).
Assunptions of Stokes' Law

To properly use Equation (6) in predicting particle
size distributions by the sedinmentation method, it is
essential to consider the applications and limtations of

the theory. The solution of Stokes' Law assumes a viscous,

17
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SCHEMATI C OF SEDI MENTATI ON TEST

Figure 2. Schematic of sedinentation test.

18
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continuous, and infinite mediumw th stream ine notion of
spherical particles. A discussion of each assunption
follows. Davies' classic article on the subject is highly
recommended (21). More conplete derivations of Stokes' Law

can be found in the literature (14,16, 17).

A. Vi scous Medi um

The application of Stokes' Law assunes that the
resistance to the particles' nmotion is due to the viscosity
of the fluid and that the inertia of the fluid is negligible
(3). This assunption holds true when the particles are
sufficiently small. In cases of increasing particle size
however, inertial forces take on greater significance as a

wake starts to devel op behind the particle.

The ratio of inertial forces to viscous forces is

defined by the Reynol ds nunber. Davies reports that for

spherical particles settling through water, Reynolds nunbers
of 0.074, 0.38 and 0.82 correspond to 1% 5% and 10%errors
respectively in the application of Stokes' Law (21). Davies
further estimates that for particles having densities of 2.5
gns/cm” settling in water, the particle diameters associat ed
w th Reynol ds nunbers of 0.074, 0.38 and 0.82 are 45, 79 and
104 mcrons, respectively. These data are sunmmarized in

Table |I. Thus, for the purposes of this study, Davies' data

show that the sedi nentation nethod is best suited to the
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sanpling of particles having dianeters |ess than 50 m crons

when using water for the sanpling nmedium

TABLE 1| .

Error Associated with the Application of Stokes' Lav
for Spherical Particles Settling through Water at 20°C *

Particle Size

Reynol ds Nunber (m crons) Error
la» I ab B gL s — = A <o
oL == 0O — = —_ o
Ol =SB0 a O = a oo

* Assumes particle density of 2.5 gnml cnft*,

B. Conti nuous Medi um

St okes' Law assunes that the fluid is a conti nuous

medi um When the dianmeter of the falling particles
approaches that of the fluid nolecules, a condition of

sl i ppage occurs, i.e. the particles begin to slip between
the nolecules of the fluid. This phenonenon is observed
when particles have dianeters | ess than one mcron. The
Cunni ngham correction factor (C') has been adopted to

correct for this effect. In the sedi nentati on net hod

proposed by this study, slippage is insignificant and the

correction factor is therefore unwarranted.

20
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C. Infinite Madi um
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Wth viscous flow the interference caused by a particle

conti nues |l arge distances into the nedium |f other
particles are settling nearby, then the resistance of the
mediumto these particles is | owered because of the nopbvenent
i nduced within the mediumby the particle in notion. For
this reason, a particle will settle at a higher velocity
when it travels with a group of particles rather than when
it settles individually. Al so, when two particles of equa
sizes settle along the sane axis, the trailing particle wll
settle at a higher velocity than the | eading particle and
the two will eventually collide. If the particles have
unequal dianeters, both particles will settle with an
increase in velocity due to the aerodynam c interaction
between the them Wen the trailing particle is larger than
the leading one, its increase in velocity is |less than that

for the leading particle (14).

Much effort had been dedicated to the study of the
i nfluence of the concentration of a suspensi on upon the
sedi nentation velocity for spherical particles in the
viscous flow region. The issue of determ ning a suitable
concentration i s sonmewhat obscured by the fact that the net
effect is actually the result of two opposing forces. A
particle settling wwthin the sedinentation flask w ||
experience a downward drag force owing to the flow field of

nei ghboring particles. However, given that the fluid is
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contained in, a confined vessel, an upward fl ow al so occurs
to conpensate for the downward particle notion. The
resultant effect is of a smaller order of magnitude than
ei ther phenonenon, because the two opposing forces tend to
bal ance out. In general, the downward velocity of the
particles in an encl osed vessel is |less than they woul d be

inan infinite medium (21).

When using the sedinentation nethod in a liquid nmedium
the validity of Stokes' Law is assured only when the
particul ate concentrati on does not exceed 1-2% by vol une.
Particle interactions previously described will occur with
concentrations in excess of this range with a resultant
bi asing of the sanpling data. The literature shows
conflicting opinions concerning the exact concentration

where Stokes' Law ceases to apply.

D. Streamli ne Moti on

St okes' equation applies only when the notion of the
particle in the fluid is streamine. A correction should be
made at hi gher velocities. Rose denponstrated the validity of
St okes' Law to within 1% when the Reynol ds number is no
greater than 0.1 (8). H's calculations show that for a
solution of water at 25°C and silica particles having
densities of 2.5 gnmcnft, the upper limting diameter for
streamine notion is 50 mcrons. The 50 m cron designation

does not represent a sharp outpoint but rather a dianmeter

22
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where errors in the application of Stokes' Law begin to
arise. The magnitude of the error increases with particle
size, for exanple, a 15%error is predicted for

sedi nentati on anal yses of 120 m cron particl es-

The lower limting dianeter for streanline notion is 1
to 2 microns. Belowthis |imting dianmeter particles begin
to feel the effect of the random nol ecul ar novenent of the
suspendi ng fluid and consequently experience Browni an
noti on, thus Stokes' Law becones inoperative. Particles
havi ng dianeters less than 1 mcron are also particularly

vul nerable to the effects of even slight convection

currents.

E. Spherical Particles

The final assunption in the application of Stokes' Law
is that the particles are perfect spheres. However, the
sedi nentati on nethod can usefully be applied to particles of
nost any shape as long as it is recognized that the

di aneters predicted are equival ent di anmeters.

St udi es have denonstrated that the relation holds quite
well for particles which vary appreciably from sphericity.
Andr easen showed that in the viscous flow region,
irregularly shaped particles with conpact shapes tend to
settle at the same velocity as spheres of equal density and
volunme (21). This behavior extended to particles possessing

sharp edges as well.
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Adapting the Method to the Study

Certain features of the Andreasen sedi mentati on pipette
t echni que can be nodifi ed dependi ng on the user's sanpling
obj ectives and the material under investigation. The npst
significant of these features are 1) the choice of the
sanpling fluid, 2) the procedures enployed to ensure
conpl ete dispersion of the solids within the sanpling
suspension, and 3) the sanpling hei ght necessary for
collecting the particles of interest. Each of these issues
is highlighted in the foll owi ng di scussion on adapting the

Andr easen pipette nethod to the call for respirable fraction

nmeasur enent s.

A. Sel ection of the Sedi nentati on Fluid

The success of any particle size neasurenent techni que
is dictated by its ability to achieve the proper dispersion
of the particles into their working units. For the Andreasen
sedi nentati on pipette, this neant choosi ng the proper
sedi nentation fluid and faithfully incorporating sound

di spersi on practi ces.

A solution of distilled and dei oni zed wat er was
selected as the sedinentation fluid for the experinental

anal yses. Distillation assured that the liquid was free from

foreign materials which could influence test results, and
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t he deioni zation process elimnated el ectrostatic charges
wi thin the nedi um which could influence particle behavior.
The silica dusts were not soluble in the water, nor did they
chemcally react with it. The relationship of the viscosity
and density of the water (0.01 dyn.second/cmt and 1.0
gmcn) with the density of the test dust (2.0-2.7 gmcm?)
was such that the particles attained an acceptable settling
velocity during sedinmentation. This relationship al so
allowed for a majority of the settling to occur within the
St okes' region, i.e. within the viscous flow regi ne and

out side the regi on dom nated by Browni an notion (9). O her
benefits of the water nediumwere | ow cost, nonflammbility,

nontoxicity, and ready availability.

B. Di spersi on Procedures

Di spersi on of the suspension was the single nost
i mportant paraneter in ensuring the integrity of the
sedinentation results (9,12). D spersion was conti ngent
upon the choice of proper sanpling fluid as previously
di scussed, the addition, when necessary, of the proper
di spersant in the correct quantities, the proper particle
concentration wthin the suspension, and the tenperature of

t he suspensi on.

The degree of dispersion was determ ned by m croscopic
exam nation of a slide prepared froma drop of the dilute

suspension. Wl -di spersed suspensi ons were characterized by
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evenly spaced particles that noved freely within the
solution w thout adhering to or clustering with other
particles. Poorly dispersed suspensions showed particle
aggl onerati on where individual particles failed to nove

i ndependently of particles.

The distilled and dei oni zed water did not always
conpletely disperse the test dust. 1In these situations, a
smal | anmount of di spersing agent was added to the
suspension. This procedure had the effect of |owering the
surface tension of the liquid, and therefore inproving the
wettability of the surface of the particles. The choice of
t he di spersing agent was sinply a natter of trial and error,
and usual Iy several dispersing agents were tested before
observing the desired | evel of dispersion. Dispersion agents
used for this experinent included soap, ethyl, and isopropyl
al cohol. Only a fraction of a per cent of a dispersing agent

was added so corrections for viscosity and density of the

wat er were not warr ant ed.

Anot her inportant factor in assuring good dispersion

was the concentration of the dust within the fluid. The
literature recomends a concentration ranging fromO0.25%to
2.0% by vol ume, however there is little agreement as to

whi ch of these concentrations is best. Andreasen reconmends
2% by volunme, Irani and Callis agree on 0.2-0.5% by vol une,
and the pipette nmanufacturer recomends 1-2% by vol une

(8,9,22). The difficulty in obtaining the correct
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concentration is rooted in the need to neet the dual

requi renents of having a concentration | ow enough to all ow
unhi ndered settling of the particles but one high enough to
guar ant ee detectable quantities, particularly for the finer
particle sizes. For the purposes of this study,
concentrations of 0.25%to 1.25% by vol une were used with no
signs of aggloneration or interference of particle settling.

The aut hor does not recommend concentrations at the | ower

end of this range for reasons previously discussed.

As di spersion behaviors will vary from one dust to
another, it is good practice to performthe sedi nentation
anal ysis at several concentrations and with nore than one
di spersing agent. If all analyses reflect simlar results,
it is likely that dispersion is conplete; |likewise if
conflicting results are obtained then the analysis with the
hi ghest percentage of fines should indicate the techni que

with the nost conpl ete di spersion.

Sone dusts, talc for exanple, showed partial dispersion
within the water nedi um For these dusts, one particle
conmponent readily dispersed within the nedivimand the other
conponent remained on the fluid surface in spite of extrene
agitation of the mxture. In these cases, dispersion was
achieved by first preparing a slurry of the water and dust,
and then adding the slurry to the water within the pipette.
A snal |l anpbunt of dust was added to a few drops of water,

and the m xture was stirred until a thick paste was forned.
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This process was repeated until all of the sanple was

incorporated into the paste. At this point, enough water was
added to the slurry to allow for transfer to the

sedi nent ati on fl ask.

A final precaution taken to ensure for proper
di spersion was to allow the water to reach thernm
equilibriumw th the test environnent before sanpling
commenced. This was achieved by storing the water in the
| aboratory for several days prior to sanmpling. This process
m nim zed the introduction of thermal currents by
tenperature variati ons which would prevent the free settling
of the individual particles. This procedure is a relatively
si mpl e and i nexpensive alternate nethod for tenperature
control in conparison to the use of thermal insulators that
are often called for in guidelines for carryi ng out

sedi nentati on anal yses with the Andreasen pipette (8).
C. Increasing the Sensitivity of the Method

A nmaj or di sadvantage associated with the Andreasen
sedi nentation pipette is the significant anount of tine
required for the sizing of fine particles when follow ng the
standard procedure of using a water nedium and the
desi gnated 20 cm sanpling height. This was of particular
concern for this project since determning the respirable
fraction called for sizing particles having aerodynam c

di aneters down to 3 or 4 mcrons. For a silica dust, Stokes'
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Law predicts that these particles would require a sanpling

time of at | east 10 hours.

Cbservation of Stokes' Equation as defined by equation
(6) suggests that several variables can be feasibly altered
with the net effect of reducing the sanpling time (t). These
are the sanpling height (H and the viscosity of the medi um

(\i)  which in turn would change the mediumdensity (p ).
Variations on each of the above were investigated. The

sampling strategies enployed included 1) reducing the
sanpling height (h) from20 cmto 5 cm Data froma standard
sampling run for the sane dust (i.e. using a water nedium
and an initial 20 cmsanpling height) was used as a standard
of reference, and 2) using hexane in place of water as the
sampling medium This substitution would show a decrease in
viscosity and density relative to water and woul d al | ow for
more rapid settling of dust particles.

Sanpling at a height of 5 cmwas carried out in a water
nmedi um using the Andreasen method. As predicted by Stokes'
Law, this procedural nodification greatly reduced the 10
hour sanpling time for 3.5 mcron particles (Da) down to 45
mnutes. Table Il, which reflects sanpling time and particle
dianeter for water-based runs, shows that the dianeter of
the largest particle present in each sanple decreases at
| east by a factor of two when reducing the initial sampling
height from20 to 5 cm This effect becomes nore pronounced

with tine.
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TABLE 11.

Compari son of Sanpling Tines
at 5 and 20 Centineter Sanpling Hei ght

Particle D aneter Sanpled (m crons)

Ti NnNne (seconds) 20 Cm 5 Cm
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Figure 3 shows that the accuracy of the data al so seens
to inprove with the shorter sanpling height, perhaps because
now there are at least two points with mass data | ess than
50% of the total mass. Agreenent is better with the 5 cm

hei ght both in nedian di aneter and geonetric standard

devi ati on.

Conducting the experinent with hexane as the nedi um
yi el ded unexpected results. Upon contact wth the hexane
fluid, the silica particles imedi ately agglonerated into
clusters and settled to the cylinder bottom thus
elimnating the possibility of particle sanpling. A
possi bl e explanation for this occurrence is the effect of
el ectrostatic forces. Because the sanple readily dispersed
in water, a polar solvent, it can be assunmed that the sanple

is also polar. Thus electrostatic forces between the water

nol ecul es and the sanple nol ecul es hel ped to overcone the

30
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Figure 3. Conparison of sedimentation data at a sanpling height of 5 and 20 cm
for Mcronized Amorphous Silica.
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bonds between sanple particles, consequently preventing

particle aggl onerati on.

In contrast, the hexane nol ecul es, which are nonpol ar,
failed to interact wwth the sanple particles, therefore
all owi ng the sanple particles to bond together to formlarge
clusters with settling tines of only a few seconds. This
vi ew was supported by m xing the sanple with several nediuns
of a polar and nonpol ar nature. Even so, calcul ations using
pol ar al cohols such as nmethyl, ethyl, and isopropyl alcohol
for the nmediumindicated that the best approach to shorter
sanpling times was to reduce the initial sanpling height to
5 cmrather than substituting these substances for water.
Based on the results of this investigation, the 5 cm
initial sanpling height with the water nmedi um was

i ncorporated into the experinental design for the sanpling

of all test dusts.

Experi nental Procedure for Sedinentation Method

After conpleting the dispersion anal yses, the sanpling
nmet hod i nvol ved preparation of a suspension by mxing a
known quantity of test material and distilled, deionized
water within the glass cylinder. The anount of test
materi al added ranged froma a concentration of 0.25%to

1. 25% by vol une.

The m xture was then agitated for two m nutes and

sanpl es of the suspension were then pipetted during
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sedi mentation by applying suction to the upper end of the
pipette with a rubber bulh. The sanples were drawn into the
10 m glass bulb at successive tinme intervals, wth the
actual sanpling interval running approximtely 20 seconds
(4). Turning the stopcock a quarter revolution and applying
pressure to the rubber bulb allowed the contents of the 10
m glass bulb to drain via a faucet-shaped mechanisminto a
pre-weighed al um numevaporation dish. The aliquots were

then evaporated to dryness in a drying oven. The sanples
were removed fromthe oven, allowed to cool and then weighed
on a Mettler Mdel HL 52 balance. Tine neasurements were

conducted with a Heurr stopwatch. Al sedimentation runs
were carried out at 22''C

Table 111 shows a typical sanmpling run for the
sedi ment ati on anal ysi s.

TABLE 111.

Typical S«unpling Run for Sedinentation Analysis

Sanple  Dry Wi ght Ti me Hei ght Di anet er
(gm (sec) (cm (m cron)

1 0. 236 10 5.0 74. 60
2 0. 166 120 4. 6 20. 66
3 0. 125 300 4. 2 12. 48
4 0. 087 720 3.8 7. 66
5 0. 067 1200 3.4 5. 62
6 0. 057 1500 3.0 4. 72
7 0. 047 1800 2.6 4.01
8 0. 042 2100 2.2 3.41
9 0. 035 2400 1.8 2.89
10 0. 028 2700 1.4 2.40
11 0. 019 3600 1.0 1:76
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Devel opment of Cunul ative Size Distributions

The wei ght of the first sanple represented the initia
Wwei ght of the test material. The percentage by weight of
specific groups of grain sizes were calculated by dividing
the weight of each sanple into the initial weight of the
test material, i.e. the weight of the first sanple. The
Stokes equivalent diameter of the fallen particles was then
determned by application of Stokes' Law as described hy
equation (6). Since it took about 20 seconds to siphon the
sanple, the mdpoint of the interval was used for
cal cul ating particle size.

Each sanple drawn has a smaller particle size than that
corresponding to the equivalent dianmeter predicted by
Stokes' |aw because all particles of larger size wll have
fallen belowthe level of the tip of the pipette's sanpling

t ube.

Cunul ative size distributions by mass were then

obtained by plotting the particle mass of each sanple
against the dianeter provided by the equation on |og-
probability paper. Each dust curve required a certain
degree of extrapolation at the |ower portion of the curve
depending on the number of data points available for the
smal | er particles. Longer sanpling times, such as 90
mnutes, and/or higher particle densities, such as 2.65
gms/ cm™ provi ded more data points at the [ower portion of
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the curve and thus required | ess extrapolation. In contrast,
dust with low densities, such as 2.0 gms/cm', and/or shorter
sampling tines, such as 60 mnutes, provided fewer data
points at the |ower end of the curve and thereby required
greater extrapol ation.

Defining the Respirabl e Cutpoint

Determning the respirable fraction of the test dust
using the sedinentation data first required developing a
exact cutpoint which distinguished between respirable and
nonrespirabl e particles. The American Conference of

Governnental Industrial Hygienists (ACGH defines
respirable particulate mass as foll ows:

"Respirabl e Particul ate Mass, cons sts of thos
ga ticles hat enetrate, a segaraf 0se Size F olle c | on
hC|enCX s descriped. by a 0 norna |on
| an. a rodynam ¢ dlanE er o crons i
ng)qans(%d Wt a eonetric standard deviation of

Based on the ACG H guidelines, an aerodynamc di ameter
of 3.5 mcrons was selected as the respirable cutpoint
for the sedinentation data (31). Application of the equation
(D, =DVp, ) provided conversion of aerodynamc to actua
dianeter depending on the dust particle density. The
resulting val ue was then applied to the sedinentation
cumul ative size distributions and the percentage of
particles wth diameters less than the chosen val ue was
taken to be the respirable fraction of the bulk sample.
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Eval uati on of the Role of Bias

Al though the Andreasen sedinentation pipette is
general 'y accepted as providing an accuracy of +0.5%to 3%
It is inportant to address potential sources of bias and the
direction of their likely effect on the observed results.
Wien the sources of error are recognized and controlled for
by periodic checking with other nethods, sedinmentation is
consi dered by many to be the best nethod for particle size

anal ysi s.

A consistent criticismof the Andreasen sedi nentation

pipette is that the withdrawal of the sanple renoves a
portion of the suspension with a thickness in excess of one
centineter, and subseguently disrupts the free settling of
the particles that are to be sanpled next. Various

i ndi vidual s have nodified the design of the Andreasen
pipette with the intent of reducing the effects of these

di sturbances, although the author is not famliar with these
apparatus (8,10,23). It has also been noted that the
pipette may actually collect particles a significant

di stance below the pipette tip, particularly when the sanple
Is drawn too rapidly and when extreme pressure is applied to
the bulb. This tendency is more pronounced with the very
fine mterials and will serve to overestinmate the results
for the per cent remaining in suspension. This is not as

likely to occur for the coarser grained particles. Draw ng
the sanple at a slow and steady rate over a 20 second
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interval is the best approach to mnimzing these effects
(4).

Anot her source of error arises when the sedinentation

method is carried out without the proper degree of

di spersion. This effect could bias the size frequency curve
in either direction, depending on the dispersion behavior
patterns. |f poor dispersion is due to the clunping of
particles, then the bias woul d be towards the |arger
particles at the expense of the snaller ones since

i ndividual particles behave with densities and diameters
nuch higher than their true values. This result would be an
underestination of the percentage of respirable particles.
On the other hand, if the poor dispersionis due to
excessive concentration, then the percentage of fines woul d

be overestimated because of the hindered settling effects
(13).

Al though inadequate dispersion is the most frequently
occurring source of error when enploying sedi nentation
sanpling methods, it should not discourage individuals from
enpl oying this method. Poor dispersion rarely occurs with
subtlety and thus is easy to recognize and control for. In
nost cases, inproper dispersion results froman excessive
concentration of particles within the suspension and/or the
presence of electrostatic charges. In the forner case,
decreasing the particle concentration, and in the latter,
addition of a dispersant is all that is required to achieve
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proper dispersion. Analysis of a few drops of the
suspensi on under the mcroscope shoul d confirmwhether the
proper degree of dispersion has been obtained. However, in
the event that sanpling is carried out under conditions of
poor dispersion, oftentinmes the error wll clearly manifest
itself in the sanpling data and the size frequency curve.
Table |V show data collected for a talc sanple under

condi tions of poor dispersion. Evaluation of the data show
significant increases rather than decreases in mass fromone
sanple to the next. Significant increases fromone sanple to
the next are clear evidence for the occurrence of poor

di spersion. Hnkley provides an excellent discussion on

addi tional indicators of poor dispersion (12).

TABLE 1| V.

Sedi mentation Data Col | ected
Under Conditions of Poor Dispersion

Sagpl e Sanple Collected Sanpl ing Tine Sanpl i ng Hei ght

Dry Wi ght (Gs) ( Sees) (Cns)
1 0. 047 10 5 0
2 0. 054 120 4. 6
3 0. 047 300 a2
4 0. 050 720 3 8
5 0. 038 1200 3 4
6 0. 048 1800 3 0
7 0. 041 2400 > 6
8 0. 041 3390 > 2

A final bias associated with any sedinentation pipette
I's that between successive sanples, a small amount of the
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suspension remains in the pipette stembetween the operating
tap of the pipette and the pipette's tip. This space between
the pipette tap and the tip is known as the dead space, and

the error it introduces is called the dead-space error (13).

It is generally agreed that the dead-space error is probably
too small to be of any consequence(4). In the case of the

Andreasen sedimentation pipette, the pipette stems channe
s so narrow that significant dead-space errors are
unl i kel y.
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METHODOLOGY - RESPI RABLE FRACTI ON MEASUREMENTS
Elutriation Using a Cyclone

Sedi nentation respirable results were validated by
Si de- by-side conparisons wth cyclone respirable
measurements perforned on the same dusts.

The 10-nmm nylon cycl one precollector fol lowed by a
prewei ghed filter is the most wdely used nethod for
determning respirable mass in the workplace. The cyclone's
operation is based on a recognition of the size-selecting
characteristics of the human respiratory tract (18). A
sanpling punp is used to draw air through the cyclone via an
inlet that is tangential to the cyclone's cylindrical
section. The geometry of the inlet forces the air to spin
around the cyclone several times before exiting the top and
then passing through the filter. The respirable particles
are carried with the air streamand deposited on the filter,
whereas the larger particles are propelled out of the
airstreara by centrifugal force and either deposited on the
cyclone walls or dropped into the renoval section or grit
pot at the cyclone's bottom (25). Lippman's article offers a
uni que and up-to-date perspective of size-selective sanpling
and the cyclone, as well as providing scientists of a nore
zeal ous nature with 183 further references (26).

Respirable mass sanpling is routinely carried out in
industrial settings to determne conpliance status with
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federal respirable mass standards. At this time, the US
enforces respirable dust standards for occupational exposure
to silica, coal, talc, a few other mneral dusts, and

nui sance particulates. Respirable dust standards for silica
are shown in Appendix B

Respirabl e dust concentrations within a workplace can
be determned by sanpling a volume of air with the cyclone
and filter assenbly and then dividing the net weight of dust
collected on a filter by the total volume of air sanpled.
(Flowrate X sanpling time = total volume of air sanpled.)
Respi rabl e mass sanpling results are only valid for dusts
that are absorbed in the alveolar region of the [ung. The
ACG H provides guidelines for Particle Size-Selective TLVs
for respirable crystalline silica (18, 31). The Particle
Size-Selective TLV for materials which are hazardous when
deposited in the gas-exchange region of the lungs is
expressed as a Respirable Particulate Mass TLV. The ACGH
defines the respirable particulate mass in quantitative

terns as foll ows:

"Respirable Particul ate Mass con5|sts of those
g?f ticles that enetBate da Separa or Ee S|ze | C

j cLency. | s descri bed. by ,a Ui & # 0 norna
i an, aﬁrod nam ¢’ di anet er g Crons § g
nbcions(ggg Wi éeonetrlc standard eviatron of

This definition is intended to provide an acceptable |evel
of performance for the respirable sanpling with the cyclone.
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For the research undertaken here, respirable nmass
sampling was used to determne the respirable fraction of an
airborne dust. These results were obtained by aspiring a
known anount of dust within a chanber, and taking side-by
side sanples of respirable dust and total dust, i.e. dust
collected on a filter without a cyclone precollector. The
ratio of respirable dust to total dust represented the
respirable fraction, as defined by the ACGH.

Experi mental Cycl one Design

Respirabl e mass sanples were collected on 37 mm
pol yvinyl chloride filters (PVC) having a nomnal pore size
of 5 mcrons. The rationale for selecting this filter type
was due to anticipation that the sanples mght be anal yzed
inthe future for free silica. |If free silica analysis is

not expected, use of standard 0.8 micron nenbrane filters is

recommended.

Sampling was conducted within an acrylic chanber having
a vol une of approxinmately one cubic neter or 37 cubic feet.
The chanmber was seal ed frompotential |eaks to ensure
integrity of the system The sanpling train consisted of
one open face sanpler and three two-stage "respirable" dust
samplers at a vertical orientation 40 centineters fromthe
chanber bottom The four sanplers were placed in a circular
fashion in the center of the chamber with the open-face
filter and the inlets of the 3 cyclones facing toward the
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circle's center. Each sanpler was individually connected by
flexible tubing to a Doerr vacuum punp, |ocated outside the

chanber. The systemwas designed to provide a flow rate of
1.7 liters per mnute (1pm, the flow rate reconmended by
the ACAH for respirable mass sanpling. Dwyer RVB 50
rotameters were placed in line to measure punp flow rates.
The rotaneters were calibrated against a primary flow
standard. Figure 4 shows the experinental design for the
cyclone respirable fraction anal yses.

The open face sanpler consisted of a PVC filter |oaded
into a standard Lucite filter holder. This sanple
represented the "total" airborne dust concentration. The

"respirable" dust sanplers consisted of 10-mmnylon cyclones
and 37-mm cassettes | oaded with the 37 mm PVC filters.

These sanples represented the "mass respirable
concentration" of the total airborne material. Al filters,

respirable and open-face were supported by cellul ose back up
pads to prevent breakthrough. The cassettes were seal ed
fromleakage with strips of tape.

Experinmental Procedure for Cyclone Sanpling

Each run was initiated by coating the inside of the
chanber with a known anount of the test material. Failure to
precoat the chamber resulted in inconsistent sanpling data
whi ch predicted unreasonably |ow respirable and total dust
| evel s when considering the actual amount of dust present.
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ASPI RATOR

I NTO
CHAMBER
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Figure 4. Cyclone Experinmental Design.
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Upon injection into the chanber, the tendency seenmed to be
for the particles to nove towards the walls and to occupy
all free surfaces before devel oping a uniformdust cloud
within the chanber. This observation was further supported
by data collected following an initial chanber precoating,
whi ch yiel ded consistent amounts of dust |oading on the
filters and total dust values in closer agreenment with

t heoretical expectations.

Fol lowing the initial precoating, a weighed amount of
the bulk test material was dispersed in the chanber
Di spersion was acconplished either by aspiring the dust
through a venturi injector into the chanber or in the case
of dusts having an appreciable amount of very large
particles, by air flotation of the material froma beaker
placed on the chanber bottominmmediately in front of a
mxing fan. After dispersion, a mxing fan was allowed to
operate for an additional mnute to ensure a uniform
distribution of the dust cloud within the chanber. The fan
was then turned off and sanpling commenced at a flow rate of
1.7 1pm Actual sanpling time varied from5 to 21 mnutes

depending on the anount of dust injected into the chanber.

45

Sanpling was discontinued if excessive dust |oading appeared

to be occurring on the open face filter. A Heurr stopwatch
was used for all time measurements. Sanpling was carried
out at roomtenperature, approximately 22 ° C
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The net weight of dust collected on each filter was
determned by weighing the filters before and after each
test run on a Mettler Mdel HL 52 bal ance accurate to 10
mcrograns. To adjust for fluctuations in the final digit
during wei ghing, the result was recorded as the average of
five successive readings. Variations greater than 30
mcrograns were not accepted; however, variability was
usual 'y much lower. The accuracy of this method was

confirmed by weighing a 100 mcrogram standard wei ght prior
to each wei ghing session.

The high static electrical charge carried by the
membrane filters greatly interfered wth the weighing

process. This probl emwas overcome by passing the filters
over a Po-210 static elimnator (Nuclear Products Co. Model

2U500) prior to each weighing.

The ratio of each of the three respirable dust samples

to the total dust sanple was calculated and the respirable
fraction of the bulk material when airborne was taken to be

the average of the three ratios.

Fol l owing weighing, the filters were resealed and held
for possible future free silica analysis. This analysis
woul d be carried out in accordance with NIOSH Anal ytica

Met hod #7500 and the sanpling was conducted to be in
conformance with this method (27).
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RESULTS

Sedi nentation Data - Cumul ative Size Distributions

Sedi mentation anal yses were carried out on a total of
15 different dusts. One run was conducted for the pesticide
dusts, diatomaceous conpound #4, and the Arizona road dust,
while a mninumof two runs were performed for the remaining
dusts. Figures 5-25 show the cunulative size distributions
of the bulk material with the percentage by weight equal to
or less than a given particle size plotted as a function of
particle size (mcrons). A regression analysis was
performed on the data and is plotted as the regression curve
shown on the figures. A'so shown on the figures are general
characteristics of the dusts, as well as the geometric nean
and the geonmetric standard deviation (GSD) of the particle
sizes. The geonetric mean represents the value with the
greatest frequency of particles, and the geometric standard
deviation quantifies the particle size variability or
relation to the mean. For exanple, a GSD of 1.0 indicates no

variability inparticle size, while a GSD of 2.0 represents
relatively high variability.

Mbst sanpl es appear to approximate a | og-nor mal
distribution. For dusts that significantly diverged froma
| og-normal distribution, it was specul ated that particle
aggl oneration may have been occurring. This was al so
assuned to be the case for dusts that showed an increase in
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sanpl e mass fromone sanple to the next, or had suspiciously
high val ues for the geometric mean particle diameter. For
dusts which exhibited these tendencies, the sedinmentation
anal yses were reconducted but with the addition of a known
di spersing agent. In all cases, the follow up experiments
yi el ded data that 1) showed a subsequent decrease in sanple
mass fromone aliquot to the next, 2) predicted a higher
respirable fraction than the initial sedimentation run, and
3) that nore closely approxi mted a | og-normal curve. These
observations were taken as indications that conplete

di spersion had not been achieved in the original test run.

The sedimentation nmethod shows high Ievels of
reproduci bility +1%in predicting the respirable fraction of
the bulk material when carried out with adequate dispersion.
Varying the suspension concentration by volume within the
range of 0.5%to 1.2%did not affect the respirable
prediction outside the 1%range of error. It is of interest
to note that the sedimentation technique continues to show
high reproducibility even when the conditions necessary for
carrying out the analysis are not net. For exanple,
consecutive runs carried out on the clay sanple in a
floccul ated state predicted the sane respirable fraction
val ue of 10% +1% These data indicate a state of consistency

with the pipette nethod when repeat anal yses are perforned
on the sane dust under the sane conditions.
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Reproducibility in calculated values of the geometric
mean particle diameter and the geonetric standard deviation
was al so achieved for runs wth good dispersion. The maxinum
variance for the geometric mean was 0.5 mcron, while that
for the geonetric standard deviation was 0. 38.

Actual concentrations for the first aliquot pipetted
for each run were conpared to theoretical concentrations of
the original dust/fluid suspension. The ability of the first
sanpl e to predict the actual initial concentrationis of
special inportance since it is the hasis for all subsequent
sanpl e cal culations. For the 6 pesticide compounds and the
Arizona road dust, the actual concentration of the first
sanpl e ranged from48-86% of the theoretical concentration.
For the remaining dusts, correlation was nuch closer wth
actual /theoretical concentration ratios of 90%and above for

7 of the 8 dusts.

Di at omaceous conpounds #1 and #3 showed an increase in
sanple mass fromthe first aliquot drawn to the second
aliquot drawn. This tendency was observed for at |east one
of the sedimentation runs for each dust, even when adequate
di spersion had been achieved. A possible explanation for
this occurrence is that for these particular dusts, an
acceptabl e anount of time was not allowed to elapse before
collecting the second aliquot. Several authors recomend

sanpling tine scales with time (t) values that give a VS
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ARl ZONA ROAD DUST (Run #1)
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Dust concentration by volume - 0.88%

F|%lge5 Par | cle size distribution by sedimentation nethod for Aizona
Dist (Run"#1).
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Froure 6. Particle size distribution by sedimentation nethod for Cray (Run #1),
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Figure 7. Particle size distribution by sedinmentation method for D atomaceous

Conpound #1 (Run#1).
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DI ATOVACEOUS COMPOUND #1  (Run #2)
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DI ATOVACEQUS COVPOUND #2 (Run #1)

1 \J\J-

10

1.0

0.1-

>N

-Brn

10 20 30 40 50 60 70

N\ /\
/\ /\
ann
Rilcol fflHo fritritirw . .
90 98

PERCENT LESS THAN

Physi cal Characteristics

Density - 2.3 gns/cnt

Particle shape - varied

Moi sture - 3.3%

Bul king val ue -17.5 Ib/solid gal

Porosity - diatoms contain many
subm cron pores

% sol ubles - negligible

Sedi ment ati on Conditions
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Figure 9. Particle size distribution by sedinentation nethod for D atomaceous

Conpound #2 (Run #1).
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Figure 10. Particle size distribution by sedinentation nethod for Diatomaceous

Conpound #2 (Run #2).
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Flgure 11, Particle size distribution by sedimentation method for i atonaceous
Conpound #3 (Run #1).
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Figure 12. Particle size distribution by sedinentation nethod for Diatomaceous

Compound #3 (Run #2).
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Flgure 13. Particle size distribution by sedinentation nethod for Diatomaceous

Conpound #3 (Run #3).
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Figure 15, Particle size distribution by sedimentation method for Flint (Run #1),
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Figure 16. Particle size distribution by sedimentation nethod for

Flint (Run #2).
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Figure 17 Particle size distribution by sedimentation nethod for Mcronized Arorphous

Silica (Run #1).
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Figure 18, Part|c|e size distribution by sedimentation method for Mcronized Anorphous
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Figure 20, Particle size distribution by sedimentation nethod for Pesticide
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Figure 21. Particle size distribution by sedinentation method for Pesticide
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Figure 22. Particle size distribution by sedinentation method for Pesticide
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Figure 23, Particle size distribution by sedinentation nethod for Pesticide
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progression in particle size (D) as cal cul ated by Stokes

equati on and shown by equation #6 (4,9).
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Cyclone Data - Respirable Fraction Measurenents

Respirabl e fraction nmeasurenents were perforned for a
total of 13 different dusts using 10-nm nylon cycl ones and
37-mm cassettes loaded with PVC filters and operated at 1.7
LPM Each run consisted of three two-stage respirable
sanpl ers and one total dust sanpler. The anpbunt of dust
injected into the chanber ranged fromO0.77 to 14 grans of
material, and sanpling tine varied from5 to 21 m nutes. The
respirable dust fraction is represented by the ratio of the
anmount of dust collected on the filter follow ng the cycl one
precoll ector to the ambunt of dust collected on the open-
face filter. Six or half of the test dusts' respirable
sanpl es were sent to outside |aboratories where x-ray
diffraction anal ysis was enpl oyed for quantification of

crystalline silica. The results of the cyclone runs are

summari zed i n Tabl e V.

For each dust, a m ninmum of three separate |oading-
sanpling runs was conducted. In these tests an attenpt was
made to vary dust concentration so that 1) there would be a
better chance of collecting nore than the m ni mrum det ect abl e
wei ght of free silica on a filter, and 2) the assunption
that the predicted respirable fraction was i ndependent of
t he amount of dust injected into the chanmber woul d be
denonstrated. Figures 26-28 show plots of the respirable
fraction (y) as a function of the amount of dust injected

(x) into the chanber. Although a regression line fit to the
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Tabl e V- A.

Cycl one Respirable Fraction Data

Tot al
Aver age
Aver age Respi rabl e
Dust Mass Sanpl i ng Respi rabl e Respi rabl e Fraction(%

Dust Run (gms) Time (mn) Fracti on(% Fraction(% From All Runs
Flint 1 5.72 14.0 22. 5 17.7 49. 7 30.0

2 3.11 10.0 46. 2 50. 2 48. 2 48. 2 39. 0%

3 2. 41 10.0 51.3 30.7 34.8 38.9
c ay 1 7. 46 7.0 18. 0 20. 8 31.6 23.5

2 3.73 8.0 22. 9 26. 0 41. 2 30.0 29. 1%

3 4.52 10.0 24. 2 43. 8 33.5 33.9
Di at omaceous™” 1 1.61 5.0 35.5 54.2 50. 0 45. 9
Conpound #1 2 0. 49 10.0 36. 2 58. 4 56. 3 50. 3 47. 2%

3 0. 88 6.0 55.9 58. 2 22.2 45. 4
Di at onaceous 1 0. 77 10. 0O 18. 2 16. 7 12. 9 15. 9
Conpound #2 2 1. 36 10. 0 19.0 20. 7 19. 8 19. 8 17. 9%

3 1.18 10.0 15. 6 20. 3 52. 5* 17.9
Di at omaceous™? 2. 33 7.0 33.7 2.9 43. 5 26.7
Conpound #3 2 2. 09 . 12.0 18. 5 14.5 24.8 19. 3 23. 0%
Di at onmaceous™? 1 1.69 7.0 3.1 26. 1 31.9 20. 4
Conpound #4 2 2. 68 7.0 17.7 31.1 1.0 24. 4 18. 3%

3 2. 36 10. 5 18. 2 11.1 2.0 10. 4

4 2. 55 10. 3 13.2 35. 4* 5.2 17.9

BA Cyclone - Data not included in average. o . .
** Particles contained high charge which caused significant particle aggloneration.
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Tabl e V- B.

cycl one Respirable Fraction Data

M croni zed 1 2. 00 10. 0 28. 8 27.3 26. 1 27. 4
Anor phous 2 6. 02 20. 0 35. 1 14. 1 20. 3 23. 2
Silica 3 3. 99 20. 0 25.7 5.6 29. 8 20. 4
4 6. 00 10. O 44.5 27.8 36. 1 29. 2%
5 6. 59 10. 0 66. 9 32.9 43. 8 47.9
6 4. 23 10. O 39.5 39.0 26. 0 34. 8
7 1. 60 10. 0O 19. 4 22.3 3.0 14. 9
Pesti ci de 1 10. 0 15. 0 10. 4
Q)rrpound #1 2 8.0 21. 0 12. 3 12. 0%
Pesti ci de 1 7.0 16. 0 3.0
Conpound #2 2 9.7 16. 0 7.5
3 9.4 16. 0O 8.4 6. 0%
Pesti ci de 1 8.9 20.0 16. 0
Conpound #3 2 7.1 21.0 20. 0
3 4.2 20. 0 8. 6 14. 9%
Pesti ci de 1 7.0 16. 0 13. 1
Corrpound #4 2 9.7 16. O 21. 5
3 9.4 16. 0O 27.2 20. 6%
Pesti ci de 1 14. 0 19. 0 30. 6
Corrpound #5 2 7.7 13. 0 12.0
3 4.7 12.0 12. 0 18. 2%
Pesti ci de 1 7.4 15. 0 19. 1
Corrpound #6 2 12. 3 10. 0O 8.3
3 3.2 16. 0O 12.0 13. 1%

.. BE Cyclone - Data not included in average. _ _
Particles contained high charge which caused significant particle aggloneration.
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data indicates in each case a positive slope (i.e., sone
sort of linear relationship between x and y), in actuality
the r™ values for all three tests shown were less than 0.2,
indicating a very |ow probability of correlation between the
predi cted respirable fraction and the anmount of dust
injected into the chanber. R* values, which neasure the
strength of the linear relationship between x and y, range
from0to 1. If r» =0, there is no linear relationship
between x and y. If r®» =1, there is a perfect |inear

rel ati onship between x and vy.

Respirabl e fraction nmeasurenents showed hi gh degrees of
variability within the test chanber for sone dusts, while
for others agreenent between the three runs was
exceptionally close. For the 13 dusts sanpled, variability
in the respirable fraction nmeasurenents ranged fromvery | ow
(£1.9% as was the case with pesticide conpound #1, to high
(+33% as shown by the mcroni zed anorphous silica dust.
Variability for 10 of the 13 dusts was within the limts of

+15%

Variability between the three separate cycl ones
measurenents within an individual run was al so i nconsi stent.
For exanple. Run #2 for di atomaceous conpound #2 showed
excel l ent agreenent within £2% between the three cycl ones’
respirable fraction neasurenents, while flint showed

variability of +32% between the three neasurenents.
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Attenpts to target the source of this variability were
greatly conplicated by the inability to distinguish effects
caused by the chanmber and those caused by the cyclones. In
ot her words, were the variable results caused by a
nonuni form dust cloud wthin the chanber, or were they
caused by varying levels in perfornmance between the 3

cycl ones? The effect was investigated with several dusts by

79

alternating the cyclones in a clockw se fashion fromone run

to the next. For exanple, in Run #2, cyclone #1 woul d be

nmoved to cyclone #2's previous position, cyclone #2 noved to

cyclone #3's previous position, and cyclone #3 to cycl one

#|'s previous position. For these studies, individua
cyclones failed to predict identical respirable fractions
from one chanber | ocation to another. This seened to show
that the variability was within the dust cloud rather than
t he cyclone's perfornmance. This observation was further

supported by data which showed respirable results that were

repeated fromone run to the next but by different cyclones.

For exanple, on Run #1 cyclone #1 predicted a respirable
fraction of 15% and cycl one #2 predicted a respirable
fraction of 24% and on Run #2 vice versa. Although these
trends support the theory of nonuniformty within the dust
cloud, a definitive conclusion could not be reached because
of potential confounding factors such as punp fluctuations,

| eaky cycl ones, aggregation of highly charged particles,

et c.
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Conpari son of Sedi mentation, Cycl one
and Manufacturers' Respirable Fraction Data

Tabl e VI shows a conpari son between the sedi nentation
nmet hod' s respirable predictions and those of the cyclone for
each dust. The table also includes respirable data provided
by the manufacturer. Cyclone values represent an average

value of all runs conducted for a particul ar dust.

For the pesticides, the sedinentation data are
particularly encouraging in the remarkabl e agreenent
exhi bited between the two nethods. O the six pesticides
sanpl ed, 2 showed exact agreenent, 2 showed predictions
within a range of 2% and the remaining 2 showed
predi ctions within a range of +6% when conparing the
sedi nentation to the cyclone results. The data fromthe six
pesticides clearly supports the sedi nentation nethod's

ability to predict the respirable fraction of a bul k dust.

The data for the other 7 dusts shows high correl ation
(+5% for 3 dusts, noderate correlation for 3 dusts (x18%,
and | ow correlation for one dust (x28). The decreased | evels
of correlation (x18% for di atomaceous conpounds #1, #3, and
#4 were expected as these dusts carried high electrical
char ges when suspended in the chanber. The presence of these
charges is a probable explanation for the experinmental
variability noted. Poor correlation for the flint dust was
al so anticipated as the flint dust generated a fine dust

cloud during handling when using the sedi mentation method,
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Tabl e VI .
Cycl one, Sedi nentation and Manufacturers' Data Sunmary

Respi rabl e Fracti on

Dust Cycl one Sedi nent ati on Specs.
Ari zona Road Dust > 12% 13%

Fl i nt 39% 13% -

d ay 29% 32% *

M croni zed Anor phous 29% 32% 35% **
Silica

D at omaceous Cnpd. #1 47% 65% 43% ***
Di at omaceous Chpd. #2 18% 20% Q0p * **
Di at omaceous Cnpd. #3 23% 50 104 * * *
Di at omaceous Cnpd. #4 18% 5% 5% ***
Tal c - 62% 35% **
Pesticide Cnpd. #1 12% 12% *
Pestici de Cnpd. #2 6% 69%0 *
Pesticide Cnpd. #3 15% 17% *
Pesti ci de Cnpd. #4 21% 22% *
Pesticide Cnpd. #5 18% 12% *
Pesticide Cnpd. #6 13% 9% -

* Dat a not avail abl e

**  Sanpl i ng Met hod Unknown
*** Sanpling Method = Coul ter Counter
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thereby elinminating the finer respirable particles fromthe

sanpl i ng process.

The manufacturer's respirable fraction val ue represents
a cal cul ated estinmate based on nunerical particle size
di stri butions provided by the conpany. The net hod enpl oyed
for sizing the Manville dusts was by use of a Coulter
Counter. L & N Mcrotrac Anal yzer was used to size the
Ari zona Road Dust. The met hod used by the manufacturers for
anal yzi ng the microni zed anorphous silica dust and the talc
dust is unknown. For 5 of the 7 dusts, the manufacturer's
and sedi nentati on respirable data show excepti onal
correlation of +0-8% Although variations in sanpling
met hods reduce the strength of the conparison, studies have
confirnmed good correl ati on between the Coulter Counter
met hod of sizing particles and that of the Andreasen pipette
(19). The degree of correlation between the sedinentation

technique and the L Se N Mcrotrac Anal yzer is unknown.
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DI sCuUssI ON

Sedi nent ati on Results

The data fromthis study show that the respirable
fraction of the test dusts can be estimated when using the
Andr easen sedi nentation technique. The reproducibility of
the nmethod was found to be +1% The accuracy of the
sedi nentation nethod's respirable predictions was found to
be +6% when using the cyclone nethod to validate the
results. This |level of accuracy is dependent on adequate
| evel s of dispersion within the sedinentati on suspension.

It does not apply to highly charged dusts which aggl oner at ed
in the cycl one chanber and subsequently biased cycl one
resul ts.

The data al so denonstrate that the single nost
i mportant factor in assuring precision and accuracy of the
test results is the attai nnent of conplete dispersion of the
test dust wthin the sanpling nedium Criteria for good
di spersion include: 1) the choice of the proper sanpling
fluid, 2) the addition, when necessary of an appropriate
di spersant, 3) proper dust concentrations within the
suspension, and 4) thernmal equilibrium between the sanpling
suspensi on and the | aboratory environment. Application of
the method is limted to particles having dianeters |ess

t han 50 mi crons.
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Cycl one Results

Each respirable fraction run was carried out using 3
t wo- st age respirabl e dust sanplers and one open face
sanpl er. Reproducibility of respirable fraction neasurenents
was highly variable within individual runs and al so from one
run to the next. Sone runs showed remar kabl e agreenent of
+2. 0% bet ween the three cyclones' respirable fraction
measurenents, while others varied by as much as +32%
Variability in respirable fracti on neasurenents from one run
to the next for a particular dust was simlar to that noted

wthin runs, with the variation ranging from+1.9%to +33%

Efforts to determ ne the source of variability were
conplicated by an inability to isolate variations in cyclone
performance fromvariations within the dust cloud in the
chanber. Greater consistency was observed by using the
average of the three neasurenents within a single run as the
standard of conpari son when conparing one run to the next,
as well as when conparing the cyclone respirable fraction
nmeasurenents to those predicted by the sedi nentati on nethod.
This trend seens to indicate that the source of variability

was actually within the cloud of dust generated within the

chanber .

Procedures nost effective in inproving consistency of
results included 1) Precoating the chanber with the test
dust before sanpling commenced, 2) elimnating the static

electrical charge on the filters prior to sanpling, and 3)
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preventing dust overl oadi ng and breakt hrough by strict
moni toring of the dust concentration within the chanber and

actual sanpling tines.

Compari son of Sedi nentati on Data and
Manuf act urer s’ Dat a

Sedi nentation respirable fracti on neasurenents were
also found to be in close agreenent of +8% wi th those
provi ded by the manufacturer. The strength of this
conpari son was sonmewhat weakened by two factors: 1) the
manuf acturer enpl oyed a sanmpling nethod other than that of
sedi nentation for sizing the particles, and 2) limted data
provi ded by the nanufacturer required significant

extrapol ati on for sone test dusts.
Conpari son of the Sedi nentation and Cycl one Mt hod

Under st andi ng why the sedi nentation data can be used as
an alternate to cyclone data involves nany conplexities
which arise fromthe | ack of associati on between the theory
t hat each apparatus is based upon. The sedinentation
nmet hod' s operating principles are quite sinple and are
easily expl ained by the theory of Stokes' Law. In contrast,

the cyclone's design is based on the human | ung retention

characteristics for airborne particles. The exact
mechani sns of the cyclone for renoving particul ates are
still not fully understood due to the conplex design and

flow patterns within the cycl one body.
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Al t hough this lack of correlation seenms to exi st
bet ween operating principles of the sedinentation pipette
and the cyclone, there is clearly sonme underlying
rel ationship between the two nethods as indicated by the
overwhel m ngly consi stent agreenent between the two net hods
respirabl e measurenents of the same test dust. Al though the
sanpl i ng apparatuses performin different manners, they are
both capabl e of isolating and guantifying the sane uni gue
conponent of a dust, that is the respirable fraction of the
total bulk material. It appears that the two nethods
rel ationship derives nore fromthe perspective of what they
sanple, i.e. specific particles with specific properties,
rat her than the nechanics of how they sanple. Therefore
efforts to explain why the sedinentation data so aptly
mmcs that of the cyclone focus on nore the particles

bei ng sanpl ed rather than the nechanics of the apparatus.

Both the cyclone and the sedi nentation nmethod sanple
approxi mately the sane distribution of particle sizes for a
gi ven dust. Each method targets fine particles having
di aneters < about 15 microns and effectively elimnates the
coarser grained particles. Wen applying the method proposed
by this study, the Andreasen sedimentation pipette predicts
the particle size distribution for particles within the
range of roughly 2-20 mcrons. Assumng a one hour sampling
interval at a height of 5 cmfromthe Iiquid surface, the

met hod predicts the size distribution for a siliceous dust


NEATPAGEINFO:id=C032ABDD-31C6-4258-A536-5290231D0E23


(density of silica = 2.65 gms/cnf”) for particles within the
size range of 2.0 to 84.0 mcrons. However, nost of the
particle distribution sanpled Iies at the | ower end of the
range since the larger particles rapidly settle out of the
suspension within a few seconds. After a two minute |apse,
the particle sizes remaining in the suspension as predicted
by Stokes' Law are those with diameters of 20.0 m crons and
less. This sane tendency for sanpling particle sizes occurs
with the cyclone analysis. Upon injecting the dust into the
chanber, nost coarse particles immediately settle to the
chanber bottom and are renoved fromthe sanpling process.

This is confirmed by the rapid buildup of a thin |ayer of

dust on the chanber bottom

Bot h nmet hods provide particle size distributions by
mass by fractionating the material into different size
components. In the case of the cyclone, the distribution is
somewhat crude in that it is characterized by only two
fractions, a respirable and a nonrespirable one, and
t heref ore does not provide enough data points for
distribution plots. On the other hand, the sedinentation
nmet hod can be used to separate the dust into many size
fractions, and thus provides a sufficient nunmber of points
for plotting a size distribution. For the purposes of
i medi ate conparison to the cyclone nethod, the
sedi mentation data can be collapsed into two fractions,

bei ng the respirable and nonrespirabl e ones.
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Both the cycl one and sedi nentati on provi de neasurenents
whi ch are based upon how the particles settle within a
medium i.e. their termnal settling velocities, rather than
how t hey woul d appear under a mnicroscope. Thus the two
met hods neasure particle sizes, whether directly or

indirectly, in terns of aerodynam c di aneter

A final manner in which the two nethod's parallel each
other is they both collect one sanple which represents the
total dust, and all other sanples collected are quantified
in terns of their ratio to the total dust sanple. For the
cyclone, the total dust sanple is that collected on the open
face filter, whereas, wth the sedi nentati on pipette, the

first sanple drawn represents the total dust sanple.
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CONCL UsSI ONS

The data fromthis study show that it is not nmandatory
to di sperse a sanple of the bulk powder in air in order to
estimate the respirable fraction. This is of particular
significance in the field of industrial hygiene since
met hods to generate a uniformdust into a test chamber when
using the cyclone nmethod are | acking. Furthernore, the
sedinentation nmethod fails to show the hi gh degree of
variability in respirable fraction neasurenents that so

commonly is associated with the cycl one net hod.

Addi tional advantages of the sedinentation nmethod are
that it is sinple to performand does not require highly
skill ed personnel for carrying out the anal yses. The net hod
i's quick, reproducible and accurate. The apparatus is
relatively inexpensive and does not require calibration or
routi ne mai ntenance. The nethod al so minim zes the
i nhal ati on exposures to the user that routinely occur with
the cyclone nmethod since the analysis is carried out in a

[iquid mediumrather than air.

The application of the sedinmentation nethod for making
respirable fraction determ nations of bulk siliceous
materials is extensive. Comercial products containing
silica are abundant and include cosnetics, toiletries,
powder ed drugs, paints, cements, and food powders.

Manuf acturers of these products can use the nethod to

determ ne that conmponent of the dust that represents an
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i nhal ati on hazard to exposed individuals. Subsequently, the
fraction separated during sedinmentation anal ysis can be

anal yzed by x-ray diffraction for crystalline silica to
determ ne the respirable fraction of that particul ar
conmponent. These results could then be used to assess

whet her the product requires | abeling as a carci nogen under
t he federal carcinogenic |abeling requirenents. In sone
cases, early detection of high respirable fractions of
crystalline silica within a product can provide

manuf acturers an opportunity to refornulate their product so
as to avoid the adverse commerci al inpact caused by a

carci nogeni c warni ng | abel .
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RECOVIVENDATI ONS FOR FURTHER RESEARCH

The dusts anal yzed by this study include flint, clay,
di at onaceous earths, talc, clay, Arizona road dust, severa
pesticides and a m croni zed anor phous silica sanple.
Particle shapes conprising these dusts include plates,
spheres, rods, and many with geonetri es show ng varyi ng
magni t udes of deviation from perfect spheres. Further
research in the application of the sedinmentation nethod to
other materials would be of significance, particularly for

dusts characterized by fibers.

It would also be of interest to investigate the
feasibility of using the sedinentation nmethod in place of
the cycl one net hod for hazards eval uati on of industri al
i nhal ati on exposures as well as industrial conpliance with
federal and state respirabl e dust standards. For exanpl e,
hi gh vol unme sanpl es of siliceous dusts could be collected,

and then anal yzed for the respirable fraction using the

Andr easen sedi nent ati on net hod.
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APPENDI X A
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Equi pnrent Li st for sedi nentati on Anal ysi s:

Andr easen sedi mentati on pipette

Dryi ng oven

Bal ance

Ventil ati on hood

Al uni num evapor ati on pans

Ther nonet er

St opwat ch

M cr oscope

M cr oscope sli des

D spersing agents (Sudl ess detergent,

et hyl

al cohol ,

etc.)
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Sedi nent ati on Procedure

1. Using Stokes' equation, determne the sanpling times and

depth necessary for collecting the particle size range of
I nt erest.

2. Record the date, tenperature, and air pressure. The
medi um nust be with in thermal equilibirumwith the air.

3. Adjust the drying oven to 95°F. If the tenperature of

the oven is too high, the sanples will boil and sanpling
material may be | ost.

4. Number and | abel the al um num evaporation di shes.

5. Zero the balance. Wigh each pan and record the wei ght
to the nearest mlligram

6. Conduct dispersion anal yses as previously described.

7. Collect and weigh the desired anount of sanple fromthe

bul k materi al . The concentration of the test materi al
shoul d be 0. 75-2% by vol une when diluted in the
sedi nentati on vessel filled to the 20 cm or 550 ni

graduati on mark.
8. Adjust the pipette to the desired sanpling height.
9. Add the liquid mediumto the cylinder to approximtely

the 15 cm nmark

10. Pour the sanple into the cylinder through a funnel to
prevent |oss of test material.

11. Adjust the suspension height with additional Iiquid

until 1t reaches the 20 cm graduati on mark when the pipette
is inserted in the fl ask.

12. Cover the vent hole in the stopper and agitate the
suspensi on for two m nutes.

13. Start timng the experinment and innpdiatelﬁ draw t he
first sanple to the 10 m mark on the pipette by applying
%ressure to the rubber bulb at a slow and steady rate.
wenty seconds is a reasonable sanpling tine.

97

Note: Every effort should be made to ensure the accuracy and
PreC|5|on of this first sanple as the first sanple serves as

he basis upon which all sanple cal culations are nade.

14. Drain the sanple into the al um num evaporation di sh and
pl ace in drying oven.
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15. Continue to draw sanples at the predeterm ned sanpling
times. Al sanples should be collected in the sane manner,
that is, over a twenty second interval, and to the 10 mi
mar k on the pipette.

16. After the sanples have dried, renove fromoven and all ow
to cool .

17. Zero the bal ance, weigh each alum num pan with sanple
and record the weight to the nearest mlligram

Cal cul ati ons

1. Subtract the original weight of the al um num pans from
t he wei ght of the pans containing the dried sanple to
determ ne the anmount of sanple collected in each pan.

2. For each sanple, determ ne the percentage by wei ght of
the original sanple. The weight of the first sanple
represents the original sanple weight.

3. Using equation (6) on page 16, determ ne the particle
di aneter that represents the largest particle present in the

sanpl e by plugging in the appropriate values for each
vari abl e.

4. Plot the results on | og-probability paper with grain size
(D on the y-axis and the cunul ative percentage by wei ght on
the X-axis. The percentage by wei ght of any grain size can
be determ ned by referring to the | og-probability curve.
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Equi pnent List for Cvclone Respirable Fraction Anal ysis:

10- mm nyl on cycl ones
Sanpl i ng chanber

Rot anet er s

Sanpl i ng punp

FI exi bl e cl ear tubing

d anps for tubing

Cycl one assenbl i es

Ri ng st ands

M xi ng fan

Type AA 37 mm PVC nenbrane filters
Cel | ul ose back-up pads for filters

Two and three-piece lucite filter
Static elim nator

Bal ance

Aspi r at or

Pr essur e source

Bone-tip tweezers
Beaker
St opwat ch

Respi rat or
Ventil ati on hood

cassettes
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Cycl one Procedure

1. Calibrate punp and rotaneters against primary standard.
2. Thoroughly clean chanber and all sanpling equi pnent.

3. Weigh out approximtely 15-20 grans of the sanple
material in a glass beaker.

4. Seal the chanber.

5. Aspirate the 15-20 gns of sanple nmaterial into the
chanber, allow the fan to run for about 10 m nutes, and then
allow particles to settle. Coating the chanber before
sanpling is a critical step in obtaining accurate and
consi st sanpling results.

6. Zero the bal ance.

7. Pass filter over static elimnator and weigh filter to
the nearest mcrogram Record the filter weight as the
average of five successive readings.

Note: Do not touch filters with fingertips. Bone-tipped
tweezers are recommended for filter handling.

8. After weighing, imrediately |oad each filter into the
lucite cassettes. Each filter should be supported by a
cel l ul ose back-up pad to prevent breakt hrough while
sanpling. Load filters for respirable sanpling into two-

pi ece cassettes, and filters for open face sanpling into

t hr ee- pi ece cassettes. Seal the cassette with tape and

| abel for identification. It is conmpbn practice to | abel
runs with a letter of the al phabet foll owed by successive
nunbers. For exanple, the cassettes within one run would be
| abel ed ACA , A002, A003, etc.

9. Attach the | oaded cassettes to cycl one assenbly.

10. Connect tubing from sanpling punp to open-face and
respirabl e sanmpling cassettes.

11. Place rotaneters in line to indicate actual punp flow
rates .

12. Place sanplers within brackets in the chanber.
Respirabl e sanplers should be in an upright position.
Open face sanples should be oriented with the filter |ocated

vertically. Record the distance fromthe chanber bottomto
the filters. Al filters should be | ocated at the sane

di st ance above the chanber bottom
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13. Transfer a sanple fromthe bulk material to the gl ass
beaker and wei gh on bal ance.

14. Aspirate the sanple into the chanmber and all ow t he
m xing fan to run for one m nute.

15. Turn off the fan, note the tinme, and comence sanpli ng.
Sanpling tinme will vary with the concentration of the sanple
within the chamber and i nherent properties of the naterial
itself. Filter |oading should not exceed two mlligrans.

Vi sual inspections of the open-face filter while sanpling

wi Il help assure that dust overloading on the filters does
not occur.

16. When the sanpling tine has el apsed, turn off the punp,
and renove the cassettes fromthe chanber. Do not i nvert
the sanpler assenbly at any time. Inversion of the cyclone
may deposit over-sized material collected within the cyclone
body onto the respirable filter. Return the top to the
open-faced filter, and cap both sides of all cassettes.

17. Zero the bal ance, and weigh the filters with the
coll ected sanmples. Record the weights to the nearest
m cr ogr am

18. Return the filters to the cassettes, and prepare for
shipnent to |l aboratory if free silica analysis is required.
Cap and | abel all cassettes.

Cycl one Respirable Fraction Cal cul ati ons

1. Divide the sanple nmass coll ected on the respirable sanple
filters by the sanple mass collected on the open face filter

to determne the respirable fraction of the bulk materia
when ai r bor ne.
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Cccupational Safety & Health Adm nistration
Perm ssi bl e Exposure Linmits for Crystalline Silica (Quartz)
(33)

Subst ance NMg/ M ™ 7*

Cuartz (respirabl e) 10 nma/ m
Ui 02 + 2

Quartz (total dust) 30 ma/i P
%Si 02 + 2

Cristobalite (respirable): Use 1/2 the value cal culated from
the fornmula for quartz.

Tridymte (respirable): Use 1/2 the value calculated from
the formula for quartz.

Exanpl e: A respirable dust sanple contains 3.5% Si 02
(quartz). The PEL would be cal cul ated as foll ows:

10 m/m” =1.82 ng/ nt

3.5 + 2

For this particular dust, airborne |evels of respirabl
quartz dust in excess of 1.82 ng/nt would violate the
PEL for respirable crystalline silica.

* MI1igranms/neter-*
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Aneri can conference of Governmental industrial Hygienists
Threshold Limt Values for Silica (24)

Subst ance Mopcftf* TWA (Mg/ M) **

Crystalline Silica:
Quartz (respirable) 250 0.1 ng/ w
uSi 02 + 5

Cristobalite (respirable) 0. 05 ng/ m

Tridymte (respirable) 0.05 nmng/itr

Anor phous Silica:

Di at omaceous earth (uncal ci ned, total dust) 10 ng/ m

Not e: An enpl oyee's exposure to any of the above substances
in any 8-hour work shift of a 40-hour work week shall not
exceed the 8-hour tinme weighted average limt.

MIlion particles per cubic foot

* *

Ti me wei ghted average in m'IIigrams/meter3
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Phot ograph A. . .
Andr easen Sedi nentation Pipette.

Phot ogr aph B.
Andr easen Sedi mentation Pipette
W t h Suspensi on.
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Phot ogr aph D.
Aspi rat or Device


NEATPAGEINFO:id=44C11062-04D3-4C53-A030-998885030217


-1 V-

n/\

Phot ogr aph E.
Experi nent al
Set - up.

Phot ogr aph F.
Experi nment al

Chanber and Cycl one

Cycl one Set - up.
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